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    Off-Pump Coronary Artery Bypass 

 Professors Tohru Asai, Masami Ochi, and Hitoshi Yokoyama have created a landmark work 
devoted to the subject of off-pump coronary artery bypass surgery. In partnership with an out-
standing list of experts in coronary surgery, they have focused in a very precise way on the 
fi nest technical details for the conduct of state-of-the-art coronary surgery. This book spans the 
gamut from a careful evaluation of the evidence for and against off-pump coronary bypass 
surgery to preoperative and intraoperative management of patients undergoing coronary bypass 
surgery, to an in-depth description of advanced techniques for every aspect of the procedure. 
There has been no previous text of this depth and breadth devoted to off-pump coronary artery 
surgery. 

 The authors guide the interested reader through detailed descriptions of the exposure of all 
areas of the heart, stabilization of each coronary artery target, construction of precise and 
reproducible distal anastomoses, and the many alternatives for state-of-the-art proximal anas-
tomotic infl ow. The many alternative techniques for arterial and composite grafting are dis-
cussed in detail, providing the reader with a road map in this important and controversial area. 
The value of atraumatic and precise harvesting of coronary conduits is emphasized, as intraop-
erative graft assessment ensures that the patency and/or ability of off-pump revascularization 
is optimized. Strategies to reduce stroke and to appropriately manage perioperative anticoagu-
lation are discussed in detail. 

 Redo coronary bypass grafting without the use of cardiopulmonary bypass is an area of 
controversy, and the indications and techniques for this approach are discussed in detail. 
Importantly, the authors and editors of this fi ne book do not shy away from discussion of dif-
fi cult cases, indications for conversion to on-pump surgery, and the challenges of teaching 
off-pump coronary bypass to our next generation of surgical colleagues. The hybrid approach 
to multivessel coronary artery disease and the evolving techniques of robotic coronary bypass 
are also discussed, as is the opportunity to combine regenerative medicine technologies, which 
are in rapid evolution with our off-pump techniques. 

 Rarely has such a reference work been written which is focused on an in-depth description 
and analysis of a single operation and in all other iterations. Rarely is a group of true experts 
assembled as has been accomplished here so that a defi nitive treatise can be written. Rarely is 
a text written that is as timely as this one to focus attention on the importance of precision and 
safety to optimize patient outcomes with a challenging surgical technique. The authors and 
editors of  Off-Pump Coronary Artery Bypass  are to be congratulated for this outstanding con-
tribution to the surgical literature. I am confi dent that this text will become a cherished book 
that is often referenced by coronary surgeons worldwide and that it will make an important 
contribution to our profession and to our patients.   

   Department of Cardiovascular Surgery     John     D.     Puskas    
 Mount Sinai Beth Israel 
  New York ,  NY ,  USA      

   Foreword   
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    From Gold Standard to Global Standard 

 The Hippocratic Oath of “First, do no harm” is still alive in this era as one of the medical pro-
fessional’s most important guidelines for medical practice. In the early twentieth century, trials 
to cut the coronary artery and suture a bypass graft on the beating heart were technically chal-
lenging and had a high risk of coronary artery laceration, uncontrollable bleeding, fatal arrhyth-
mia, cardiogenic shock, and death. In the middle of the century, developments in 
cardiopulmonary bypass made coronary artery bypass grafting (CABG) dramatically safer, 
followed by a worldwide adoption of on-pump grafting. In the latter part of the century, how-
ever, progress in the understanding of the detrimental effects of cardiopulmonary bypass on the 
human organs rekindled the discussion of CABG’s risk. Now, in the early twenty-fi rst century, 
off-pump coronary artery bypass grafting (OPCAB), an emerging, promising, yet immature 
procedure, is in the process of growing, to establish a modern “do no harm” principle. 

 In the growing process of this new procedure, many questions and controversies are emerg-
ing (Fig.  1 ). Numerous randomized controlled trials, large database registry analyses, and 
other clinical studies have been involved in this debate. Proponents, opponents, and detractors 
have different views and opinions. So far, diffusion of OPCAB in the United States and Europe 
remains low, at around 20 % of all CABG. On the other hand, diffusion of OPCAB in Japan is 
remarkably higher (Fig.  2 ). What is the reason for this big difference? 

 All the authors of this book are OPCAB experts and proponents of the new procedure. 
Many of them have introduced OPCAB to Japanese surgeons, have found that cardiologists 
have referred more elderly patients who had been considered to have contraindications for 

  Pref ace   

Controversy
Off-pump vs. On-pump

• Aortic clamp
• Technical difficulty

– Learning curve
– Training
– Quality deviation: Surgeon to surgeon

• Graft patency
• Pump Conversion
• Incomplete revascularization
• Hypercoagulation status
• Long-term results

Fig. 1 Controversies in off-pump and on-pump coronary artery bypass surgery
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CABG, and have struggled to improve the details of daily OPCAB practice, which has led to 
many lessons being learned. Thanks to Kaizen Mind (a mindset for continuous, endless 
improvement known as the Toyota Way), we can eventually enjoy a high level of “OPCAB 
made in Japan”. This procedure is now the gold standard for CABG in Japan. In a 2012 press 
release, it was announced that the doctors serving the Royal Family decided that the Emperor 
of Japan, an active gentleman of 78 years of age with a critical left main disease, would undergo 
double-vessel OPCAB with bilateral internal mammary arteries. The Emperor is now an octo-
genarian who is doing very well and visiting many countries while having an excellent quality 
of life following OPCAB surgery. 

 This story of an octogenarian makes us think about global health trends in the near future. 
What will happen over the next few decades? We should expect an increasing population of 
coronary artery disease sufferers with atherosclerosis in multiple organs. We should also expect 
to see more and more elderly high-risk patients with co-morbidities. In the coming decade, 
these trends will become serious threats to national health-care budgets in both developed and 
developing countries. We, as medical professionals, are responsible for developing cost- 
effective treatments for atherosclerotic diseases and contributing to excellent quality of life for 
patients while eliminating the need for retreatment, which would entail additional medical 
costs. Tackling problems arising from an ageing population and coping with the ageing society 
are global issues. 

 The editors intend for this new book to include all aspects of the best clinical practices of 
OPCAB in Japan and have asked the best off-pump surgeons and anesthesiologists with out-
standing academic achievements to take part in this challenge. Most of the chapters are listed 
in the order of daily practice, such as indications, anesthesia, surgical technique, and postop-
erative care. Special issues on diffi cult cases and situations are discussed in separate chapters. 
Additional chapters on the statistics of OPCAB in Japan, criticism of recent clinical studies, 
teaching and training, and future perspectives are also included for better understanding. The 
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editors requested the authors of each chapter to describe all the tips and secrets of their daily 
off-pump surgery in detail, along with their personal opinions derived from lessons learned. 

 The mission of the authors of this book was to minimize the drawbacks of OPCAB, shed 
light on the excellence of OPCAB, and demonstrate a safe way to introduce OPCAB into daily 
clinical practice. We hope to contribute to the health and happiness of patients with coronary 
artery disease by spreading the know-how of the decision making, techniques, and manage-
ment in OPCAB to surgeons and anesthesiologists worldwide (Fig.  3 ). Although the skill set 
and technique for this procedure have not yet been perfected, we will continue to polish this 
simple and effective modality with Kaizen Mind, hoping to realize “Zero” vision of OPCAB 
in the near future (Fig.  4 ). With the aid of this book, we hope the procedure will evolve from 
being the Japanese gold standard to the global standard for people suffering from coronary 
artery disease all over the world, now and in the future. 

 The editors and authors are gratefully acknowledge the superb editorial contribution of 
Mr. Yukihiko Takayama and Ms. Makie Kambara, Editorial Department, Springer Japan.

       Fukushima,   Japan       Hitoshi     Yokoyama       

“Zero” Vision of OPCAB

– Urgent pump conversion 0

– Incomplete revascularization 0

– Anastomosis failure 0

– Stroke 0

– Atrial fibrillation  0

– 10-year cardiac death 0

Fig. 4 “Zero” vision of OPCAB

Our Mission

Although OPCAB is an emerging, immature technique, it is theoretically 
consistent with the principles of “first, do no harm” and “no 

extracorporeal circulation or global cardiac ischemia”.

Our mission is 
minimize the drawback of OPCAB,
enlighten the excellence of OPCAB,

Show a safe way to introduce OPCAB into daily practice,
and 

contribute to the health and happiness
of the people in the world 

Fig. 3 Our mission statement
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      OPCAB Made in Japan: Evidence 
on Off- Pump Coronary Artery Bypass 
Grafting from Japan 

           Hitoshi     Yaku       and     Kiyoshi     Doi    

    Abstract  

  Off-pump coronary artery bypass grafting (OPCAB) is a standard procedure for patients 
who require CABG in Japan, with OPCAB performed in >60 % of patients who undergo 
CABG. This widespread use of OPCAB in Japan is supported by a number of studies that 
have been performed in the Japanese population. This chapter introduces those studies that 
have had a signifi cant impact on OPCAB-related practice and consists of four primary 
sections that summarize the technical aspects, patient management, intraoperative graft 
evaluation, and surgical outcomes related to OPCAB. Although the majority of these 
studies were conducted retrospectively in single institutions, they are well designed, rele-
vant, and innovative. To establish evidence for guidelines to be used in Japanese clinical 
settings, larger multicenter, randomized prospective, and observational studies using 
nationwide databases should be conducted.  

  Keywords  

  Off-pump coronary artery bypass grafting   •   Internal thoracic artery   •   Bypass graft   •   Coronary 
artery disease   •   Drug-eluting stent  
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        H.   Yaku      (*) •    K.   Doi   
  Department of Cardiovascular Surgery ,  Kyoto Prefectural 
University of Medicine ,   465 Kajii-cho, Kawaramachi-Hirokoji , 
 Kamigyo-ku ,  Kyoto   602-8566 ,  Japan   
 e-mail: yakuh@koto.kpu-m.ac.jp  

1.1         Introduction 

 Off-pump coronary artery bypass grafting (OPCAB) began 
in the mid-1980s [ 1 ] and has since become increasingly pop-
ular worldwide [ 2 ,  3 ]. In Japan, OPCAB was fi rst performed 
in 1996 [ 4 ] and is now the standard strategy for surgical cor-
onary revascularization. The ratio of the number of OPCAB 
procedures to the total number of coronary artery bypass 
grafting (CABG) procedures has progressively increased 
and has exceeded 65 % on an annual basis since 2000 [ 5 ]. 
Many studies worldwide have reported the effects and draw-
backs of OPCAB and compared OPCAB with conventional 
CABG. To evaluate the effects of OPCAB in the Japanese 

population and to devise a suitable surgical strategy, it would 
be ideal to refer to clinical studies specifi c to Japan. In fact, 
a number of studies have been reported from Japan, although 
most are retrospective, single-institution studies. In this 
chapter, we describe relevant clinical studies conducted in 
Japan and published in the English language. All values 
are presented as mean ± SD except where otherwise noted.  

1.2     Technical Aspects of OPCAB 

1.2.1     Harvesting of the Conduits 

 To obtain high patency rates and good long-term outcomes, 
the quality of the grafts is crucial in both OPCAB and con-
ventional CABG. Higami et al. [ 6 ] reported a unique method 
of harvesting the internal thoracic artery (ITA) using an 
ultrasonic scalpel. With their “quick touch method,” the ITA 
can be skeletonized safely and effi ciently by removing fat 
tissues surrounding the artery, and the branches of the ITA 

mailto:yakuh@koto.kpu-m.ac.jp
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are divided by employing protein coagulation using the 
scalpel. A longer ITA could be obtained by skeletonization 
compared to a pedicle technique. This group also demon-
strated excellent early (<30 days) patency of the grafts 
(99.7 % for the left ITA and 100 % for the right ITA) [ 7 ]. Dr. 
Higami was also involved in experimental research revealing 
that the improved blood fl ow achieved with this technique 
was associated with the release of nitric oxide [ 8 ]. 

 Asai et al. [ 9 ] described a method for harvesting the right 
gastroepiploic artery (RGEA) also using an ultrasonic scal-
pel. The authors reported that the technique was safe, simple, 
and allowed them not only to harvest the artery faster but 
also to obtain large spasm-free arterial conduits. With respect 
to clinical outcomes, Suma et al. [ 10 ], who were the fi rst in 
the world to use the RGEA as a graft in CABG, reported 
excellent long-term results in both conventional CABG and 
OPCAB.  

1.2.2     Devices Facilitating OPCAB 

 A few useful devices have been developed to obtain a stable 
surgical view in OPCAB with no ischemic insult to the myo-
cardium. Arai et al. [ 11 ] developed a new heart positioner 
called TENTACLES TM , which comprises three silicone tubes 
and a suction cup. The suction cup can be applied anywhere 
on the surface of the heart; subsequently, the heart can be 
rotated without a signifi cant compromise in blood pressure. 

 Kamiya et al. [ 12 ] developed a synchronized, arterial 
fl ow-ensuring system to perform coronary anastomosis 
safely and without ischemia in OPCAB. Arterial blood from 
the femoral artery is perfused into the coronary artery in 
pulsatile mode regulated by a pump controller with synchro-
nization during the diastolic period. Among 524 consecutive 
patients in whom this pump system was applied, they 
observed no intraoperative fatal arrhythmias, ventricular 
arrhythmias, short runs of ventricular tachycardia, or hemo-
dynamic deterioration during anastomoses [ 13 ].  

1.2.3     Proximal Anastomosis Devices 

 To avoid complications related to aortic manipulation, 
several devices have been developed to perform clampless 
anastomosis. However, only a few studies have reported the 
late patency of grafts constructed using these devices. 
Shimokawa et al. [ 14 ] investigated the early and 1-year 
patency rates of saphenous vein grafts (SVGs) constructed 
using an anastomosis device in patients who underwent 
OPCAB. They followed 232 patients who had undergone 
OPCAB using SVGs and received follow-up angiography. 
For proximal anastomosis, a clampless device was used in 
73 patients (HEARTSTRING in 54; Enclose II in 19), and 

partial clamping was performed in 159 patients. The overall 
patency rates of SVGs at early and 1-year postoperative 
angiography were 95.7 % and 83.0 %, respectively. The 
patency rates were similar between the clampless and partial 
clamping groups (early 97.3 % vs. 98.1 %,  P  = 0.729; 1 year 
87.0 % vs. 81.3 %,  P  = 0.316). Moreover, the target vessel 
revascularization rates did not signifi cantly differ during the 
follow-up examination (6.8 % vs. 10.1 %,  P  = 0.623). 

 Fujii et al. [ 15 ] evaluated 39 grafts constructed using the 
PAS-Port proximal anastomosis system in 28 patients who 
underwent OPCAB. Early postoperative angiography indi-
cated no bending or stenosis in any graft and a patency rate of 
100 %. Kai et al. [ 16 ] investigated the mid-term patency rate 
of SVGs using the PAS-Port. Among 66 patients who had 
SVGs, 46 patients survived at least 1 year after surgery, and 38 
patients consented to late follow-up graft evaluation by means 
of 3-dimensional computed tomography. Two of the 39 grafts 
were occluded, and the 1-year patency rate (FitzGibbon 
grade A) was 94.9 %. No obvious stenosis of SVGs was 
observed. Twenty-four patients underwent 2-year graft evalu-
ation. The 2-year cumulative patency rate was 91.7 %.  

1.2.4     Awake OPCAB 

 Watanabe et al. [ 17 ] reported awake subxiphoid CABG in 
three patients with severe pulmonary dysfunction. A catheter 
for high thoracic epidural anesthesia was inserted 1 day 
before surgery, and under the appropriate amount of epidural 
anesthesia, the right gastroepiploic artery was harvested 
through a small subxiphoid incision, and the artery was anas-
tomosed to the left anterior descending artery (LAD). They 
further reported the results of awake OPCAB in 72 patients 
comparing them with matched patients under general anes-
thesia [ 18 ]. Fifteen percent of the awake patients were able 
to leave the operating room in a wheelchair. The time until 
patients were able to drink water and walk and the duration 
of hospital stay were signifi cantly shorter in the awake 
OPCAB group than in the general anesthesia group, with no 
operative or postoperative complications or deaths.  

1.2.5     Revascularization Technique for Diffuse 
Coronary Lesions 

 Fukui et al. [ 19 ] developed a long-onlay patch method using 
the left ITA for diffusely diseased LAD. Endarterectomy is 
warranted depending on the severity of coronary atheroscle-
rosis. In their study, preoperative angiography revealed the 
diffusely diseased LAD. The patent graft could be seen early 
postoperatively, but the reconstructed LAD was dilated and 
had an irregular wall. Interestingly, after 1 year, the LAD 
was reversely remodeled and the border between the graft 
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and the native coronary artery was hardly visible. Event-free 
survival among patients who underwent this technique was 
excellent at 3 years [ 20 ].   

1.3     Patient Management During OPCAB 

1.3.1     Intraoperative Management 

 Occasionally, because of hemodynamic instability or 
arrhythmia due to displacement of the heart without car-
diopulmonary bypass, OPCAB must be converted to on-
pump CABG. According to the annual report of the 
Japanese Association for Coronary Artery Surgery [ 21 ], 
operative mortality and the incidence of stroke were sig-
nifi cantly higher in patients converted intraoperatively 
from OPCAB to on-pump CABG than in patients in whom 
OPCAB or on- pump CABG treatment was planned and 
executed accordingly. Shiga et al. [ 22 ] studied the fi nan-
cial implications of intraoperative conversion and its effect 
on quality of life using a decision-analysis model and the 
Monte Carlo simulation. They found that OPCAB is supe-
rior (less costly and more effective) if the conversion rate 
from OPCAB to on- pump CABG is below 8.5 %, whereas 
costs increase exponentially if the probability of conver-
sion exceeds 15 %. 

 Mitral regurgitation (MR) during OPCAB is a very 
important issue that may cause deterioration of hemody-
namics and lead to conversion to on-pump CABG. In an 
experimental study, Koga et al. [ 23 ] demonstrated that 
cardiac displacement alone did not cause MR if coronary 
perfusion was maintained and that occlusion of the LAD 
rarely caused MR. However, occlusion of the left circumfl ex 
artery (LCx) caused MR from the posteromedial site. In a 
clinical study, Akazawa et al. [ 24 ] investigated the relation-
ship between left ventricular function and the severity of MR 
during OPCAB. They found that MR was most severe during 
anastomosis of the LCx, with 39 % of patients experienc-
ing moderate to severe MR. Signifi cant differences were 
observed in preoperative serum brain natriuretic peptide 
(BNP) levels, Tei index values, and mitral infl ow propaga-
tion velocity between patients who developed moderate to 
severe MR and patients who had no to mild MR during anas-
tomosis of the LCx. 

 In an experimental study, Wakamatsu et al. [ 25 ] reported 
the effects of landiolol, an ultra-short-acting selective β-1 
blocker, on the motion of the LAD using 3D digital 
motion capture and reconstruction technology. Landiolol 
(0.12 μg · kg− 1  · min− 1 ) signifi cantly decreased heart rate, the 
3D distance moved, acceleration and deceleration, without 
inducing a signifi cant change in systolic blood pressure, 
cardiac output, or pulmonary wedge pressure. This study 

demonstrated the possible application of landiolol as a 
chemical stabilizer during OPCAB.  

1.3.2     Pathophysiology During OPCAB 

 Moriyama et al. [ 26 ] sought to verify the hypothesis that 
amino acid infusions stimulate the release of metabolic 
hormones during surgery and increase energy expenditure, 
resulting in thermogenesis. Twenty-four patients were ran-
domly assigned to two groups and received amino acid 
(4 kJ · kg −1  · hour −1 ) or saline treatment, which was infused 
over 2 h during OPCAB. Amino acid infusion signifi cantly 
increased core body temperature and oxygen consumption 
during OPCAB. Given the release of insulin and leptin in 
response to amino acid infusion, these hormonal signaling 
pathways may partially contribute to the thermogenic 
response occurring during OPCAB. 

 Mitaka et al. [ 27 ] investigated nitric oxide (NO) production 
in OPCAB and on-pump CABG in 116 patients who had 
undergone elective CABG with ( n  = 66) and without ( n  = 50) 
cardiopulmonary bypass. Urinary nitrite/nitrate (NOx) excre-
tion was measured as an index of endogenous NO production 
over 2 days after the operation. The mean urinary NOx/creati-
nine (Cr) excretion ratio did not signifi cantly differ on the fi rst 
day, and it signifi cantly decreased ( P  < 0.01) from the fi rst day 
to the second day in the on-pump CABG group, but not in the 
OPCAB group. The mean urinary NOx/Cr excretion ratio was 
signifi cantly higher ( P  < 0.01) in the OPCAB group than in the 
on-pump CABG group (0.51 ± 0.26 vs. 0.38 ± 0.20,  P  < 0.01). 
The mean serum C-reactive protein (CRP) concentration was 
also signifi cantly higher ( P  < 0.01) in the OPCAB group than 
in the on-pump CABG group on the second day. The two 
groups demonstrated no signifi cant differences in mean cardiac 
index or mean systemic vascular resistance index after the 
operation. The authors concluded that endogenous NO pro-
duction in patients who underwent CABG is stimulated by a 
surgical infl ammatory response and that cardiopulmonary 
bypass does not trigger NO production. 

 Miura et al. [ 28 ] tested the hypothesis that intraoperative 
hemodynamic compromise due to cardiac displacement dur-
ing OPCAB is related to jugular bulb desaturation, which is 
related to specifi c hemodynamic and physiological changes. 
Jugular bulb desaturation (≤50 %) frequently occurred dur-
ing surgical displacement of the heart. Multivariate logistic 
regression analysis demonstrated that mixed venous oxygen 
saturation (S V O 2 ) ≤70 %, arterial partial pressure of carbon 
dioxide (PaCO 2 ) ≤40 mmHg, and central venous pressure 
(CVP) ≥8 mmHg were likely predictors of the occurrence of 
jugular bulb desaturation, leading the authors to suggest that 
cerebral desaturation during OPCAB could be prevented by 
achieving normal values of S V O2, PaCO2, and CVP.   

1 OPCAB Made in Japan: Evidence on Off-Pump Coronary Artery Bypass Grafting from Japan
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1.4     Intraoperative Graft Evaluations 

1.4.1     Imaging of Grafts 

 Suma et al. [ 29 ] demonstrated a thermal coronary artery 
imaging procedure, using a new-generation infrared camera 
for intraoperative graft evaluation, in 12 patients undergoing 
OPCAB. All grafts were clearly visualized, and the anasto-
mosis and fl ow status could be observed by local epicardial 
cooling using a CO 2  blower on the normothermic heart. 
Among 17 grafts, one ITA graft showed anastomotic failure 
and was successfully revised. The results of postoperative 
coronary angiography confi rmed the patency of all grafts. 

 Takahashi et al. [ 30 ] demonstrated the importance of graft 
evaluation during the operation using the SPY system, which 
is an imaging system based on the fl uorescence of indocya-
nine green dye. They obtained high-quality images of all 290 
grafts in 72 OPCAB patients and successfully revised four 
anastomoses that had failed according to the SPY system.  

1.4.2     Functional Evaluation of Grafts 

 Transit-time fl ow measurement for the intraoperative evalua-
tion of grafts began being performed in the late 1990s and is 
now a standard method. Takami et al. [ 31 ] compared intraop-
erative parameters determined by a transit-time fl owmetry 
with quantitative parameters determined by postoperative 
coronary angiograms. Patent and nonpatent grafts signifi -
cantly differed in all intraoperative fl ow parameters. The 
cutoff value to distinguish patent from nonpatent grafts was 
a fast Fourier transformation ratio of 1.0. The degree of 
stenosis at the heel of the anastomosis correlated signifi -
cantly with intraoperative mean fl ow values. 

 Tokuda et al. [ 32 ] showed that a mean fl ow of 15 ml/min, 
a pulsatility index of 5.1, and a backward fl ow of 4.1 % were 
the optimal cutoff criteria to predict early graft failure of the 
left coronary system. For the right coronary system, the 
cutoff values were 20 ml/min, 4.7, and 4.6 %, respectively. 
They also compared the intraoperative parameters deter-
mined by a transit-time fl owmetry with mid-term graft 
patency from 1 to 4 years after surgery [ 33 ]. Of 104 grafts, 
21 were found to have a new mid-term occlusion or worsen-
ing of stenosis. They concluded that grafts with lower intra-
operative mean fl ow, and especially with a higher percentage 
of backward fl ow, should be carefully monitored, even if 
they were initially anatomically patent. 

 Harada et al. [ 34 ] conducted a prospective comparison of 
the diagnostic accuracy of both fast Fourier transformation 
analysis of transit-time fl owmetry waveform and an intraop-
erative fl uorescence imaging system to determine graft failure. 
Neither intraoperative fl uorescence imaging nor the mean 
graft fl ow/pulsatility index could detect a SVG with 75 % 

stenosis diagnosed by postoperative angiography; however, 
harmonic distortion of the transit-time fl owmetry from ste-
nosed SVGs signifi cantly differed from that of patent SVGs.   

1.5     Surgical Outcomes of OPCAB 

1.5.1     Surgical Results of OPCAB Compared 
to On-Pump CABG 

 The surgical results of OPCAB were fi rst compared with those 
of conventional CABG by Ishida et al. [ 35 ]. This retrospective 
study demonstrated that the operating time, ICU stay, and ven-
tilation time were statistically signifi cantly shorter in the 
OPCAB group than in the conventional CABG group. 
Postoperative blood loss within 12 h and transfusion volume 
were statistically signifi cantly lower in the OPCAB group, as 
were peak serum blood urea nitrogen and Cr concentrations. 
Notably, no perioperative strokes occurred in the OPCAB 
group, whereas 6.4 % of patients in the conventional group 
suffered from a stroke. Graft patency did not signifi cantly dif-
fer between the two groups (95.6 % vs. 94.9 %). 

 Kobayashi et al. [ 36 ] reported the surgical results of a pro-
spective randomized controlled trial comparing OPCAB to 
on-pump CABG. In this study, 167 consecutive patients 
were randomly assigned to multiple arterial OPCAB and on- 
pump CABG groups. The number of grafts per patient and 
the number of arterial grafts per patient were similar. 
Completeness of revascularization was 98 % in both groups. 
The incidence of intraoperative and postoperative complica-
tions was comparable. The OPCAB group contained a larger 
number of patients without blood transfusion. Postoperative 
levels of S-100 protein and neuron-specifi c enolase were 
lower in the OPCAB group. The maximum CKMB level 
was also lower in the OPCAB group. The total patency rate was 
98 % in both groups, and the stenosis-free patency rate was 
93 % in the OPCAB group and 96 % in the on-pump group, 
with no signifi cant difference. The authors concluded that 
OPCAB with multiple arterial grafts was as safe as conven-
tional CABG, with similar completeness of revasculariza-
tion and early graft patency.  

1.5.2     Patients with Diabetes Mellitus (DM) 

 Tsuruta et al. [ 37 ] reported the impact of preoperative HbA1c 
levels in diabetic patients on long-term outcomes after 
OPCAB. They divided 893 patients who underwent primary 
isolated OPCAB into three groups based on preoperative 
HbA1c levels (HbA1c < 6.5 %, 6.5 % ≤ HbA1c < 7.5 %, and 
HbA1c ≥ 7.5 %). No operative or in-hospital mortality 
occurred. All-cause mortality and cardiac mortality rates were 
6.2 % (19 patients) and 1.3 % (four patients), respectively, 
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during a mean follow-up period of 3.6 ± 1.7 years. Kaplan-
Meier survival curves indicated no signifi cant differences 
in all-cause or cardiac mortality (log-rank test,  P  = 0.26, and 
 P  = 0.17, respectively). 

 Kai et al. [ 38 ] retrospectively examined the effects of 
OPCAB with skeletonized bilateral ITAs in patients with 
insulin-dependent DM. Surgical outcomes were compared 
to those of on-pump CABG with pedicled bilateral ITAs. 
No 30-day mortality occurred in either group. The inci-
dence of deep sternal infection was signifi cantly lower in 
the OPCAB group than in the on-pump CABG group 
(0.6 % vs. 13.0 %;  P  = 0.01). Early angiographic results did 
not differ between the two groups. During the 3.4-year 
follow-up period (range 0.1–9.9 years), the two groups 
demonstrated no differences in survival, freedom from 
cardiac mortality, and freedom from cardiac-related events. 
Dialysis, peripheral vascular disease, ejection fraction less 
than 0.40, and age were independent risk factors of mortal-
ity in the long-term period. 

 Fujii et al. [ 39 ] reported the usefulness of perioperative 
blood glucose control in patients undergoing OPCAB. Patients 
with DM were aggressively treated with intensive insulin 
therapy to achieve a preoperative fasting blood glucose level 
of 140 mg/dl and a postoperative level of 200 mg/dl. In com-
paring DM patients with non-DM patients, they found that 
the amount of insulin used during surgery was greater, the 
duration of intensive care unit (ICU) stay was longer, and the 
incidence of all complications was higher in patients with 
DM. When patients with a mean blood glucose level of 
<200 mg/dl in the ICU were compared to those with a mean 
blood glucose level of ≥200 mg/dl, the proportion of patients 
with DM was higher, duration of ICU stay was longer, and 
the incidence of all complications was higher in those with a 
mean glucose level of ≥200 mg/dl.  

1.5.3     Perioperative Stroke 

 Nishiyama et al. [ 40 ] investigated the temporal pattern of 
strokes after on-pump CABG and OPCAB. They analyzed 
2,516 consecutive patients who underwent primary elective 
isolated CABG, and the primary end point in this study was 
stroke. The temporal onset of the defi cits was classifi ed as 
“early stroke” or “delayed stroke”. An early stroke was 
defi ned as a stroke presenting just after emergence from 
anesthesia, and a delayed stroke as a stroke presenting after 
awaking from surgery without a neurological defi cit. In the 
study population, 63 % of strokes were delayed. Patients 
who underwent OPCAB had a signifi cantly lower incidence 
of early stroke (0.1 % vs. 1.1 %,  P  = 0.0009), whereas the 
incidence of delayed strokes was not signifi cantly different 
between the patients underwent OPCAB and on-pump 
CABG (0.9 % vs. 1.4 %,  P  = 0.3484). Multivariate analyses 

revealed that undergoing OPCAB was an independent 
protective factor for all strokes (relative risk 0.29, 95 % 
confi dence interval 0.14–0.56,  P  = 0.0005) and early strokes 
(relative risk 0.05, 95 % confi dence interval 0.003–0.24, 
 P  < 0.0001); however, it was not an independent protective 
factor for delayed strokes (relative risk 0.54, 95 % confi -
dence interval 0.24–1.17,  P  = 0.1210). 

 Another study revealed the importance of preoperative 
evaluation of intracranial and neck vessels for estimating 
patient prognosis in terms of stroke [ 41 ]. In that study, 
patients were divided into two groups, low risk and high risk, 
based on the fi ndings of MRI and carotid Doppler imaging. 
No intraoperative stroke occurred in either group. The high- 
risk group had a higher incidence of delayed stroke and 
stroke even after 1 month. Univariate analysis revealed des-
ignation as high risk was the only predictor of delayed stroke. 
Moreover, the high-risk group had a signifi cantly lower free-
dom from stroke in the long term. 

 Miyazaki et al. [ 42 ] investigated risk factors of stroke/
transient ischemic attack (TIA) and delirium after OPCAB 
in a review of the medical records of 685 patients. The inci-
dence of postoperative stroke/TIA and delirium after 
OPCAB was 2.6 % ( n  = 18) and 16.4 % ( n  = 112), respec-
tively. Carotid artery stenosis >50 % was a signifi cant risk 
factor of stroke or TIA ( P  = 0.02) as well as delirium 
( P  = 0.04) after OPCAB. Histories of atrial fi brillation 
( P  = 0.037) or DM ( P  = 0.041) were risk factors of postopera-
tive stroke/TIA. By contrast, age >75 years ( P  = 0.006), 
serum Cr > 1.3 mg/dl ( P  = 0.011), history of hypertension 
( P  = 0.001), history of atrial fi brillation ( P  = 0.024), and 
smoking ( P  = 0.048) were signifi cant risk factors of postop-
erative delirium. 

 Contrary to these studies, Manabe et al. [ 43 ] reported that 
the effect of carotid artery stenosis on the incidence of peri-
operative stroke may be low in OPCAB. They conducted a 
retrospective study of 461 patients who underwent elective 
OPCAB after screening for carotid artery stenosis. The 
screening detected signifi cant carotid artery stenosis in 49 
patients. Neither stroke nor in-hospital mortality occurred in 
patients with carotid stenosis, although two strokes (0.49 %) 
and three in-hospital mortalities (0.73 %) were observed in 
patients without carotid stenosis. 

 Osawa et al. [ 44 ] studied the incidence of stroke in rela-
tion to surgical manipulation of the ascending aorta. Two of 
451 patients (0.47 %) who underwent OPCAB using the aor-
tic nonclamping technique developed delayed strokes, 
whereas one in nine patients who underwent OPCAB with 
aortic partial clamping for proximal anastomosis had an 
early stroke. The authors concluded that the aortic non-
clamping technique might reduce the incidence of stroke. 
Kobayashi et al. [ 45 ] also reported no operative death or 
stroke by using an aorta no-touch technique with in situ graft 
and composite and sequential grafting methods.  
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1.5.4     Perioperative Neuropsychological 
Dysfunction 

 Baba et al. [ 46 ] conducted a prospective study in 218 patients 
who had undergone elective OPCAB ( n  = 89) or on-pump 
CABG ( n  = 129). Four cognitive tests were performed preop-
eratively and at 1 week postoperatively. Neuropsychological 
dysfunction was defi ned as a decrease in an individual’s 
performance of at least 20 % from baseline in more than two 
tests. The incidence of neuropsychological dysfunction was 
11.2 % in the OPCAB group and 22.5 % in the on-pump 
group ( P  = 0.02). Multivariate analysis revealed that neuro-
psychological dysfunction was associated with cardiopul-
monary bypass and multiple cerebral infarctions.  

1.5.5     Impact of Preoperative Renal 
Dysfunction 

 To study the association between renal dysfunction and 
OPCAB, Ogawa et al. divided patients into three groups 
depending on preoperative serum Cr levels: normal, moder-
ately depressed, and severely depressed [ 47 ]. The severely 
depressed group included more patients with postoperative 
Cr levels >1.6 times the preoperative levels. The predictors 
of postoperative renal impairment were preoperative 
Cr > 2.5 mg/dl, ejection fraction <40 %, amount of blood 
transfusion, and >4 grafts. 

 Kinoshita et al. [ 48 ] divided patients undergoing OPCAB 
into three groups based on preoperative glomerular fi ltration 
rate (GFR), < 30 ml/min/1.73 m 2 , 30–60 ml/min/1.73 m 2 , 
and > 60 ml/min/1.73 m 2 , and reported that long-term sur-
vival and freedom from cardiac death depended on preopera-
tive renal function as indicated by GFR, but noncardiac death 
did not depend on preoperative renal function. Hayashida 
et al. [ 49 ] compared the postoperative renal function of 52 
OPCAB patients to that of 53 matched patients undergoing 
conventional CABG. The increase in Cr levels was signifi -
cantly smaller in the OPCAB group than in the conventional 
CABG group (0.16 ± 0.05 vs. 0.45 ± 0.06 mg/dl).  

1.5.6     Patients on Hemodialysis 

 Oyamada et al. [ 50 ] investigated the preoperative risk factors 
of performing OPCAB in patients on chronic dialysis. Forty- 
one patients on chronic dialysis who underwent OPCAB 
were retrospectively reviewed, of whom 29 had diabetic 
nephropathy (DN group) and the remaining 12 did not (NDN 
group). The two groups signifi cantly differed in the duration 
of dialysis before surgery (4.2 ± 5.5 years in DN vs. 
9.1 ± 7.5 years in NDN,  P  = 0.028). Low cardiac output (LV 
ejection fraction <30 %) was observed only in the DN group 

(7/29,  P  = 0.048). Early mortality was 6.9 % (2/29) in the DN 
group and 16.7 % (2/12) in the NDN group ( P  = 0.349). The 
actuarial survival rates in the DN group were 85 % at 1 year, 
45 % at 3 years, and 30 % at 5 years, whereas in the NDN 
group, they were 71 %, 49 %, and 49 %, respectively ( P  = 0 
.789). For patients on chronic dialysis, arteriosclerosis and 
age (>65 years) were predicted risk factors for OPCAB; 
however, diabetic nephropathy was not. 

 Sunagawa et al. [ 51 ] compared the mid-term clinical 
results of CABG and PCI with drug-eluting stents (DES) in 
patients with chronic renal failure on hemodialysis. Thirty- 
day mortality was 3.3 % for CABG including OPCAB (83 % 
of the total cases) and 4.0 % for PCI. The 2-year survival rate 
was 84.0 % for CABG and 67.6 % for PCI ( P  = 0.0271). The 
cardiac death-free curve at 2 years was 100 % for CABG and 
84.1 % for PCI ( P  = 0.0122). The major adverse cardiac 
event-free rate at 2 years was 75.8 % for CABG and 31.5 % 
for PCI ( P  < 0.0001). During the follow-up period, six late 
deaths occurred in the CABG group and 27 late deaths, 
including six sudden deaths, occurred in the PCI group.  

1.5.7     Patients with Left Main Disease (LMD) 

 Stenosis in the left main trunk has historically been recognized 
as a risk factor for patients undergoing CABG. To analyze the 
effects of OPCAB in patients with signifi cant stenosis in the 
left main trunk, Suzuki et al. [ 52 ] reviewed 268 patients with 
signifi cant LMD among 665 patients who underwent OPCAB 
and compared them with 237 propensity score-matched 
patients without LMD. The operative mortality rate was 0.8 % 
in the LMD group and 1.7 % in the non- LMD group. The rate 
of 6-year freedom from all-cause death was 87.3 % in the 
LMD group and 60.7 % in the non-LMD group ( P  = 0.17), and 
the rate of 6-year freedom from cardiac events was 80.4 % in 
the LMD group and 70.4 % in the non- LMD group ( P  = 0.98). 
The authors concluded that LMD did not signifi cantly affect 
OPCAB outcomes in either the short or long term. 

 Fukui et al. [ 53 ] retrospectively reviewed 768 patients 
who underwent OPCAB with bilateral ITAs. Among them, 
268 patients had LMD and 500 patients did not. Operative 
mortality and the incidence of complications were not sig-
nifi cantly different between the two groups. In the patients 
without LMD, the left and right ITAs were used for the LAD 
in 87.4 % and 12.2 % of the patients, respectively, whereas in 
patients with LMD, the left and right ITAs were used for the 
LAD in 70.5 % and 29.1 %, respectively. In the patients 
without LMD, the 1-year patency rate of left and right ITAs 
was 97.6 % and 91.6 %, respectively, whereas in the patients 
with LMD, it was 97.0 % and 93.2 %, respectively. The 
patency rates of the left and right ITAs did not signifi cantly 
differ in patients with or without LMD ( P  = 0.9803 and 
 P  = 0.7205 for left and right ITAs, respectively).  
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1.5.8     Patients with Previous Percutaneous 
Coronary Intervention (PCI) 

 Previous PCI was reported to have an adverse impact on the 
surgical outcomes of CABG [ 54 ], and several Japanese stud-
ies have investigated this impact. Fukui et al. [ 55 ] retrospec-
tively reviewed 545 patients who underwent fi rst-time 
isolated OPCAB. Among them, 154 had previous PCIs, 
including 99 patients with stents. The number of anastomo-
ses per patient was lower in the PCI patients than in the non- 
PCI patients (3.8 vs. 4.2;  P  = 0.0066). Neither operative 
mortality (0 % vs. 1.8 %;  P  = 0.1995) nor major morbidity 
rates differed between these groups. Similar results were 
obtained for the comparison between patients with stents and 
those without stents. No signifi cant difference was observed 
in graft patency rates between the PCI patients and non-PCI 
patients (97.1 % vs. 97.9 %;  P  = 0.4976). 

 Kinoshita et al. [ 56 ] compared patients with previous PCI 
to those without PCI after OPCAB. The patients with previ-
ous PCI had a signifi cantly higher prevalence of history of 
myocardial infarction, renal dysfunction, and hemodialysis. 
The rate of surgical mortality was higher in the patients with 
previous PCI (7.6 % vs. 1.0 %,  P  = 0.008). A multivariate 
logistic regression analysis revealed that previous PCI 
remained a strong predictor of surgical mortality (odd ratio, 
6.9; 95 % confi dence interval, 1.2–4.2;  P  = 0.035). After 
matching and regression adjustment by propensity score, the 
impact of previous PCI on surgical mortality was found to 
remain signifi cant (matching odd ratio, 6.5; 95 % confi dence 
interval, 0.8–55.0;  P  = 0.088; regression adjustment odd 
ratio, 6.3; 95 % confi dence interval, 1.2–33.6;  P  = 0.031).  

1.5.9     Postoperative Atrial Fibrillation (AF) 

 AF is the most common complication after CABG and is 
associated with an increased risk of stroke and longer hospi-
tal stay. As described below, several studies have examined 
the predictors of AF after OPCAB. 

 Hosokawa, et al. [ 57 ] retrospectively reviewed 296 con-
secutive patients who underwent OPCAB, in whom the inci-
dence of AF was 32 %. AF prolonged the hospital stay by 3 
days ( P  < 0.01). Stepwise multivariate analysis identifi ed 
increasing age (odd ratio 1.44 per 10-year increase; confi -
dence interval 1.06–1.95), intraoperative core body tempera-
ture (odd ratio 1.64; 95 % confi dence interval 1.05–2.56), 
average cardiac index in the ICU (odd ratio 0.37; 95 % 
confi dence interval 0.19–0.71), and intraoperative fl uid 
balance (odd ratio 0.96 per 100-ml increase; 95 % confi -
dence interval 0.93–0.99) as independent predictors for the 
development of AF. 

 Ishida et al. [ 58 ] examined the relationship between pro-
infl ammatory cytokines, which play an important role in the 

upstream regulation of infl ammatory cascades, and the 
development of AF after OPCAB in a case series of 39 
patients, 11 of whom (28 %) developed AF postoperatively. 
Patients with postoperative AF had higher levels of interleu-
kin- 6 at 3 and 6 h after anastomoses, which was a signifi cant 
predictor of postoperative AF along with age, whereas tumor 
necrosis factor-α levels did not change during the study 
period. Interleukin-8 and CRP levels signifi cantly increased 
after surgery; however, no signifi cant difference was detected 
between the two groups. 

 Akazawa et al. [ 59 ] investigated the relationship between 
preoperative BNP levels and postoperative AF after OPCAB. 
They analyzed the data of 150 patients without a history of 
AF who underwent elective OPCAB, 26 of whom (17.3 %) 
developed postoperative AF. Univariate analysis demon-
strated that age (odd ratio 1.060; 95 % confi dence interval 
1.008–1.114;  P  = 0.023), previous myocardial infarction 
(odd ratio 2.628; 95 % confi dence interval 1.031–6.697; 
 P  = 0.043), and BNP level (odd ratio 7.336; 95 % confi dence 
interval 2.401–22.409/log BNP level;  P  < 0.001) were accu-
rate predictors of postoperative AF. Stepwise multivariate 
regression analysis indicated that age (odd ratio 1.059; 95 % 
confi dence interval 1.002–1.120;  P  = 0.043) and BNP level 
(odd ratio 6.272; 95 % confi dence interval 1.980–19.861/log 
BNP level;  P  = 0.002) were the only independent predictors 
of postoperative AF. 

 Several studies have focused on the prevention of AF 
after CABG. Fujii et al. [ 60 ] conducted a randomized pro-
spective trial to determine the effi cacy of intravenous landio-
lol administration in the early period after OPCAB followed 
by treatment with carvedilol for prevention of AF. Seventy 
consecutive patients were enrolled in the study. Patients in 
the treatment group received landiolol intravenously 
(5 μg · kg −1  · min −1 ) in the ICU immediately after surgery until 
carvedilol was administered orally. All patients received oral 
carvedilol (2.5–5 mg/day) after extubation and this treatment 
was continued even after discharge. Postoperative AF 
occurred in four (11.1 %) of the 36 patients in the landiolol 
group and in 11 (32.3 %) of the 34 patients in the control 
group, indicating that the development of AF was signifi -
cantly inhibited by landiolol treatment ( P  = 0.042). 

 Kinoshita et al. [ 61 ] assessed the preventive effect of pre-
operative statin treatment on the development of AF after 
elective isolated OPCAB. Among 584 patients, 364 patients 
received statin at least 5 days before surgery and 220 patients 
received no statin. The authors identifi ed 195 propensity 
score-matched pairs. AF occurred in 14.4 % of the patients 
in the statin group and in 24.6 % of the patients in the no 
statin group ( P  = 0.01). Multivariate logistic regression, 
including potential univariate predictors, identifi ed statin 
treatment (odd ratio 0.49; 95 % confi dence interval 0.22–0.81; 
 P  = 0.01), age (odd ratio 1.33 per 10-year increase; 95 % 
confi dence interval 1.04–1.69;  P  = 0.02), and transfusion 
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(odd ratio 2.21; 95 % confi dence interval 1.38–3.55;  P  = 0.01) 
as independent predictors of postoperative AF. 

 Ito et al. [ 62 ] assessed the effi cacy of treatment with the 
antiarrhythmic drug propafenone hydrochloride, which was 
administered in the early postoperative period to prevent 
development of AF. Seventy-eight patients undergoing iso-
lated OPCAB were divided into two groups: propafenone 
hydrochloride (P group) and control (C group). Patients in the 
P group were given propafenone hydrochloride (150–450 mg/
day orally) for 10 days from the day of surgery. The incidence 
of AF was 35 % in the C group and 12 % in the P group 
( P  = 0.0337). Multiple logistic regression analysis indicated 
that propafenone hydrochloride was the sole factor that pre-
vented the development of AF after OPCAB (odd ratio 0.207; 
95 % confi dence interval 0.053–0.804;  P  = 0.0229). 

 Kinoshita et al. [ 63 ] investigated the association between 
preoperative heart rate variability and the incidence of AF 
after OPCAB. The following time-domain factors of heart 
rate variability were calculated: standard deviation of all 
normal-to-normal QRS (SDNN) and square root of mean of 
sum of squares of differences between adjacent normal-to- 
normal QRS (RMSSD). AF occurred in 98 (25 %) of 390 
patients undergoing elective OPCAB. Patients without AF 
had signifi cantly lower heart rate variability than patients 
with AF, with a median SDNN of 91 ms vs. 121 ms and 
median RMSSD of 19 ms vs. 25 ms. Reduced heart rate vari-
ability was signifi cantly associated with a lower risk of post-
operative AF (SDNN ≤ 99 ms, odd ratio 0.29, confi dence 
interval 0.17–0.49,  P  < 0.01; RMSSD ≤ 20 ms, odd ratio 
0.47, 95 % confi dence interval 0.30–0.74;  P  < 0.01).  

1.5.10     Quality of Grafting 

 Nakjima et al. [ 64 ] examined the detailed characteristics of 
the arterial composite and sequential grafts and delineated 
the risk factors of graft occlusion. Intermediate patency of a 
graft with competitive or reverse fl ow was much lower when 
it was grafted to a coronary artery with mild disease or the 
main trunk of the LAD. Side-to-side anastomosis had higher 
graft patency than end-to-side anastomosis, and the fashion 
of composite graft (Y, I, or K graft) did not affect graft 
patency. Multivariate and univariate analyses showed that 
mild stenosis of the coronary artery and competitive or 
reverse fl ow of the graft were important risk factors for inter-
mediate graft occlusion in OPCAB. 

 Manabe et al. [ 65 ] evaluated the angiographic outcomes 
of composite grafting in patients undergoing OPCAB. They 
retrospectively reviewed 830 distal anastomoses in 256 
patients who underwent OPCAB and 1-year follow-up coro-
nary angiograms, comparing 410 anastomoses that used a 
composite grafting technique with 420 anastomoses that used 
individual grafting. In target vessels with mild stenosis, the 

incidence of graft occlusion or string sign was signifi cantly 
higher in composite ITAs than in individual ITAs (composite 
20.3 % vs. individual 7.3 %,  P  = 0.018), and a higher 
tendency was shown in composite radial artery than in indi-
vidual radial artery grafts (59.3 % vs. 36.4 %,  P  = 0.09). By 
contrast, in target vessels with severe stenosis, the incidence 
of graft occlusion was similar between composite and indi-
vidual ITAs (5.7 % vs. 3.3 %,  P  = 0.278) and composite and 
individual radial artery grafts (11.5 % vs. 9.6 %,  P  = 0.297). 

 Sugimura et al. [ 66 ] assessed graft patency and long-term 
clinical outcomes in 53 patients who underwent primary iso-
lated elective OPCAB with composite arterial Y grafts. 
During the follow-up period of 18–97 months, no deaths 
occurred, the incidence of graft failure was 22.6 %, and the 
incidence of angina recurrence was 13.2 %. A signifi cantly 
higher rate of graft failure was evident when one end of the 
composite graft was anastomosed to a coronary artery with 
75 % stenosis and the other end to a coronary artery with 
more than 90 % stenosis. 

 Matsuura et al. [ 67 ] evaluated graft patency and quality of 
anastomoses to small coronary arteries in OPCAB by early 
postoperative angiography. The coronary artery branches 
were categorized as large (>1.5 mm, group L) or small 
(<1.5 mm, group S) by intraoperative measurement. The 
overall patency and stenosis-free (FitzGibbon type A) rates 
were 97.2 % and 96.2 %. Graft patency (96.7 %) and 
stenosis- free rates (93.3 %) in group S were comparable to 
those in group L (97.5 % and 97.1 %, respectively).  

1.5.11     The Impact of the Use of Bilateral 
ITA vs. Single ITA 

 The bilateral use of ITAs has been reported to be associated 
with higher survival benefi t than the use of a single 
ITA. However, whether bilateral ITAs remain benefi cial in 
the elderly population is less clear. Kinoshita et al. [ 68 ] 
compared outcomes in propensity score-matched patients, 
70 years of age or older, undergoing isolated OPCAB using 
bilateral ITAs or a single ITA. A total of 217 pairs were 
matched using propensity scores calculated from nine pre-
operative factors. The rate of postoperative complications 
was similar between the two groups. The rate of 5-year free-
dom from overall death was 86.4 ± 3.2 % in the bilateral 
group and 73.5 ± 3.9 % in the single group ( P  = 0.01), and 
the rate of 5-year freedom from cardiac events was 
93.2 ± 2.7 % in the bilateral group and 87.5 ± 3.0 % in the 
single group ( P  = 0.01). In multivariate Cox models, the 
bilateral use of ITAs was signifi cantly associated with a 
lower risk of overall death (odd ratio 0.56; 95 % confi dence 
interval 0.31–0.99;  P  = 0.04) and cardiac events (odd ratio 
0.36; 95 % confi dence interval 0.15–0.88;  P  = 0.03) even in 
elderly patients. 
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 Saito et al. [ 69 ] evaluated early outcomes of bilateral ITA 
compared with single ITA in patients who had undergone 
isolated CABG from the Japan Adult Cardiovascular Surgery 
Database. Among 8,136 single ITA and 4,093 bilateral ITA 
patients, they performed a one-to-one matched analysis on 
the basis of estimated propensity scores for patients in each 
group balanced for baseline characteristics. The rate of off- 
pump CABG was similar (75 %) in both groups, and the 
mean number of anastomoses was 3.1 in the single ITA and 
3.4 in the bilateral ITA group ( P  < 0.0001). Thirty-day opera-
tive mortality was 1.2 % in both groups, and the overall 
incidence of postoperative complications was also similar, 
although deep sternal infection was more frequent with bilat-
eral ITA (1.3 % of single ITA and 2.3 % of bilateral ITA 
patients;  P  = 0.0001).  

1.5.12     Outcomes of OPCAB vs. PCI 

 A number of studies compared the effi cacy of PCI and 
CABG. However, the impact of OPCAB has not been well 
elucidated. Marui et al. [ 70 ] analyzed the largest registry of 
CABG and PCI involving bare metal stents in Japan, called 
the KREDO-Kyoto registry. From this registry, 6,327 patients 
with multivessel disease and/or LMD were enrolled in the 
study. Among them, 3,877 patients were treated with PCI, 
1,388 received with on-pump CABG, and 1,069 received 
with OPCAB. The median follow-up period was 3.5 years. 
The propensity score-adjusted all-cause mortality after PCI 
was higher than that after on-pump CABG or OPCAB (odd 
ratio 1.37; 95 % confi dence interval 1.15–1.63;  P  < 0.01). 
The incidence of stroke was lower after PCI than that after 
on-pump CABG or OPCAB (odd ratio 0.75; 95 % confi -
dence interval 0.59–0.96;  P  = 0.02). Propensity score- 
adjusted all-cause mortality after PCI was higher than that 
after OPCAB (odd ratio 1.50; 95 % confi dence interval 
1.20–1.86;  P  < 0.01). The adjusted mortality rate was similar 
between the OPCAB and on-pump CABG groups (odd ratio 
1.18; 95 % confi dence interval 0.93–1.51;  P  = 0.33). The 
incidence of stroke after OPCAB was similar to that after 
PCI (odd ratio 0.98; 95 % confi dence interval 0.71–1.34; 
 P  > 0.99); however, the incidence of stroke after on-pump 
CABG was higher than that after OPCAB (odd ratio 1.59; 
95 % confi dence interval 1.16–2.18;  P  < 0.01). In contrast to 
many randomized studies showing comparable survival 
between PCI and CABG, in this real-world registry in Japan, 
the survival advantage of CABG including OPCAB was 
clearly superior to that of PCI with bare metal stents in 
patients with multivessel disease and/or LMD. 

 A few studies have compared PCI with drug-eluting 
stents and OPCAB. Yamagata et al. [ 71 ] examined 208 
patients with multivessel disease and DM, including 92 
patients treated with sirolimus-eluting stents (SES) and 116 
patients with OPCAB. During the mean follow-up period of 

42 ± 8 months, the rate of repeat revascularization was sig-
nifi cantly higher in the SES group than that in the OPCAB 
group (21 % vs. 6.9 %,  P  = 0.003). By contrast, the incidence 
of cerebrovascular events was higher in the OPCAB group 
than that in the SES group. The cumulative risk of major 
adverse cardiac and cerebrovascular events (defi ned as all- 
cause death, nonfatal myocardial infarction, cerebrovascular 
events, and repeat revascularization) was similar between the 
two groups (27 % vs. 23 %,  P  = 0.492). 

 Dohi et al. [ 72 ] compared the long-term outcomes after 
OPCAB or PCI with SES in DM patients with multivessel 
disease and/or LMD. They enrolled 350 patients who 
underwent OPCAB and 143 patients who were treated with 
SES implantation. During the mean follow-up period of 
2.6 ± 1.6 years, no difference was observed between OPCAB 
and SES implantation in all-cause mortality or cardiac death. 
However, acute coronary syndrome, target vessel revascular-
ization, and major adverse cardiac and cerebrovascular 
events were markedly lower in patients undergoing OPCAB 
than in those receiving SES. 

 Shimizu et al. [ 73 ] compared intermediate outcomes between 
CABG including OPCAB (92 % in the total number of CABG) 
and PCI with DES in patients with unprotected LMD. The 
overall survival rate did not differ (CABG 93.4 %, DES 91.9 % 
at 2 years; ns). Major cardiac and cerebrovascular event-free 
survival was superior in the CABG group (CABG 82.2 %, DES 
62.6 % at 2 years;  P  = 0.033), and the total hospitalization costs 
were lower in the CABG group (CABG, median 3.225 million 
yen; DES, median 4.192 million yen;  P  = 0.013).  

1.5.13     Redo OPCAB 

 Dohi et al. [ 74 ] performed a propensity analysis based on the 
Japan Cardiovascular Surgical Database (JCVSD) compar-
ing the early surgical results between off- and on-pump 
CABG in patients who had undergone previous CABG. 
Operative mortality tended to be lower, and the composite 
endpoint of mortality or major complications was statisti-
cally signifi cantly less frequent for off-pump redo CABG 
compared to on-pump redo CABG.   

1.6     Summary 

 A number of excellent and interesting studies have been 
performed in Japan on factors associated with OPCAB. 
The high rate of OPCAB among CABG procedures (more 
than 60 %) has been supported by these clinical results. 
However, most were observational studies performed in 
single institutions. To establish evidence applicable to insti-
tuting guidelines for Japanese clinical settings, larger multi-
center, randomized prospective, and observational studies 
using nationwide databases should be conducted.     

1 OPCAB Made in Japan: Evidence on Off-Pump Coronary Artery Bypass Grafting from Japan
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    Abstract  

  This chapter focuses on the status and outcome of coronary artery surgery performed in 
Japan between January 1 and December 31, 2012. A total of 14,999 patients underwent 
coronary artery bypass grafting (CABG), 10,658 (71 %) of which received isolated 
CABG. During this period, the operative mortality rate for patients who underwent isolated 
CABG was 1.49 %, while the mortality for initial elective CABG was 0.72 %. These are the 
best results obtained since this survey was initially established in 1996. The number of off- 
pump CABG (OPCAB) cases has since remarkably increased on an annual basis. This less 
invasive procedure was performed on 5,865 patients in 2012, which is 65.0 % of the total 
number of initial elective CABG cases (8,983). The mortality rate of complete OPCAB 
patients was 0.45 %, which is approximately one-fi fth of that in the previous year (2011), 
indicating quality improvement. More than half (58.9 %) of patients with 4 or more grafting 
underwent OPCAB, which was a higher rate than 56.9 % in 2011. Vein grafts were utilized 
in 42 %, which had gradually increased over the previous 8 years. The complicated rate of 
cerebral-vascular stroke in complete OPCAB was signifi cantly lower than those in on-
pump beating CABG and conversion cases from off- to on-pump CABG. This less invasive 
procedure demonstrated a reduction in adverse cerebral-vascular events.  
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2.1         Introduction 

 The Japanese Association for Coronary Artery Surgery 
(JACAS) has been conducting surveys of the status of coro-
nary artery surgery since 1970 [ 1 – 11 ]. The most recent survey 
was conducted from January 1 to December 31, 2012. 

Questionnaires were completed and returned by 326 (71.1 %) 
out of a total of 459 institutions with departments of cardiac 
surgery. This report summarizes the advances in coronary 
artery surgery with special focus on the current status of 
off- pump coronary artery bypass (OPCAB) in Japan. Results 
of the status of coronary artery surgery from the previous 
year as well as from previous surveys were reviewed and 
considered in the present report. 

 Operative mortality is defi ned as any death within 30 days 
after the day of surgery. Patient characteristics were exam-
ined by  X  2  statistics with regard to operative mortality.  

mailto:orime.yukihiko@nihon-u.ac.jp


16

2.2     Total Number of Coronary Artery 
Surgeries and Off-Pump CABG Rate 

 A total of 14,999 patients underwent coronary artery bypass 
surgery in 2012, with 10,658 (71 %) of which receiving 
coronary artery bypass grafting (CABG) only. The remain-
ing 4,341 patients underwent additional procedures for 
myocardial infarction or other complications at the same 
time. Of those who received CABG alone, initial elective 
surgery was performed in 8,983 patients, and 5,865 (65 %) 
of those underwent off-pump CABG (OPCAB). Other than 
those who received initial elective surgery (emergency and/
or redo cases: 1,675), OPCAB was performed in 880 patients 
(53 %) (Table  2.1 ).

2.3        Changes in OPCAB Rate of Initial 
Elective Isolated CABG 

 Figure  2.1  shows the changes in OPCAB rates over the 
previous 17 years from 1996 to 2012. Since 1996, the number 
of OPCAB cases had remarkably increased annually until 2004, 
reaching 62 %. Although there was a slight decrease in 2005, 
65 % of patients who underwent initial elective isolated CABG 
received OPCAB in 2012, indicating a persistently high rate.

2.4        Surgical Procedures of Initial Elective 
Isolated CABG 

 Regarding initial elective isolated CABG, a total of 2,038 
patients (22.7 %) underwent on-pump CABG with cardiac 
arrest, 1,080 patients underwent on pump with cardiac beat-
ing (12.0 %), and OPCAB was performed in 5,865 cases 
(65.3 %). In those OPCAB cases, 5,718 patients (97.5 %) 
underwent off pump until the end of operation, and the 
remaining 147 cases required conversion from off-pump to 
on-pump CABG. This conversion rate was 2.5 %, which was 
lower than 3.8 % in 2011 as shown in Table  2.2 .

2.5        Outcome According to Procedures 

 The mortality rate in patients who underwent isolated CABG 
was 1.49 %, which was much lower than that in 2011, and 
that for isolated initial elective CABG cases was 0.72 %, 

   Table 2.1    Total number of coronary artery surgery and off-pump 
CABG rate   

 Total number  14,999 
   Isolated CABG  10,658 (71 %) 
   Concomitant CABG  4,341 (29 %) 
 Isolated CABG 
   Initial elective: 8,983  Other than initial elective: 1,675 
   Off pump: 5,865  Off pump: 880 
   On pump: 3,118  On pump: 795 
   (Off-pump rate: 65 %)   (Off-pump rate: 53 %) 

   CABG  coronary artery bypass grafting  
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achieving the best result since the survey was fi rst conducted. 
The mortality rate for complete OPCAB was 0.45 %, which 
is the lowest since this less invasive procedure was intro-
duced. In addition, the mortality rate for conversion from 
off- to on-pump cases was 2.72 %, which is lower than those 
of previous years (Table  2.3 ).

2.6        Changes in Mortality of CABG 

 The changes in mortality since 1996 are shown in Fig.  2.2 . 
The clinical results improved remarkably annually; the 
operative mortality rate of isolated CABG cases decreased 
to 1.49 % and that of initial elective patients decreased to 
0.72 % in 2012. These are the best results obtained since the 
surveys were introduced 30 years previously.

2.7        Changes in Mortality According 
to Procedures: Isolated Initial 
Elective CABG 

 Figure  2.3  shows the changes in mortality according to pro-
cedures since 2004. Generally, the mortality rate of off- to 
on-pump conversion cases was high. In contrast, the mortali-
ties of on pump (arrest) and off pump (complete) were lower, 
with the lowest rate of 0.45 % in complete OPCAB in 2012.

2.8        Number of Grafts According 
to Surgical Procedures 

 Figure  2.4  shows the number of grafts according to surgical 
procedures. The mean number of grafts of total initial elec-
tive CABG cases was 2.97/patient, which is approximately 
the same as that in 2011 (2.96). The mean number of grafts 
of on pump (cardiac arrest) was 3.22/patient, that of on pump 

   Table 2.2    Surgical procedures of initial elective isolated CABG   

 Total number of initial elective  8,983 (100 %) 
 On pump (cardiac arrest)  2,038 (22.7 %) 
 On pump (cardiac beating)  1,080 (12.0 %) 
 Off pump (total number)  5,865 (65.3 %) 
 Off pump (complete)  5,718 
 On pump (conversion)  147 
 Off pump (complete rate)  97.5 % 
 Off to on pump (conversion rate)  2.5 % (previous year: 3.8 %) 

   Table 2.3    Outcome according to procedures   

 Mortality for isolated CABG  1.49 % (previous year: 2.72 %) 
 Mortality for initial elective CABG  0.72 % (previous year: 2.12 %) 
 On pump (cardiac arrest)  0.83 % 
 On pump (cardiac beating)  1.67 % 
 Off pump (total)  0.51 % 
 Off pump (complete)  0.45 % (previous year: 2.11 %) 
 On pump(conversion)  2.72 % (previous year: 3.16 %) 

   CABG  coronary artery bypass grafting  
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(cardiac beating) was 3.01/patient, that of off- to on-pump 
conversion cases was 3.17/patient, and that of complete off 
pump was 2.87/patient.

2.9        Surgical Procedures According 
to Number of Grafts 

 Figure  2.5  shows surgical procedures according to the 
number of grafts. Eighty-seven percent of single-vessel 
grafting patients underwent OPCAB. The rate of on-pump 
cardiac arrest CABG increased with increasing numbers of 
grafts. More than half (58.9 %) of 4 or more grafts under-
went OPCAB, which was higher than 56.9 % in 2011.

2.10        Comparison of On-Pump Arrest 
and Off-Pump According 
to Anastomosis Site of Coronary 
Artery: Initial Elective Surgery 

 There are almost no differences in the anastomosis rate of the 
right coronary artery and left ascending artery between on- 
pump arrest and off-pump procedures. However, in the left 
circumfl ex coronary artery, the anastomosis rate of on-pump 
arrest is higher than that of the off pump (Fig.  2.6 ).

2.11        Graft Selection: Isolated CABG Cases 

 The total number of grafts was 28,489 in the isolated CABG 
cases. Of those, the left internal thoracic artery was most 
commonly used, accounting for 35.9 %, followed by the 

saphenous vein. The utilization rate of arterial grafts was 
58 % of isolated CABG (Fig.  2.7 ).

2.12        Complication Rate of Cerebral- 
Vascular Stroke According to Surgical 
Procedures: Isolated CABG Cases 

 Cerebral-vascular stroke is defi ned as central neurological 
defi ciency persisting for more than 72 h with physical dis-
ability. Of all isolated CABG cases (10,658), 112 patients 
were defi ned as having a cerebral-vascular stroke, indicating 
a complication rate of 1.05 %. The complication rate of 
complete off-pump procedure was 0.81 %, which was signifi -
cantly lower than that of the on-pump (cardiac beating) cases 
and off- to on-pump conversion surgery (Fig.  2.8 ). This result 
demonstrated that the less invasive complete off-pump proce-
dure is effective against adverse cerebral-vascular events.

2.13        Special Survey for OPCAB in 2012 

 In 2012, the Japanese Association for Coronary Artery 
Surgery (JACAS) made an additional special survey con-
cerning OPCAB. The questions were regarding the following 
ten items:

    1.    First choice of CABG procedure   
   2.    Countermeasures against hypotension during OPCAB   
   3.    How to overturn a heart   
   4.    How to stabilize a heart   
   5.    Choice of composite graft type   
   6.    Frequency of use of harmonic scalpel to skeletonize a graft   

4 or
more grafts

3 grafts 

2 grafts 

1 graft 

0 25 50 75 100%

Off-pump

Off     on-pump On-pump(beating)

On-pump
(arrest)

Off-pump

Off-pump

Off-pump

On-pump
(arrest)

On-pump
(arrest)

On-pump
(arrest)
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   7.    Use of endoscopy for graft harvesting   
   8.    Implementation of coronary artery endarterectomy   
   9.    Procedure of proximal anastomosis for OPCAB   
   10.    How to evaluate intraoperative graft fl ow     

 Figure  2.9  shows the occupancy rate of the fi rst choice for 
CABG procedure, where 63.5 % of patients underwent 
OPCAB, indicating the highest rate. On-pump arrest was 
performed in 28.5 %, followed by on-pump beating 
CABG. As a countermeasure against hypotension during 
OPCAB, inotropic drugs were administered in 54.2 %, and 
volume loading was performed in 43.1 % (Fig.  2.10 ).

    How to overturn a heart is shown in Figs.  2.11  and  2.12 . 
A heart positioner was utilized in 87 %, demonstrating a high 
rate. The remaining 13 % of the total cases adopted other 
procedures, of which LIMA suture was utilized in 80 %.

    Tissue stabilizer was used to stabilize a heart in all cases 
(Fig.  2.13 ). Figure  2.14  shows the frequency of the use of 
composite graft type. Although almost half of all institutes 
did not use any type of composite graft, I-composite graft 
was used in 25.5 % and Y-composite graft in 22.3 %.

    The frequency of harmonic scalpel usage for skeleton-
izing a graft is shown in Fig.  2.15 . The frequency was high 
in most cases (82.3 %), followed by occasional use in 8.4 % 
and no usage in 9.3 %. Figure  2.16  shows the use of endos-
copy for graft harvesting. 87.4 % of the institutes did not use 
an endoscope to harvest grafts.

    During OPCAB, coronary artery endarterectomy was per-
formed in only 26 % of all cases (Fig.  2.17 ). Procedures of 
proximal anastomosis for OPCAB are shown in Fig.  2.18 . 
Seventy percent of OPCAB were carried out with the appli-
cation of the aorta non-touch technique, using assistive 
devices.

    Figure  2.19  shows how to evaluate intraoperative graft 
fl ow. A transit time fl ow meter was used in 73.8 % of all 
patients, followed by SPY in 6.2 % and ultrasonic echogram 
in 4.9 %. On the other hand, 12.3 % of all cases did not eval-
uate graft fl ow during surgery.
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    Abstract  

  The operative mortality, graft patency, and long-term outcomes in OPCAB compared with 
conventional CABG are still controversial. The 30-day mortality after primary elective 
CABG with CPB was less than 1.0 % in Japan in 2011. Therefore, it is not surprising that 
the recent RCTs in western countries showed no difference in operative mortality between 
OPCAB and on-pump CABG. Prospective, randomized trials have been criticized because 
they lack adequate power to assess clinical outcomes because they had been performed in 
single centers and the surgeons were not accustomed to both OPCAB and standard 
CABG. Considering the high occlusion late of saphenous vein graft (SVG) in OPCAB 
because of hypercoagulability status after surgery, OPCAB may sacrifi ce graft patency and 
cause late unfavorable cardiac events. 

 Routine early postoperative angiography was performed in 3,532 patients between 
January 2002 and December 2005 in 12 centers within 3 weeks after CABG in Japan. 
OPCAB was performed in 85 % of all cases. The occlusion rate of SVG (7.3 %) was signifi -
cantly higher than left internal thoracic artery (LITA) (1.7 %), right internal thoracic artery 
(RITA) (1.7 %), radial artery (RA) (3.4 %), and right gastroepiploic artery (GEA) (3.8 %) 
in OPCAB. There was no difference in the bypass occlusion and stenosis rate between 
OPCAB and standard CABG cases. The occlusion rate of SVG (7.3 %) in OPCAB was 
signifi cantly ( p  = 0.032) higher than that (2.8 %) in standard CABG. Bypass occlusion and 
stenosis rate of RITA to left anterior descending artery (LAD) (6.1 %) was signifi cantly 
( p  = 0.013) higher than that of LITA to LAD (3.8 %). In the circumfl ex area bypass occlu-
sion rate of SVG (7.1 %) was signifi cantly higher than that of all arterial grafts of LITA 
(4.2 %,  p  = 0.030), RITA (1.7 %,  p  < 0.001), RA (2.2 %,  p  < 0.001), and GEA (3.7 %, 
 p  = 0.029). Bypass occlusion rate in the right coronary territory was not related to graft 
material. The LITA was the best graft for LAD, and the RA was as good as the RITA and 
better than SVG in the circumfl ex area. SVG should be avoided in OPCAB, and multiple 
arterial OPCAB in Japan is the optimal strategy.  

  Keywords  

  Cardiopulmonary bypass   •   Heart disease   •   Surgery   •   Coronary artery  
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3.1         Different Situation of OPCAB in Japan 

 The number of coronary artery bypass grafting (CABG) 
reached more than 22,000 in 2003 in Japan [ 1 ]. However, the 
number declined up to 30 % in 2011 [ 2 ] owing to unrestricted 
percutaneous coronary intervention with drug-eluting stents 
regardless of coronary artery revascularization guidelines. 
During the last decade, the development of CABG without 
cardiopulmonary bypass (CPB) has signifi cantly changed 
CABG in Japan. In 1967, Kolessov fi rst grafted the left inter-
nal thoracic artery (LITA) to the anterior descending artery 
through a left thoracotomy without CPB [ 3 ]. Coronary artery 
revascularization with cardioplegic arrest became the stan-
dard CABG procedure with development of CPB technique 
and myocardial preservation methods for cardiac arrest dur-
ing the early 1980s. After the pioneering efforts by Benetti 
[ 4 ] and Buffolo [ 5 ] in South America for OPCAB through a 
median sternotomy during the 1990s, suction-type mechani-
cal stabilizer and apical suction device in addition to 
Trendelenburg positioning by the operating table allowed 
exposure of all coronary branches. According to the Japanese 
Association for Thoracic Surgery, the percentage of off- 
pump CABG (OPCAB) among the total CABG cases was 
35 % in 2001, 46 % in 2002, 55 % in 2003, and 60 % in 2004. 
The frequency of OPCAB reached a plateau after 2005 
according to the database of the Japanese Association for 
Coronary Artery Surgery. Therefore, OPCAB has become 
the standard method of CABG in Japan, whereas the per-
centage of OPCAB cases among all CABGs in North 
America was less than 20 % and in Germany 5 %. As some 
surgeons in the United States are performing 90 % or more 
of the CABGs without CPB, the frequency of OPCAB in 
standard hospitals might be less than 10 %.  

3.2     Positive Impact of OPCAB 

 The indications of OPCAB are the high risk factors of 
CPB such as cerebrovascular disease, chronic renal fail-
ure, chronic obstructive pulmonary disease, atheromatous 
or calcifi ed ascending aorta, older age, liver cirrhosis, and 
cancer. Many retrospective and cohort studies have been 
published comparing clinical outcomes after OPCAB with 
conventional CABG [ 6 – 11 ]. In moderate and high-risk 
patients, the operating time, intubation time, length of ICU 
stay, length of hospital stay, perioperative myocardial 
infarction, amount of bleeding and transfusion, infl amma-
tory reaction, stroke, neurocognitive dysfunction, atrial 
fi brillation, and inotrope requirements were in favor of 
OPCAB [ 12 ]. 

 A meta-analysis of 42 non-randomized trials of high-risk 
patients by Puskas and associates [ 13 ] demonstrated a sig-
nifi cant reduction in mortality after OPCAB versus conven-
tional CABG in various high-risk patient subsets (odds ratio 
(OR): 0.58). Mortality was reduced in patient subgroups 
with high risk factors of EuroSCORE >5 (OR: 0.39), LV 
dysfunction (OR: 0.55), atheromatous aorta (OR: 0.54), and 
multiple risk factors (OR: 0.60). Increased age, left main 
trunk lesion, diabetes mellitus, renal dysfunction, and 
chronic obstructive pulmonary disease were not related to 
the operative mortality irrespective of CPB. 

 A systematic review and meta-analysis of propensity 
score analysis by Kuss and associates in 123,137 patients of 
35 papers found that OPCAB was superior to conventional 
CABG [ 14 ]. The benefi t was operative mortality (OR: 0.69), 
renal failure, transfusion, wound infection and prolonged 
ventilation, inotropic support, and intra-aortic balloon pump 
(IABP) support. However, myocardial infarction, atrial 
fi brillation, and reoperation for bleeding were similar. 

 In the early RCTs [ 15 – 20 ], postoperative various compli-
cations, ICU stay, hospital stay, bleeding, and transfusion 
were in favor of OPCAB. The early meta-analysis of previ-
ous RCTs by Cheng and associates [ 21 ] showed no signifi -
cant differences in the 30-day mortality, IABP support, 
myocardial infarction, stroke, renal dysfunction, wound 
infection, re-exploration for bleeding, or re-intervention for 
mixed-risk patient population. However, OPCAB signifi -
cantly decreased atrial fi brillation (OR: 0.58), transfusion 
(OR: 0.43), inotrope requirements (OR: 0.48), respiratory 
infection (OR: 0.41), ventilation time (−2.4 h), ICU stay 
(−0.3 day), and hospital stay (−1.0 day). Results of graft 
patency and neurocognitive function were inconclusive. 
In-hospital and 1-year medical costs were generally higher 
for standard CABG. 

 Møller also meta-analyzed 66 randomized trials [ 22 ]. 
There were no statistically signifi cant differences regarding 
mortality (OR: 0.98), myocardial infarction (OR: 0.95), or 
renewed coronary revascularization (OR: 1.34). There was a 
signifi cant reduced risk of atrial fi brillation (OR: 0.69) and 
stroke (OR: 0.53) in off-pump patients. However, when con-
tinuity correction for zero-event trials was included, the 
reduction in stroke became insignifi cant. 

 Puskas and associates reported the long-term outcomes of 
earlier Surgical Management of Arterial Revascularization 
Therapy (SMART) trial [ 19 ] involving 297 patients after iso-
lated elective CABG. After 7.5 years of follow-up, there was 
no difference in mortality or late graft patency between 
OPCAB and on-pump CABG. Recurrent angina was more 
common in the OPCAB group though this did not reach sta-
tistical signifi cance [ 23 ].  
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3.3     Negative Impact of OPCAB in RCT 

 Prospective, randomized trials have been criticized because 
they lack adequate power to assess clinical outcomes because 
they had been performed in single centers and the surgeons 
were not accustomed to both OPCAB and standard 
CABG. To overcome these problems, Randomized On/Off 
Bypass (ROOBY) study was performed in 2203 patients in 
18 Veterans Affairs medical centers with 53 attending sur-
geons [ 24 ]. There was no difference in 30-day mortality or 
short-term major adverse cardiovascular events. OPCAB 
patients received signifi cantly fewer grafts per patient. After 
1 year, cardiac-related death (8.8 % versus 5.9 %,  p  = 0.01) 
and major adverse events (9.9 % versus 7.4 %,  p  = 0.04) were 
signifi cantly higher in the OPCAB group. Furthermore, graft 
patency was signifi cantly lower in the OPCAB group (82.6 % 
versus 87.8 %,  p  < 0.001). There was no difference in neuro-
psychological testing between the groups. 

 Recently, the results of the Coronary Artery Bypass 
Surgery Off or On Pump Revascularization Study 
(CORONARY) were reported [ 25 ,  26 ]. In the largest trial of 
OPCAB versus standard CABG, with 4752 patients from 79 
centers in 19 countries, no signifi cant difference was 
observed in the primary outcome of death, myocardial 
infarction, stroke, or new hemodialysis at 30 days (9.8 % vs. 
10.3 %,  p  = 0.59). There was a lower rate of transfusion 
(50.7 % vs. 63.3 %,  p  < 0.001) and a higher rate of repeat 
revascularization (0.7 % vs. 0.2 %,  p  = 0.01) in OPCAB 
group. The 1-year clinical results were consistent with the 
30-day fi ndings. There was no signifi cant difference in the 
composite outcome of death, myocardial infarction, stroke, 
or new hemodialysis (12.1 % vs. 13.3 %,  p  = 0.24). Repeat 
revascularization remained more common in the OPCAB 
group (1.4 % vs. 0.8 %,  p  = 0.07), and QOL and neurocogni-
tive outcomes were similar in both groups. 

 Similar negative results of OPCAB were found in the 
most recent meta-analysis of 8961 patients with a mean age 
of 63.4 and 16 % females in 59 trials by Afi lalo [ 27 ]. There 
was a signifi cant 30 % reduction in the occurrence of postop-
erative stroke with OPCAB (OR: 0.70). However, there was 
no signifi cant difference in mortality (OR: 0.90) or myocar-
dial infarction (OR: 0.89). 

 RCTs were performed in high-risk patients in several 
studies. In a study involving high-risk patients with three- 
vessel disease and a EuroSCORE ≥5, Møller and associates 
could fi nd no difference in morbidity or mortality between 
OPCAB and standard CABG [ 28 ]. The mean number of 
grafts per patient did not differ signifi cantly between groups 
(3.22 in OPCAB group and 3.34 in standard CABG group, 
 p  = 0.11). Fewer grafts were performed to the lateral part of 
the left ventricle territory during OPCAB (0.97 in OPCAB 
and 1.14 in standard CABG,  p  = 0.01). 

 The German Off-Pump Coronary Artery Bypass Grafting 
in Elderly Patients (GOPCABE) trial randomly assigned 
2539 patients 75 years of age or older from 12 German cen-
ters to OPCAB or standard CABG [ 29 ]. No signifi cant dif-
ference between groups was observed in the primary outcome 
of death, myocardial infarction, stroke, repeat revasculariza-
tion, or new renal-replacement therapy at 30 days (7.8 % vs. 
8.2 %,  p  = 0.74) or at 1 year (13.1 % vs. 14.0 %,  p  = 0.48). 
There were fewer transfusions and more repeat revascular-
izations (1.3 % vs. 0.4 %,  p  = 0.04) with off-pump surgery.  

3.4     Multicenter Angiographic Analysis 
of Early Graft Patency in Relation 
to Graft Material and OPCAB in Japan 

 This study was a multicenter retrospective analysis of early 
elective postoperative coronary angiography performed 
within 3 weeks after CABG between January 2002 and 
December 2005 in 12 centers. Postoperative angiography 
was performed in 3,532 patients who underwent elective and 
emergent CABG. Mean age at operation was 65.6 ± 10.1 years. 
OPCAB was performed in 85 % of all cases. Average num-
ber of distal anastomoses was 3.4 ± 1.2 (OPCAB, 3.4 ± 1.2; 
standard CABG, 3.2 ± 1.2,  p  < 0.001) (Fig.  3.1 ). Average 
number of grafts was 2.4 ± 0.6 (OPCAB, 2.4 ± 0.6; standard 
CABG, 2.3 ± 0.7,  p  = 0.35). Average number of arterial graft 
anastomosis was 2.9 ± 2.1. Distribution of graft material was 
36 % left internal thoracic artery (LITA), 18 % right internal 
thoracic artery (RITA), 10 % gastroepiploic artery (GEA), 
19 % radial artery (RA), and 17 % saphenous vein graft 
(SVG) with regard to distal anastomosis. Exclusive use of 
LITA and SVG was applied in 30 % of patients. Both LITA 
and RITA were used in 45 % of patients. More than two arte-
rial grafts were used in 84 % of patients. Total arterial revas-
cularization was performed in 67 % of patients. Graft 
confi guration was composed of 49 % in situ graft, 39 % com-
posite graft, and 12 % of aortocoronary bypass.

   Overall bypass occlusion rate was 3.1 % (366/11,968). 
Graft stenosis rate was 1.9 %. Overall bypass occlusion rate 
was 2.1 % in LITA, 1.9 % in RITA, 3.3 % in RA, 6.3 % in 
SVG, and 4.2 % in GEA. There were 297 patients with at 
least one occluded bypass. Univariate analysis showed that 
the risk factors of patients with occluded bypass grafting 
were female gender, weight, height, diabetes, blood creati-
nine level, liver dysfunction, non-left main trunk lesion, 
three-vessel disease, family history of ischemic heart dis-
ease, more than four distal anastomoses, and no use of pre-
operative β blocker and aspirin (Table  3.1 ). OPCAB or prior 
percutaneous coronary intervention was not a risk factor. In 
multivariate analysis, only female gender (HR, 1.53: 95 % 
CI, 1.13–2.07), liver dysfunction (HR, 2.09: 95 % CI, 1.18 
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Comparison of Bypass site and Graft Arrangement 
between OPCAB and Standard CABG
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29%

18%
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21%

4% 14%

3% 0%

OPCAB
LAD Dx OM PL
4AV PDA RCA Othes

Distal anastomoses/patient
OPCAB:3.4 ± 1.2, Standard CABG:3.2 ± 1.2, p<0.001

  Fig. 3.1    Bypass site and 
graft arrangement       

   Table 3.1    Patient characteristics in relation to graft occlusion   

 Univariate analysis 

 Variable 
 With all patent 
grafts ( n  = 3235) 

 With occluded 
graft ( n  = 297)   p  value 

 Age (year)  65.5 ± 1.1  66.5 ± 9.6  0.13 
 Female  694 (21 %)  84 (28 %)  0.01 
 Weight (kg)  61.2 ± 10.6  59.6 ± 11.3  0.015 
 Height (cm)  160.2 ± 8.9  158.0 ± 11.0  0.0002 
 BMI (kg/m 2 )  23.9 ± 5.3  24.1 ± 8.3  0.58 
 Hypertension  2149 (66 %)  187 (63 %)  0.29 
 Hypercholesterolemia  1741 (54 %)  157 (53 %)  0.97 
 Diabetes  1659 (51 %)  131 (44 %)  0.02 
 Oral medication  445 (14 %)  50 (17 %)  0.006 
 Insulin  452 (14 %)  35 (12 %)  0.83 
 Creatinine (mg/dl)  1.67 ± 2.22  2.45 ± 1.00  0.04 
 Dialysis  208 (6 %)  17 (6 %)  0.97 
 Liver dysfunction  97 (3 %)  18 (6 %)  0.009 
 CTR by chest X-ray  50.6 ± 5.6  50.8 ± 5.2  0.64 
 NYHA class III, IV  578 (18 %)  56 (19 %)  0.22 
 CCS class III, IV  710 (22 %)  69 (23 %)  0.14 
 Prior PCI  1354 (42 %)  102 (34 %)  0.06 
 Prior MI  1107 (34 %)  98 (33 %)  0.59 
 LVEF  55.6 ± 14.8  57.3 ± 14.4  0.12 
 EF <0.35  195 (6 %)  16 (5 %)  0.21 
 Non-LMT lesion  1981 (61 %)  205 (69 %)  0.01 
 Three-vessel disease  2190 (68 %)  225 (76 %)  0.005 
 Family history of IHD  397 (12 %)  46 (15 %)  0.03 
 Emergent surgery  215 (7 %)  16 (5 %)  0.40 
 OPCAB  2754 (85 %)  261 (88 %)  0.20 
 ≥4 distal anastomoses  1474 (46 %)  157 (53 %)  0.02 
 β blocker  744 (23 %)  67 (23 %)  0.047 
 Aspirin  1789 (55 %)  123 (41 %)  0.14 

   CTR  cardiothoracic ratio,  PCI  percutaneous coronary intervention,  MI  
myocardial infarction,  LVEF  left ventricular ejection fraction,  LMT  left 
main coronary artery trunk,  IHD  ischemic heart disease,  OPCAB  off-
pump coronary artery bypass grafting  

to 3.70), non-left main trunk lesion (HR, 1.54: 95 % CI, 
1.14–2.08), family history of ischemic heart disease (HR, 
1.52: 95 % CI, 1.07 to 2.17), and more than four distal anas-
tomoses (HR, 1.34: 95 % CI, 1.01–1.77) were risk factors 
(Table  3.2 ). Bypass occlusion was related to operative 
morbidity ( p  = 0.003) and all morbidity ( p  = 0.01). Bypass 
occlusion was not related to operative death or hospital 
death (Table  3.3 ).

   Table 3.2    Patient characteristics in relation to graft occlusion   

 Multivariate analysis 

 Variable   p  value  Hazard ratio  95 % CI 

 Female  0.007  1.53  1.13–2.07 
 Liver dysfunction  0.01  2.09  1.18–3.70 
 Non-LMT lesion  0.005  1.54  1.14–2.08 
 Family history of IHD  0.02  1.52  1.07–2.17 
 ≥4 distal anastomoses  0.04  1.34  1.01–1.77 

   Table 3.3    Outcomes in relation to graft occlusion   

 Outcomes 
 With all patent 
grafts ( n  = 3235) 

 With occluded 
graft ( n  = 297)   p  value 

 All morbidity  932 (29 %)  106 (36 %)  0.01 
 Operative a   105 (3 %)  20 (7 %)  0.003 
 Infection  182 (6 %)  22 (7 %)  0.24 
 Neurological  59 (2 %)  4 (1 %)  0.57 
 Pulmonary  105 (3 %)  15 (5 %)  0.12 
 Renal  97 (3 %)  10 (3 %)  0.69 
 Others b   590 (18 %)  65 (22 %)  0.19 
 Operative death  17 (0.5 %)  1 (0.3 %)  0.98 
 Hospital death  44 (1.4 %)  2 (0.7 %)  0.33 

   a Perioperative myocardial infarction and reoperation for bleeding and 
all other causes 
  b Complete heart block, cardiac arrest, atrial fi brillation, anticoagula-
tion-related complication, gastrointestinal complication, and DIC  
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     Graft occlusion rate in relation to graft material and cardio-
pulmonary bypass was shown in Fig.  3.2 . The occlusion rate 
of SVG (7.3 %) was signifi cantly ( p  < 0.001) higher than LITA 
(1.7 %), RITA (1.7 %), RA (3.4 %), and GEA (3.8 %) in 
OPCAB. The occlusion rate of RA and GEA was also signifi -
cantly ( p  < 0.001) higher than LITA and RITA in OPCAB. In 
standard CABG patients, bypass occlusion rate was not statis-
tically different between graft materials. The occlusion rate of 
RITA (1.7 %) in OPCAB was signifi cantly ( p  = 0.046) lower 
than that (3.5 %) in standard CABG. On the contrary, the 
occlusion rate of SVG (7.3 %) in OPCAB was signifi cantly 
( p  = 0.032) higher than that (2.8 %) in standard CABG. As a 
whole there was no difference in the bypass occlusion rate 
between OPCAB (3.1 %) and standard CABG (2.9 %).

   Bypass occlusion and stenosis was examined in relation 
to graft material and bypass area. Bypass occlusion and ste-
nosis rate of RITA to left anterior descending artery (LAD) 
(6.1 %) was signifi cantly ( p  = 0.013) higher than that of LITA 
to LAD (3.8 %) though the difference of occlusion rate did 
not reach statistical signifi cance ( p  = 0.053) (Fig.  3.3 ). In the 
circumfl ex area bypass occlusion rate of SVG (7.1 %) was 
signifi cantly higher than that of all arterial grafts of LITA 
(4.2 %,  p  = 0.030), RITA (1.7 %,  p  < 0.001), RA (2.2 %, 
 p  < 0.001), and GEA (3.7 %,  p  = 0.029). The occlusion rate of 
RITA was signifi cantly lower than that of LITA ( p  = 0.002) 
and GEA ( p  = 0.046) in this area (Fig.  3.4 ). The occlusion 
rate of RA was signifi cantly lower than that of LITA 
( p  = 0.024) in the circumfl ex area. Bypass occlusion rate in 
the right coronary territory was not related to graft material 
(Fig.  3.5 ). However, overall bypass occlusion rate in the right 
coronary area (4.8 %) was signifi cantly ( p  < 0.001,  p  = 0.015) 
higher than that in LAD (1.8 %) and circumfl ex area (3.5 %).

     Bypass occlusion and stenosis in relation to the site of the 
right coronary artery (RCA) was examined. Bypass occlu-
sion and stenosis of the RITA to the right main coronary 
artery (11.1 %) was signifi cantly higher than that of RA 
(0 %,  p  = 0.004) and SVG (2.0 %,  p  = 0.013) (Fig.  3.6 ). 
Bypass occlusion and stenosis of the GEA to the main RCA 
was signifi cantly higher (13.3 %) than that of RA ( p  < 0.001) 
and SVG ( p  < 0.001). Bypass occlusion and stenosis rate of 
GEA to the main right coronary artery was signifi cantly 
( p  = 0.009) higher than that to the posterior descending artery 
(5.1 %). Bypass occlusion and stenosis rate of SVG to the 
main RCA was signifi cantly lower than that to the posterior 
descending artery (7.4 %,  p  = 0.045) and atrioventricular 
branch (11.6 %,  p  < 0.001).

   Bypass occlusion of the RA in relation to composite and 
aortocoronary bypass confi guration was examined. The 
occlusion rate of RA as a composite graft was signifi cantly 
( p  = 0.0023) higher in the right coronary territory (5.4 %) 
than that in the circumfl ex territory (2.1 %) (Fig.  3.7 ). There 
was no signifi cant difference in RA occlusion rate between 
composite and aortocoronary bypass both in the circumfl ex 
and the right coronary area.

   Female gender, liver dysfunction, non-left main trunk 
lesion, family history of ischemic heart disease, and more 
than four distal anastomoses were independent risk factors in 
patients who had at least one bypass occlusion. Women have 
more severe coronary disease, higher age, higher comorbid-
ity, lower body surface area, and lower percentage of LITA 
use. However, even after the risk matching of these factors, it 
was confi rmed that female gender is an independent risk fac-
tor for adverse events and mortality after CABG [ 30 ]. 
Smaller body surface area and fragile coronary artery were 
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  Fig. 3.2    Bypass occlusion rate        
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the major causes of higher risk of perioperative mortality and 
morbidity in women [ 31 ]. Early occlusion of the bypass graft 
may explain the higher mortality and morbidity in women 
according to our results. There was no previous report 
regarding liver dysfunction and bypass graft patency to my 
knowledge. Liver dysfunction or cirrhosis may cause coagu-
lation abnormality after CABG. Risk factors of non-left 
main trunk lesion, family history of ischemic heart disease, 
and more than four distal anastomoses may be related to the 
severity and diffuseness of the coronary lesion. The diffi -
culty and many graft anastomosis sites may be attributed to 
bypass occlusion. 

 In the present study, there were several interesting results 
regarding the graft material and the method of its use both in 

OPCAB and standard CABG. First, LITA was the best graft 
for LAD. The RITA was not as good as the LITA as a graft for 
LAD. As the multivariate analysis showed that the female 
gender was an independent risk factor of graft occlusion, dis-
tal RITA in women might be not appropriate for LAD graft-
ing. Second, in the circumfl ex area, graft patency of RITA 
and RA were better than LITA, GEA, and SVG. There was no 
difference in the graft patency of RA and RITA in this area. 
RITA was used as a composite graft with LITA rather than in 
situ graft. There was no difference in the RA graft patency in 
this area between the method of composite and aortocoronary 
bypass in the present study. RA could be used as a composite 
graft as well as aortocoronary bypass in some previous stud-
ies [ 32 ,  33 ]. However, Gaudino and associates found fl ow 
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  Fig. 3.3    Bypass occlusion 
rate in the LAD area       
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competition more frequently in the composite RA conduits 
than in the aortocoronary RA conduit [ 34 ]. RA is suitable for 
the second arterial graft next to LITA as composite graft at 
least in the circumfl ex area. Third, in the right coronary terri-
tory, the overall graft patency was worse than LAD and cir-
cumfl ex area. Bypass occlusion rate in the right coronary 
territory was not related to graft material. However, RITA and 
GEA were not suitable for the graft to the main RCA proba-
bly because the coronary arterial wall was much thicker than 
the wall of RITA and GEA, which might cause graft stenosis 
and occlusion. For the main RCA RA and SVG grafts were 
better than the RITA and the GEA as in situ graft. RA graft 
patency in this site was not better than SVG. Considering the 

higher occlusion rate of the composite RA in this area 
compared to aortocoronary RA grafting, the RA as aortocor-
onary bypass to the right coronary branches might be favor-
able when total arterial grafting is aimed. 

 Total arterial coronary revascularization could avoid the 
problems associated with vein graft failure [ 35 ,  36 ]. Bilateral 
ITAs are the conduits of fi rst choice because of excellent 
short- and long-term patency and improved survival [ 37 , 
 38 ]. However, bilateral ITA harvesting has shown a higher 
incidence of sternal wound infection in patients taking insu-
lin or steroids, who are obese or have chronic obstructive 
lung disease [ 30 ]. RITA to LAD graft crossing the midline 
of the chest may obstruct future reoperation for aortic valve 
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surgery, but to avoid this situation, the RITA is unable to 
reach the left ventricular posterolateral wall if it passes 
through the transverse sinus. As the second arterial graft in 
addition to LITA to LAD anastomosis, some studies com-
paring RITA and RA showed the same clinical and angio-
graphic results [ 39 ,  40 ]. 

 The comparative performance of RA versus SVG is of 
considerable interest. Previous angiographic observational 
studies have shown that the RA achieved excellent short- 
(96–100 %), mid- (94–97 %), and long-term (84–96 %) 
patency [ 41 ]. Patency rates of the RA have exceeded those of 
the SVGs at all-time points. Only the Cleveland Clinic 
reported worse graft patency of the RA than the SVG [ 42 ]. 
Randomized comparison of midterm graft patency between 
the RA and the SVG at 5 years showed disappointing graft 
patency of RA (87 %) compared to SVG (94 %) in RAPCO 
trial [ 43 ]. However, these results were based on the small 
angiographic studies. The RSVP randomized trial was 
designed to compare 5-year patency rates of aortocoronary 
RA and SVG to the circumfl ex coronary artery. The graft 
patency of the RA (98.3 %) was signifi cantly better than that 
of the SVG (86.4 %) [ 44 ]. In the RAPS trial, the RA was 
randomly assigned to bypass the major artery in either the 
right coronary territory or the circumfl ex coronary territory, 
with the SVG used for the opposite territory, which had 
proximal lesions at least 70 % diameter narrowing [ 45 ]. The 
graft occlusion of the RA (8.2 %) was signifi cantly lower 
than that of the SVG (13.6 %) at 1 year. Diffuse narrowing of 
the graft was present in 7.0 % of the RA grafts and only 
0.9 % of SVGs. The absence of severe native vessel stenosis 
was a risk of graft occlusion and diffuses narrowing of 
the RA. Patency of the RA grafts was similar in RCA and 

circumfl ex arteries. In our study graft occlusion rate of the 
RA (2.2 %) was better than that of the SVG (7.1 %) in the 
circumfl ex area, but the same in the right coronary territory 
(RA: 5.0 %, SVG: 5.6 %). In our early postoperative study, 
composite RA grafts showed competitive fl ow in the setting 
of <75 % proximal coronary stenosis especially in the right 
coronary branches [ 46 ]. 

 Graft patency of RITA and GEA was lower in standard 
CABG than in OPCAB in this study. The reason could be 
explained as follows. In OPCAB cases grafting to the main 
RCA might be avoided because hypotension and bradycardia 
occur frequently when the native coronary stenosis is moder-
ate. The main RCA is sometimes very thick and calcifi ed 
compared to other territory of right coronary branches, which 
are not suitable for OPCAB. Bypass occlusion rate of RITA 
and GEA was higher when the target area was the main RCA 
compared to grafting to the right coronary branches. 

 In summary, the LITA was the best graft for LAD, and the 
RA was as good as the RITA and better than SVG in the 
circumfl ex area. SVG should be avoided in OPCAB due to 
postoperative hypercoagulability status. Graft patency in the 
RCA area was not related to graft material, and the RITA and 
GEA should be avoided as a graft to the main RCA.  

3.5     Critical Appraisal of Recent RCT 
in Western Countries 

 The operative mortality, graft patency, and long-term out-
comes in OPCAB compared with conventional CABG are 
still controversial. The 30-day mortality after primary elec-
tive CABG with CPB was less than 1.0 % in Japan in 2011 [ 2 ]. 
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Therefore, it is not surprising that the recent RCTs in western 
countries showed no difference in operative mortality 
between OPCAB and on-pump CABG. Puskas and associ-
ates demonstrated that OPCAB using STS database dispro-
portionally benefi ts high-risk patients and female gender 
[ 47 ,  48 ]. In elective CABG cases in Japan, the operative 
mortality of OPCAB and standard CABG has been similar 
since 2008 (Table  3.4 ). On the contrary, in all CABG cases, 
the operative mortality of standard CABG was twice as 
high as that of OPCAB last 10 years. In the real world 
OPCAB has decreased the mortality in high-risk patients at 
least in Japan. The operative mortality in conversion cases 
from OPCAB to CABG with CPB has been between 2.7 
and 6.7 % even in primary elective CABG. Including all 
cases that were converted to CABG with CPB, the opera-
tive mortality was between 4.4 and 8.3 %. Cardiac center 
and cardiac surgeons should be accustomed to OPCAB as a 
daily operation from this data, although less than 10 % of 
patients who have CABG really need OPCAB. Otherwise 
unexpected conversion from OPCAB to CABG with CPB 
caused deleterious outcomes.

   Poorer late outcomes of repeat revascularization in 
OPCAB must be related to fewer number of grafts especially 
to the lateral wall and poorer graft patency and quality of 

bypass. In the ROOBY study, the conversion rate from 
OPCAB to on-pump CABG was 12.4 % [ 24 ], which is sig-
nifi cantly higher than the 2.2 % found in the STS database. 
The rate of crossover from the off-pump to the on-pump 
group was 7.9 % in the CORONARY trial [ 25 ]. The conver-
sion rate from OPCAB to CABG with CPB was only 3 % in 
Japan in 2011 [ 2 ]; the inexperience of surgeons has biased 
these RCTs. In our RCT from Japan [ 49 ], the number of 
grafts performed per patient (3.5 for OPCAB and 3.6 for 
standard CABG) and the number of arterial grafts performed 
per patient (3.3 for OPCAB and 3.4 for standard CABG) 
were similar. No patients were converted from OPCAB 
to CPB. 

 A meta-analysis of graft patency in RCT by Takagi and 
associates showed a 27 % increase in overall graft occlusion 
with OPCAB, especially a 28 % increase in saphenous vein 
(SV) graft occlusion [ 50 ]. Table  3.5  showed the graft patency 
in several RCTs [ 17 ,  18 ,  24 ,  49 ,  51 – 55 ]. Khan and colleagues 
[ 18 ] showed that the graft patency of off-pump surgery 
(88 %) was worse than that of on-pump surgery (98 %). 
These poor results in OPCAB have been explained by the 
fact that only 13 % of total CABG cases were performed 
without CPB. This may indicate that this trial was performed 
within the learning curve phase. In the PRAGUE-4 study, 

   Table 3.4    Operative mortality of isolated CABG in Japan   

 2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011 

  All CABG cases  
  OPCAB  
 No. of 
patients 

 6,950  9,981  11,609  12,018  11,110  11,021  10,979  11,222  10,352  9,510  8,807 

 Mortality  1.3 %  1.0 %  1.3 %  1.0 %  1.3 %  1.9 %  1.1 %  1.5 %  1.1 %  0.8 %  0.9 % 
  Standard CABG  
 No. of 
patients 

 14,145  11,645  9,437  7,912  7,227  6,920  6,316  6,542  6,184  6,011  5,449 

 Mortality  2.1 %  2.5 %  2.7 %  2.5 %  3.0 %  3.5 %  2.4 %  2.4 %  2.4 %  2.3 %  2.1 % 
  Conversion case  
 No. of 
patients 

 N/A  N/A  364  318  296  252  301  215  214  215  186 

 Mortality  N/A  N/A  4.4 %  7.2 %  7.8 %  8.3 %  7.3 %  5.6 %  4.7 %  6.0 %  5.4 % 
  Primary elective CABG  
  OPCAB  
 No. of 
patients 

 N/A  N/A  9,896  10,335  9,461  9,535  9,489  9,699  8,927  8,314  7,525 

 Mortality  N/A  N/A  0.9 %  1.0 %  0.7 %  1.3 %  0.7 %  1.0 %  0.6 %  0.5 %  0.7 % 
  Standard CABG  
 No. of 
patients 

 10,523  18,707  7,599  6,370  5,698  5,482  5,014  5,244  4,876  4,753  4,305 

 Mortality  0.9 %  0.9 %  1.2 %  1.2 %  1.3 %  1.7 %  1.2 %  1.0 %  1.0 %  0.9 %  0.7 % 
  Conversion case  
 No. of 
patients 

 N/A  N/A  273  245  229  204  239  176  158  171  147 

 Mortality  N/A  N/A  4.0 %  3.3 %  4.8 %  6.4 %  6.7 %  4.5 %  3.2 %  4.1 %  2.7 % 

  Standard CABG included on-pump beating CABG  
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graft patency of SV in OPCAB was also 10 % lower than that 
in standard CABG though statistically not signifi cant [ 51 ]. 
Lingaas also reported that although patency of LITA was 
94 % in the OPCAB group and 96 % in the on-pump group 
12 months after RCT, graft patency of SV was 80 % and 
87 %, respectively [ 53 ]. In the BHACAS 1 and BHACAS 2 
study, graft occlusion rate was similar in the standard CABG 
and OPCAB groups, both overall (27/255 [10.6 %] and 
26/237 [11.0 %], respectively) and for arterial and SVG sep-
arately (arterial grafts, 13/126 [10.3 %] vs 8/116 [6.9 %]; 
SVGs, 14/129 [10.9 %] vs 18/121 [14.9 %], respectively) 
[ 54 ]. In the study of Uva and associates, SV graft patency 
was 86 % in the OPCAB group and 93 % in the standard 
CABG group, which was not statistically different [ 55 ]. The 
high occlusion rate of grafts in OPCAB must be due to high 
occlusion rate of SV in addition to technical diffi culty.

   Kim and associates compared [ 56 ] the 1-year graft 
patency after OPCAB with CABG under CPB. The graft 
patency of SVG was 88 % in patients undergoing standard 
CABG, 87 % in patients undergoing on-pump beating 
CABG, and 68 % in patients undergoing OPCAB. Poor graft 
patency and poor long-term results in OPCAB were related 
to higher SVG occlusion rate because of the hypercoagula-
bility status after OPCAB [ 57 ,  58 ]. Although they conducted 
the study during the learning time period, this paper could 
not be overlooked. Proper anticoagulation and antiplatelet 
regimens are mandatory. We recommended that heparin was 
reversed at OPCAB completion, but restarted (10 unit/kg/h) 
in the intensive care unit after hemostasis was secured until 
the next evening [ 59 ]. Aspirin was continued until the opera-
tion and restarted with 162 mg/day from the next morning. 
Without proper perioperative medical treatment, OPCAB 
may sacrifi ce graft patency and cause late unfavorable car-
diac events. Considering the high occlusion rate of SVG in 
OPCAB, multiple arterial OPCAB in Japan is the optimal 
strategy.     
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      Indication and Safe Strategy 

           Hitoshi     Yokoyama     

    Abstract  

  Off-pump coronary artery bypass grafting is a safe procedure even in the early period of a 
surgeon’s learning curve, but only if both the surgeon and anesthesiologist set up a decision- 
making algorithm that includes the careful monitoring of the beating heart and optimized 
integrated backup with mechanical hemodynamic support. In this chapter, the “routine off- 
pump” strategy is introduced. Using this strategy, over 98 % of the coronary artery bypass 
surgery candidates underwent off-pump coronary artery bypass grafting with a rate of intra-
operative pump conversion as low as 0–1 %, even with relatively inexperienced surgeons. 
This strategy enables most coronary artery bypass surgeries to be performed safely and 
achieves complete revascularization at the end of surgery.  

  Keywords  

  Routine off-pump strategy   •   Scheduled IABP   •   Prophylactic IABP   •   Urgent pump conver-
sion   •   Decision-making algorithm  

4.1         Introduction 

 Indications that warrant off-pump coronary artery bypass are 
controversial. There are various treatments for coronary 
artery occlusive disease, including medical therapy, percuta-
neous coronary intervention (PCI), and coronary artery 
bypass with (on-pump coronary artery bypass, ONCAB) or 
without (off-pump coronary artery bypass, OPCAB) cardio-
pulmonary bypass. Guidelines for the treatment of ischemic 
heart disease have been described and disseminated; how-
ever, the choice of treatment depends on the quality of PCI, 
ONCAB, and OPCAP, all of which vary from surgeon to sur-
geon and from institution to institution. In this decade, sev-
eral clinical observational studies, large database analyses, 
and controlled randomized trials have been reported to eluci-

date what kind of patients should undergo OPCAB, as well 
as what kind of surgeon should perform the procedure.  

4.2     Who Will Benefi t Most from Off-Pump 
Coronary Bypass Surgery? 

 Indication for a certain procedure depends on the balance of 
risk and benefi t. The main advantage of OPCAB is to avoid 
cardiopulmonary bypass and global cardiac ischemia. 

 The cardiopulmonary bypass has detrimental effects on 
the whole human body. Exposure of blood cells and comple-
ment in the bloodstream to the surface of the extracorporeal 
circuit of the cardiopulmonary bypass results in the activa-
tion of leucocytes, platelets, and the complement systems, as 
well as the destruction of red blood cells [ 1 ]. Consequently, 
this adverse phenomenon results in multiple organ dysfunc-
tions. There are several kinds of candidates for CABG, some 
of whom are considered vulnerable to cardiopulmonary 
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bypass. Recent clinical studies have demonstrated that 
OPCAB is recommended in high-risk patients undergoing 
CABG with cardiopulmonary bypass and cardiac arrest. 
These include elderly patients, women, as well as patients 
with diabetes, renal insuffi ciency, chronic lung disease, pre-
operative cerebrovascular disease, reoperation, emergency 
coronary artery bypass surgery, unstable angina, myocardial 
infarction, or left main disease [ 2 – 12 ]. 

 The establishment of cardiopulmonary bypass requires 
cannulation to the aorta, the complications of which are often 
fatal. Such complications include aortic injury, aortic dissec-
tion, and thromboembolism of the cerebral arteries. Patients 
with atheromatous aorta in particular are at high risk [ 2 ]. 
Off-pump coronary bypass surgery with aorta non-touch 
technique is described in Chap.   12    : Graft Planning. 
Additionally, aorta minimal-touch technique with a proximal 
anastomotic device is described in Chap.   18    : Proximal 
Anastomosis. 

 Global cardiac ischemia in heart surgery results in 
ischemia- reperfusion injury of the myocardium. Though 
myocardial protection during cardiac arrest has improved 
recently, global myocardial ischemia given to the heart with 
depressed ventricular function still poses a considerable risk 
of post-bypass low output syndrome [ 13 ]. Recent observa-
tional studies have shown the benefi ts of OPCAB in patients 
with ongoing myocardial ischemia or acute coronary syn-
drome [ 10 ,  11 ], in which additional ischemia-reperfusion 
injury by cardiac arrest poses further detrimental effects on 
the myocardium. 

 Predicted mortality and morbidity for on-pump CABG 
(ONCAB) are indicators of the usefulness of OPCAB [ 14 –
 16 ]. Puskus and colleagues reported that patients with a pre-
dicted mortality of more than about 3 % would benefi t from 
OPCAB through analysis of the Society of Thoracic Surgery 
database in the United States [ 14 ].  

4.3     Indication of Off-Pump CABG: Several 
Considerations 

4.3.1     Patient Risk-Based Decision-Making 

 A patient risk-based decision-making is seemingly appropri-
ate. In this case, “risk” means risk for on-pump CABG 
(ONCAB) that can be represented by predicted mortality and 
morbidity for ONCAB. Regarding the institute or surgeon 
carrying out patient risk-based decision-making, OPCAB is 
performed rarely because the numbers of patients with high 
risk for ONCAB and candidates of OPCAB for that reason 
are small [ 14 ]. The infrequency of OPCAB increases its dif-
fi cultly for the surgeon and prevents the surgical team from 
gaining signifi cant off-pump experience. This situation 
would have multiple effects on the quality of OPCAB, such 

as the rate of complete revascularization and graft patency, 
and the training of future generations in OPCAB surgery 
[ 17 ]. As a result, this “occasional OPCAB” strategy yields 
fewer benefi ts and does not lend itself well to being passed 
on to future generations of surgeons.  

4.3.2     Graftability-Based Decision-Making 

 Some surgeons perform OPCAB using graftability-based 
decision-making. In this case, the issue is the possibility of 
exposure and graftability for each target coronary artery. For 
example, this type of strategy recommends on-pump CABG 
when the surgeon fi nds small calcifi ed coronary arteries, 
even after the completion of other grafting with the off-pump 
technique. Thus, diffi cult coronary arteries or risk of cardiac 
dislocation requires many OPCAB cases to be performed on 
partly on-pump, meaning that the patients cannot fully 
receive the benefi ts of OPCAB. 

 In the following section, “off-pump fi rst strategy” or “rou-
tine off-pump strategy” is described. This principle is recom-
mended if the surgeon is seeking the way to provide their 
patients with full OPCAB benefi ts.   

4.4     Routine Off-Pump Strategy 

 Here the author introduces “integrated coronary artery 
revascularization decision-making algorithm” [ 18 ] 
(Fig.  4.1 ). “Integrated” means that this is a strategy that 
utilizes a combined set of available coronary artery bypass 
techniques and hemodynamic supports. In other words, all 
candidates for surgical coronary revascularization are 
supposed to receive the “off-pump fi rst” strategy or “rou-
tine off-pump” strategy. This strategy has three goals: The 
fi rst goal is to avoid cardiopulmonary bypass and global 
cardiac ischemia if possible; the second is to prevent 
urgent pump conversion during OPCAB; and the third is 
to achieve complete revascularization at the end of sur-
gery. In our experience, over 98 % of CABG patients have 
undergone OPCAB by this strategy.

   [A]; At fi rst, all patients who need CABG are candidates 
for OPCAB. The surgeon has to make fi rst decision on 
selecting a patient who needs cardiopulmonary bypass by 
evaluating preoperative hemodynamic instability: Patients 
with hemodynamic instability such as cardiogenic shock 
with low systemic blood pressure (<80 mmHg), recent ven-
tricular fi brillation (VF), or tachycardia (VT) undergo on- 
pump CABG. A heart with suboptimal performance must 
not have additional myocardial ischemia with coronary 
artery occlusion for anastomosis without hemodynamic sup-
port by cardiopulmonary bypass. All patients with stable 
hemodynamics are scheduled to undergo OPCAB. 
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 [B]; Before induction of general anesthesia with tracheal 
intubation, the surgeon has to make a second decision on 
whether the patient needs a preoperative, scheduled intra- 
aortic balloon pump (IABP), the usefulness of which for 
OPCAB has been demonstrated by several clinical observa-
tional studies [ 19 – 22 ]. 

 Tracheal intubation under general anesthesia possibly 
deteriorates patient’s hemodynamics, causing severe hypo-
tension followed by coronary ischemia, bradycardia, arrhyth-
mia, or cardiac arrest. Patients with poor cardiac reserve or 
an intolerable heart for systemic hypotension and coronary 
artery low perfusion should have scheduled IABP. IABP 
increases coronary artery perfusion and decreases  myocardial 
oxygen consumption for improved cardiac contractility dur-
ing OPCAB. Regarding cardiac reserve, two factors are 
taken under consideration: the degrees of coronary artery 
stenosis and cardiac contractility. Patients with critical left 
main disease (>95 % stenosis) or poor left ventricular func-
tion (0.35 < left ventricular ejection fraction) undergo sched-
uled IABP at our institute. Placement of IABP before tracheal 
intubation in the operation room is a simple and safe proce-
dure: The patient on the operating table receives local anes-
thesia in the groin, followed by insertion of a 7-French IABP 
with a guide-wire technique through the femoral artery using 

mobile C-arm fl uoroscopy with image intensifi ers. We have 
determined from our experience that it is possible for this 
procedure to be performed within 10 min. Thanks to the 
recent innovation of IABP devices, complications such as 
aortic injury, thromboembolism, or femoral artery bleeding 
have not been observed in our series. 

 [C]; During OPCAB surgery, the monitoring of a patient’s 
hemodynamics is mandatory. OPCAB is a unique procedure 
where the surgeon is manipulating a beating heart, which, 
itself included, is maintaining the blood supply to the whole 
of the patient's body. It is vitally important for the surgeon 
and anesthesiologist to keep a close watch on the cardiac 
rhythm, contractility, and myocardial blood perfusion while 
making best efforts to keep the beating heart within the phys-
iological range (Fig.  4.2 ). At our institute, the anesthesiolo-
gist monitors the following: electrocardiogram (ECG), 
femoral artery blood pressure, Swan-Ganz catheter, and 
intraesophageal echocardiography. The femoral artery can-
nula can be used later for insertion of intraoperative IABP or 
percutaneous cardiopulmonary support (PCPS) if necessary.

   Any subtle sign of myocardial ischemia, such as brady-
cardia, change in the ST segment on ECG, elevated pulmo-
nary artery blood pressure, and paroxysmal ventricular 
contractions (PVC), must not be ignored. Each event listed 
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  Fig. 4.1    Routine off-pump strategy (See [A], 
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above should be treated immediately by the anesthesiologist 
with modifi cation of the anesthetic drugs and administration 
of coronary vasodilator drugs and anti-arrhythmic drugs or 
by the surgeon, dislocation of the heart to the normal posi-
tion, using an intracoronary shunt instead of simple coronary 
artery occlusion. Again, neglect of these subtle signs results 
in hemodynamic collapse followed by urgent pump conver-
sion (Fig.  4.2 ). This topic is also discussed in the 
“Intraoperative Management and Anesthesia” section of 
Chap.   6     and the “Urgent Pump Conversion” section of Chap. 
  8     in detail. 

 [D]; In cases where intraoperative myocardial failure is 
found by combined systemic hypotension and elevated 
 pulmonary artery pressure, it is imperative that the surgical 
team takes urgent action. The surgeon should call a perfu-
sionist to set up the cardiopulmonary bypass or PCPS system 
immediately. The anesthesiologist should, by all means, try 
to maintain the heart beat and systolic blood pressure until 
the establishment of cardiopulmonary support. Urgent pump 
conversion with hemodynamic collapse and cardiac massage 
leads to unfavorable outcomes with extremely high inci-
dence of stroke, renal failure, and death [ 23 – 26 ]. 

 We do recommend “unhurried pump conversion,” but not 
“urgent pump conversion.” Although these two words have 
the same abbreviation, they are quite different procedures 
followed by quite different outcomes. For unhurried pump 
conversion, careful monitoring of the status of cardiac per-
formance and ischemia is mandatory as described above. We 
experienced 4 cases of unhurried pump conversion in the 

fi rst 500 consecutive OPCAB surgeries. One patient (case 1) 
suffered sudden ventricular fi brillation just after the opening 
of the pericardium. DC shock was applied immediately and 
successfully. The patient then underwent 4-vessel on-pump 
CABG without morbidity. Two patients (cases 2 and 3) suf-
fered elevated pulmonary artery pressure and slight systemic 
hypotension with an elevated ST segment on ECG after com-
pletion of coronary anastomosis. These two patients under-
went unhurried pump conversion and subsequent CABG. The 
remaining patient (case 4) with intramyocardial left anterior 
descending coronary artery suffered bleeding from the right 
ventricle. All of these patients underwent unhurried pump 
conversion with complete coronary artery revascularization 
without morbidity. 

 The impact of an “integrated coronary artery revascular-
ization decision-making algorithm” on the rate of pump con-
version in a surgeon’s learning period is summarized in 
Fig.  4.3 . In the early stages of the learning curve, scheduled 
IABP was often employed due to the inexperience of the sur-
geon or high-risk patients for off-pump surgery estimated by 
anesthesiologists. The rate of scheduled, prophylactic IABP 
decreased as the surgical team gained more experience with 
OPCAB and reached a plateau after the team had experi-
enced around 200 cases. What is signifi cant about this is that 
unhurried pump conversion remained at a very low rate at 
0–1 % throughout the learning period, even in the earliest 
stage. No urgent pump conversion by sustained hemody-
namic collapse with major morbidity or mortality was 
observed in this series.
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4.5        Conclusions 

 OPCAB is a safe procedure even in the very early stage of a 
surgeon’s learning curve, but only if the surgeon and anes-
thesiologist design a decision-making algorithm that includes 
careful monitoring of the beating heart and optimized inte-
grated mechanical hemodynamic support.     
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      Approach 

           Takeshiro     Fujii      and     Yoshinori     Watanabe   

    Abstract  

  The approach for coronary artery bypass grafting (CABG) is determined based on chest- 
related factors such as the target coronary artery, the number of anastomoses, the graft that 
is used, other concomitant surgeries, re-surgery, heart function, and myocardial remodeling. 
A questionnaire review performed in Japan in 2012 indicated that off-pump coronary artery 
bypass (OPCAB) is performed in 63.5 % of CABG, and a full sternotomy approach is used 
in 99.7 % of them. This is an indication that serious cases including three-vessel disease and 
long-term chronic pathology are increasing, necessitating multivessel revascularization. 
However, in some cases, minimally invasive direct coronary artery bypass (MIDCAB) is 
indicated for left anterior descending artery (LAD) and left circumfl ex artery (LCX) revas-
cularization, and we receive many requests from internists and patients. For the inexperi-
enced surgeon, it may be diffi cult to detach the internal thoracic artery (ITA) and isolate the 
target vessel, with a resulting decrease in the quality of the bypass. As minimally invasive 
methods, various small incision methods have been reported, but to perform a proper revas-
cularization procedure, adequate preparation and skill are considered necessary. It is neces-
sary to perform proper revascularization using the best approach based on the abovementioned 
factors and well-practiced skills.  

  Keywords  

  Full sternotomy   •   Mini sternotomy   •   Left thoracotomy   •   Transdiaphragmatic approach  

5.1         Full Sternotomy 

 Full sternotomy has been the traditional method used to 
access the heart and is also considered the standard approach 
for CABG. On the one hand, it has many advantages includ-
ing (1) providing a good fi eld of view for detaching the inter-
nal thoracic arteries bilaterally and to harvest the right 
gastroepiploic artery, although it involves extension surgery; 
(2) making it easier to use cardiopulmonary bypass and 
cardioplegic arrest; (3) making it possible to expose multiple 
coronary arteries to perform multivessel revascularization; 

and (4) making it possible to perform concomitant proce-
dures for cardiomyopathy, valvular disease, or those involv-
ing the thoracic aorta. However, due to sternotomy, it also 
has the disadvantages of such complications as fl ail chest, 
osteomyelitis, and mediastinitis. In recent years, minimally 
invasive procedures involving small incision methods have 
become popular as a way to prevent sternal and wound com-
plications. These procedures, however, cause damage to the 
left internal thoracic artery (LITA), and due to the inadequate 
view of the work fi eld and the narrow working space, LITA 
to LAD surgery, which has the greatest effect on patients’ life 
expectation and prognosis, tends to be very risky, and the 
need for the present method has been reconfi rmed. 

 With actual full sternotomy (Fig.  5.1 ), the intercostal 
spaces are palpated bilaterally to mark the midline of the 
sternum. The skin incision is made from one fi nger width 
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below the sternal notch to the xiphoid process. The superfi -
cial cervical vein, which passes above the sternum, is ligated 
and separated. The interclavicular ligament above the ster-
num and linea alba on the caudal side of the xiphoid process 
are both divided, and the index fi nger is then used to digitally 
develop the superior and inferior spaces at the back of the 
sternum. To prevent entering the pleura when the longitudi-
nal incision is made, the pleura is separated from the poste-
rior surface of the sternum bilaterally. An electric saw is used 
to divide the sternum longitudinally. Thymic adipose tissue 
is also carefully divided with electrocautery, and venous 
branches at the inferior margin of the innominate vein are 
controlled. It is actually possible to divide the thymic tissue 
to the left and right without incising it, but there are many 
blood vessels that have to be carefully ligated or clipped and 
separated. The pericardium is approached by dissecting it 
from the cranial side and incising it to the left and the right of 
the ascending aorta. On the caudal side, it is opened on the 
left and the right side to the diaphragm, and the heart is 
exposed. The use of bone wax to stop bleeding at the cut 
surface of the sternum is inappropriate, taking the presence 
of foreign matter and the perfusion of the cut surface of the 
sternum into consideration, and it is possible to use argon 
beam coagulation or electrocautery instead to control bleed-
ing on the cut surface of the sternum.

5.2        Mini Sternotomy 

5.2.1     Mini Left Thoracotomy 

 With the spread of OPCAB, mini left anterior thoracotomy 
and OPCAB of the left anterior descending branch have 
come to be called the “left anterior small thoracotomy” 
(LAST) approach, as coined by Calafi ore et al. [ 1 ]. When 
OPCAB is performed by a small incision method, it is 
defi ned as minimally invasive direct coronary artery bypass 

(MIDCAB) surgery, and MIDCAB and LAST are consid-
ered to be synonymous. CABG [ 2 ] is basically only per-
formed by this method for diagonal branches including 
LAD, and when detachment of ITA is diffi cult, or the target 
vessel cannot be identifi ed, the procedure has to be converted 
to full sternotomy; therefore, more institutes are performing 
full sternotomy from the start. 

 The body is placed at approximately 30° in a right lateral 
decubitus position. It is necessary to take a chest X-ray and a 
CT before the procedure to decide on the optimal intercostal 
space, but the skin incision is usually approximately 8 cm 
long at the fourth or fi fth intercostal space (Fig.  5.2 ). The 
anterior chest muscle layer is incised, the pleura is opened 
from the outside, and once the lung has collapsed, the inci-
sion proceeds toward the midline, and the fourth or fi fth cos-
tal cartilage is dissected for approximately 2 cm (Fig.  5.3 ). A 
small rib retractor is positioned, and while the intercostal 
space is slightly opened, the position of the LITA is con-
fi rmed (Fig.  5.4 ). If the rib retractor is opened widely at this 
time, care should be taken not to damage LITA by pulling it. 
While carefully cauterizing small branches with electrocau-
tery, the rib retractor is gradually opened to free the LITA 
from the cranial and the caudal side over the width of one rib. 
Adequate working space can then be assured by positioning 
a special rib retractor or traction hook (Fig.  5.5 ). After the 
LITA has been detached, the pericardium is incised, and the 
target coronary artery is then identifi ed (Fig.  5.6 ).

5.2.2            Lower-End Sternal Splitting Approach 

 In order to overcome the problem of detaching the ITA and 
exposing the target vessel with mini left thoracotomy, 
Niinami et al. [ 3 ] have reported the lower-end sternal split-
ting (LESS) method using a small incision of the lower part 
that does not transverse the sternum. The body is positioned 
as with the standard median sternotomy method, and an 
approximate 8 cm skin incision from close to the 4th rib to a 

  Fig. 5.1    Standard approach for CABG       

  Fig. 5.2    An approximate 8 cm skin incision is made in the fourth or 
fi fth intercostal space       
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point slightly cranial of the xiphoid process is made. If the 
right gastroepiploic artery (RGEA) is used as the graft, the 
incision has to be extended caudally. The soft tissues close to 
the third intercostal space and underneath the xiphoid pro-
cess are detached, and the lower part of the sternum is cut in 
the midline with an oscillating saw close to the third inter-
costal space. However, transverse incisions like a T-shaped 
or inverted L-shaped incision are not made in the sternum. 
By lifting the sternum with the retractor used to detach the 
ITA, it is possible to detach the ITA from close to the 2nd rib 

to close to the xiphoid process. When the LITA has been 
detached, the LAST rib retractor is used. Even without split-
ting the sternum transversely, the sternum has become pli-
able by lifting it to detach the LITA, and by opening the rib 
retractor gradually, the fi eld of view can be expanded. 
Usually an adequate fi eld of view from the root of the ascend-
ing aorta and the main pulmonary artery on the cranial side 
to the diaphragm on the caudal side can be obtained. Even if 
the ITA retractor is used to lift the sternum in this way, the 
ITA is not damaged, and the postoperative complication of a 
false sternal joint does not occur, and this method has the 
further advantage that the longitudinal incision of the ster-
num can simply be extended if it suddenly becomes neces-
sary to change the procedure to a full sternotomy.  

5.2.3     T-Shaped Incision 

 By the lower thoracic incision method [ 4 ], a skin incision is 
made from the third intercostal space to approximately 5 cm 
cranial from the xiphoid process, and a transverse incision is 
made at the height of the second intercostal space. By this 
method, with a longitudinal incision of approximately 10–12 cm 
of the sternum and a transverse incision at the height of the sec-
ond intercostal space, it is possible to expose the right coronary 
artery (RCA) and LAD. Since the ascending aorta and right 
auricle can be visualized directly, it is possible to perform can-
nulation in this operative fi eld and immediately start assisted 
circulation in case the hemodynamics become unstable. 

 However, it is still possible to damage the ITA, which 
runs close to the second intercostal space, when a transverse 
incision has been made in the sternum and a retractor 
intended for use when detaching the ITA is used to lift the 
sternum. If the ITA is harvested bilaterally, there is the dan-
ger of the postoperative complications of deformation of the 
sternum and the formation of a false sternal joint.  

  Fig. 5.3    The anterior muscle layer of the chest is incised, and the 
pleura is opened from the outside       

  Fig. 5.4    A small rib retractor is inserted, and the position of LITA is 
confi rmed while opening it slightly       

  Fig. 5.5    A special rib retractor or traction hook is used to secure ade-
quate working space       

  Fig. 5.6    The pericardium is incised, and the target coronary artery is 
identifi ed       

 

 

 

 

5 Approach



48

5.2.4     Reverse J-Shaped Incision 

 By the reverse J-shaped method [ 5 ], a skin incision is made 
from the third intercostal space to the xiphoid process, and 
the lower half of the sternum is cut in the midline and then 
diagonally toward the left third intercostal space. With this 
method, not only the RCA and LAD but also the diagonal 
branch can be exposed. The abovementioned danger of 
deformation of the sternum and the formation of a false 
 sternal joint with the T-shaped incision is also decreased, and 
since the upper part of the sternum is not cut, the postopera-
tive recovery can be accelerated.   

5.3     Left Thoracotomy 

 Left thoracotomy has been reported as a useful and safe 
method to prevent ischemia of the posterior wall [ 6 ,  7 ]. This 
approach has the advantages that it is not necessary to de- 
rotate the heart while the anastomosis is performed, it is easy 
to maintain the hemodynamics, it is easier to identify the 
anastomotic part with re-surgery despite pericardial adhe-
sions, and it is easy to decide on the length of the graft [ 8 ]. 
As the infl ow source, not only the ascending aorta, aortic 
arch, and descending aorta [ 9 ,  10 ] (Figs.  5.7  and  5.8 ) but also 
the left subclavian artery [ 11 ], the left axillary artery, and the 
splenic artery [ 7 ] can be used. If revascularization of the 
LAD and the left circumfl ex artery (LCX) is performed con-
comitantly, the body is placed at approximately 45° in a half 
right lateral decubitus position, and right anterior thoracot-
omy is performed, but if only LCX is reconstructed, right 
thoracotomy is performed in the right lateral decubitus posi-
tion to obtain the best fi eld of view (Fig.  5.9 ). The thorax is 
opened in the fourth or fi fth intercostal space, but this 
depends on the patient, and the intercostal space that pro-
vides the best access based on the chest X-ray and CT fi ndings 

should be selected. The shape of the chest varies from patient 
to patient, and it is extremely important to inspect the course 
to be followed preoperatively. Special care should be taken 
in patients with an enlarged heart and those with a large 
chest, because work on the coronary arteries may be diffi cult 
and take more time.

5.4          Transdiaphragmatic Approach 

 When performing a revascularization procedure on the right 
coronary artery without using cardiopulmonary bypass, 
MIDCAB by a transdiaphragmatic approach is effective 
[ 12 ]. This method is effective as a route to reach the RCA 
region in case of re-surgery, and its greatest advantage is that 
fatal intraoperative complications like damage to the graft 
and heart tissue are minimized. 

 With this method, the position of the body plays a very 
important role in the operative fi eld. An upper abdominal 

  Fig. 5.7    It is possible to use the descending aorta as the infl ow source 
of the graft       

  Fig. 5.8    An automatic anastomosis stapler is used depending on the 
properties of the descending aorta       

  Fig. 5.9    For reconstruction of LCX, right thoracotomy in the right lat-
eral decubitus position is used to obtain the best fi eld of view       

 

 

 

T. Fujii and Y. Watanabe



49

midline incision is made, and the xiphoid process is resected 
(Fig.  5.10 ). A cushion is placed beside the back at the level 
of the liver so that the patient can adequately bend backward. 
Kent hooks are attached to the left and right costal arches and 
are pulled upward to create a large space between the dia-
phragm and the liver, and the abdominal side of the dia-
phragm can be clearly visualized. An approximate 5 cm long 
transverse incision is made in the diaphragm along the upper 
edge of the left lobe of the liver, and the RCA can be visual-
ized (Fig.  5.11 ). It is useful to use RGEA as the bypass graft 

for the RCA. However, if the RGEA cannot be used because 
it is in a poor condition or the patient has had a gastrectomy, 
it is also possible to create a bypass by anastomosing a free 
graft like the radial artery or great saphenous vein with the 
gastroduodenal artery [ 13 ].
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  Fig. 5.10    An upper abdominal midline incision is made, and the 
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  Fig. 5.11    Kent hooks are attached to the left and right costal arches 
and are pulled upward to create a large space between the diaphragm 
and the liver, and the abdominal side of the diaphragm can be clearly 
visualized       
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      Intraoperative Management 
and Anesthesia 

           Yoshihiko     Ohnishi    

    Abstract  

  General anesthesia using continuous infusion of remifentanil and propofol (or inhalational 
anesthetic drug) is the most popular anesthetic technique during off-pump coronary artery 
bypass (OPCAB) surgery due to established early awareness and extubation. Maintain of 
peripheral temperature using a warming system and continuous infusion of vasodilator is 
also important. Monitoring of transesophageal echocardiography is essential to diagnose 
not only ventricular systolic function but also ventricular diastolic function in most patients. 
Measurement of pulmonary artery catheter including continuous monitoring of central 
venous oxygen saturation is more useful during OPCAB pulmonary surgery compared with 
conventional coronary artery bypass (on-pump CABG) surgery. During anastomosis of cir-
cumfl ex artery or right coronary artery, Trendelenburg position is effective to maintain 
venous return. Preoperative induction of intra-aortic balloon pumping is effective for 
patients with acute coronary syndrome or severe heart failure. In patients with severe mitral 
regurgitation or low diastolic function, it is important to determine elective conversion to 
on-pump CABG.  

  Keywords  

  Anesthesia   •   Transesophageal echocardiography   •   Pulmonary artery catheter   •   Diastolic 
function   •   Intra-aortic balloon pumping  

6.1         Anesthesia 

6.1.1     Anesthetic Concept 

 Off-pump coronary artery bypass (OPCAB), which was 
introduced in Japan in the mid-1990s, is now used in more 
than 60 % of coronary artery bypass grafting (CABG) sur-
gery. Recently, due to the advancement of medical devices 
such as stabilizers and positioners, the development of more 

effi cacious anesthetics and cardiovascular management, and 
improvements in blood volume control, most OPCAB 
patients can be well managed intraoperatively without the 
use of emergency heart-lung assist devices. Blood loss and 
transfusion volume in OPCAB are markedly lower than 
those in on- pump conventional CABG, which requires car-
diopulmonary bypass circulation. The risks of an infl amma-
tory response and aortic injury are also reduced. Moreover, 
OPCAB is favorable from a cost perspective because an 
extracorporeal circulation is not used. However, prognosis is 
poor for OPCAB patients who emergently need a heart-lung 
assist device [ 1 ]. OPCAB involves more techniques and 
higher skill levels in terms of cardiovascular control and 
anesthetic technique compared to conventional cases involv-
ing heart-lung machines [ 2 ]. Early extubation and ambula-
tion are also often required.  
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6.1.2     Preoperative Cardiac Evaluation 

 Since an extracorporeal circulation is not used in OPCAB, 
cardiac valve surgery cannot be performed concomitantly. 
Intraoperative management of patients with severe mitral 
regurgitation is diffi cult, and tricuspid regurgitation also 
greatly affects cardiovascular hemodynamics when the heart 
is reversed to the vertical position; therefore, accurate preop-
erative evaluation of cardiac function is important. In patients 
with severe atrioventricular valve regurgitation, OPCAB 
with simultaneous heart valve repair using an extracorporeal 
circulation is indicated. Moderate aortic regurgitation or aor-
tic stenosis can be managed without an extracorporeal circu-
lation. If a patient has defi nite patent foramen ovale (PFO), 
open heart surgery should be performed using a cardiopul-
monary bypass. 

 The size of diastolic and systolic diameter and the ejec-
tion fraction (EF) of the left ventricle are evaluated precisely. 
At our institution, we consider on-pump CABG surgery for 
patients with a left ventricular EF <25 % [ 3 ]. Intraoperative 
management is often more diffi cult for patients with both 
ventricular wall hypertrophy and small left ventricular blood 
volume. In patients with diminished diastolic function, such 
as those with severe mitral or tricuspid annular calcifi cation 
or thickening of the pericardium, intraoperative management 
is also often diffi cult. Since the left ventricular preload is 
related to the right ventricular EF, a decline in the right ven-
tricular function markedly affects cardiac output [ 4 ]. In 
patients with severe left main coronary artery stenosis, strict 
maintenance of systemic blood pressure is required. 

 In patients who have carotid artery stenosis or occlusion 
of the cerebral arteries, the order of surgery needs to be con-
sidered in terms of priority. In many cases, OPCAB, in which 
systemic blood pressure is maintained somewhat higher than 
normal, is performed fi rst [ 5 ]. 

 In patients with renal failure, dialysis is performed on the 
day prior to surgery. Since atherosclerotic lesions can be 
severe in patients with renal failure, there is increased varia-
tion in blood pressure; therefore, strict blood volume control 
is required. Postoperative renal impairment is a severe poten-
tial complication of OPCAB, so preoperative evaluation of 
renal function is important.  

6.1.3     Intraoperative Anesthetic Management 

 General anesthesia is the norm, but general plus epidural 
anesthesia is effective for reducing postoperative pain. 
OPCAB surgery can also be performed with only epidural 
anesthesia in some cases. However, catheter insertion into 
the epidural space is unlikely to be the best method for deliv-
ering anesthesia because there is a risk of intraoperative epi-
dural hematoma due to the use of high-dose heparin. For 
intraoperative systemic anesthesia management, inhalational 

anesthetics are effective in protecting cardiac function as a 
part of anesthetic preconditioning. However, the heart rate 
should be maintained at less than 80 bpm during anastomosis 
in OPCAB. Therefore, the use of inhalational anesthetics 
often requires administration of short-acting β-blockers such 
as landiolol to slow the heart rate. Preconditioning with tour-
niquet compression of the upper arm during CABG has been 
reported to have a cardioprotective effect. 

 With the introduction of remifentanil, a potent ultrashort- 
acting analgesic infusion drug in Japan since 2006, heart rate 
control has been more effective. On the contrary, intraopera-
tive pacing is still often required [ 6 ]. Due to the recent devel-
opment of reliable mechanical stabilization devices such as 
the Octopus Tissue Stabilizer and apical suction devices such 
as Starfi sh Heart Positioner, heart rate control requirements 
are not as strict as before. 

 For anesthetic induction, benzodiazepines, such as mid-
azolam (0.02–0.1 mg/kg), diazepam (0.02–0.1 mg/kg), and 
fentanyl (2–5 μg/kg), are commonly used intravenous agents. 
For maintenance of intravenous anesthesia, continuous infu-
sion of remifentanil (0.3–0.6 μg/kg/min) and propofol 
(5–6 μg/kg/min) is preferred. For maintenance, inhalational 
anesthetic drugs, isofl urane (0.5–1 %) or sevofl urane (1–2 %) 
combined with remifentanil, are administered in anticipation 
of preconditioning effects. 

 The purpose of intraoperative anesthesia management is 
twofold: to minimize the effort on the heart as much as pos-
sible and to maintain systemic blood pressure at a level that 
ensures appropriate coronary blood fl ow. Maintaining the 
heart rate at an appropriately low level is crucial for mini-
mizing the effort on the heart. Continuous administration of 
remifentanil can control the heart rate at a stable level. 
Selective β1 blockers are effective for controlling tachycar-
dia. Appropriately decreasing systemic vascular resistance is 
effective for reducing the strain on left ventricular function 
because of afterload reduction. Phosphodiesterase (PDE) III 
inhibitors are useful because they not only reduce systemic 
vascular resistance but also slightly increase cardiac contrac-
tility [ 7 ]. Since it takes approximately one hour for PDE III 
inhibitors to achieve effective concentration, continuous 
administration should be started during graft anastomosis so 
that they take effect at the end of anastomosis. Milrinone 
(0.5 μg/kg/min) and olprinone (0.3 μg/kg/min) are frequently 
used PDE III inhibitors. However, over-reduction of sys-
temic vascular resistance can cause a decline in systemic dia-
stolic blood pressure, thereby reducing coronary blood fl ow. 
To maintain systemic blood pressure, continuous administra-
tion of phenylephrine or small doses of noradrenaline is 
effective. Under low-stimulation conditions, such as between 
anesthetic induction and the start of surgery, reductions in 
blood pressure are likely to occur; thus, continuous adminis-
tration of phenylephrine is effective. For blood pressure 
drops during and after graft anastomosis, continuous admin-
istration of noradrenaline is effective. 
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 While fentanyl (5–10 μg/kg) is administered as necessary 
toward the end of surgery, administration of remifentanil is 
gradually discontinued. Continuous propofol combined with 
dexmedetomidine is started, and the patient is subsequently 
transferred to the intensive care unit (ICU). The total dose of 
fentanyl is set to 500–800 μg and early extubation should be 
the goal (Table  6.1 ).

6.1.4        Intraoperative Monitoring 

 As with most cardiac surgical procedures, monitoring of 
electrocardiography using leads II and V5, pulse oximeter, 
capnometer, and direct arterial and central venous pressure is 
needed. Electroencephalography such as bispectral analysis 
is used to monitor anesthetic depth. Core body temperature 
is usually monitored using pharyngeal or bladder tempera-
ture. Tympanic temperature is occasionally used for this pur-
pose. Peripheral temperature is monitored through the 
surface temperature of the palm or forearm. 

 It has been reported that there were no signifi cant differ-
ences in mortality and morbidity based on whether a pulmo-
nary artery catheter monitoring is used in CABG surgery 
involving a cardiopulmonary bypass. In OPCAB surgery, 
however, a pulmonary artery catheter is often useful for 
monitoring abrupt increases in pulmonary arterial pressure 
and decreases in central venous oxygen saturation (SvO 2 ). A 
pulmonary artery catheter is also needed for postoperative 
management in some cases [ 11 ]. Transesophageal echocar-
diography (TEE) is needed to evaluate mitral and tricuspid 
regurgitation and ventricular wall motion, as well as to diag-
nose narrowing of the pulmonary artery and left ventricular 
outfl ow tract. TEE is also useful for evaluating diastolic ven-
tricular function. 

 In the OPCAB procedure, anastomoses are generally per-
formed in the following order: left anterior descending coro-
nary artery (LAD), circumfl ex artery (Cx), and right coronary 
artery (RCA). 

 During LAD anastomosis, SvO 2  and cardiac output some-
times decrease. If pulmonary arterial pressure increases sig-
nifi cantly, left ventricular compression and pulmonary 
venous obstruction should be suspected. On the other hand, 

low pulmonary arterial pressure indicates the possibility of 
right ventricular outfl ow tract stenosis and right heart com-
pression. To diagnose these conditions, TEE is used to evalu-
ate the shape and motion of the left and right ventricles. 

 The electrocardiographic output voltage decreases when 
the heart is in a vertical position during Cx or RCA anasto-
mosis, and thus ST changes cannot be identifi ed. Additionally, 
SvO2 is almost always markedly decreased when the heart is 
in a vertical position, refl ecting a decrease in cardiac output. 
Decreased pulmonary arterial pressure indicates that there is 
a high likelihood of right ventricular outfl ow tract obstruc-
tion, right heart failure, or exacerbation of tricuspid regurgi-
tation. In contrast, elevated pulmonary arterial pressure 
suggests left heart failure or exacerbation of mitral regurgita-
tion. To diagnose these conditions, TEE is useful to evaluate 
the degree of mitral and tricuspid regurgitation. 

 Moreover, TEE is important for intraoperative evaluation 
of left ventricular diastolic function. Diastolic dysfunction 
and pseudonormalization are diagnosed by the evaluation of 
left ventricular infl ow waveforms (Fig.  6.1 ). By combining 
them with measurements of tissue Doppler and pulmonary 
venous infl ow waveforms, a more accurate diagnosis 
becomes possible. If the ratio of the E-wave velocity from 
the left ventricular infl ow waveform to the tissue Doppler- 
derived velocity (E/e′) is ≤8, then left ventricular diastolic 
function is considered normal. If E/e′ is ≥15, then diastolic 
dysfunction is present (Fig.  6.2 ). Since diastolic dysfunction 
signifi cantly affects cardiovascular management in OPCAB 
surgery, identifying diastolic dysfunction is important.

    During OPCAB surgery, evaluation of right ventricular 
function is also of importance. Central venous pressure and 
waveforms are useful for the evaluation of the right heart. 
Pulmonary arterial pressure waveforms, determined using a 
pulmonary artery catheter, are also useful for monitoring 
right ventricular function. Although the evaluation of right 
ventricular EF with TEE is diffi cult because the right ven-
tricle is not round like the left ventricle, TEE provides impor-
tant information. TEE is also needed for the evaluation of 
right ventricular diastolic function. The myocardial perfor-
mance index, which is a ratio related to the right ventricular 
systolic time interval, is useful for evaluating right ventricu-
lar function. For monitoring right ventricular systolic 

 1.  Continuous infusion of propofol and remifentanil is recommended for 
maintenance of anesthesia 

 2.  Pulmonary artery catheter is a useful monitoring system while the heart is in a 
vertical position 

 3.  Transesophageal echocardiography is essential in all patients unless there are 
contraindications 

 4.  The use of a warming system to maintain normothermia is important 
 5.  Fast-track anesthesia technique including postoperative pain management is 

favorable 
 6.  Prevention of severe atrioventricular valve regurgitation and ventricular outfl ow 

tract stenosis using conventional stabilizer and positioner is needed 
 7.  Trendelenburg position during Cx or RCA anastomosis is effective 

  Table 6.1    Anesthetic 
considerations for OPCAB 
surgery  
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function, measurement of tricuspid annular plane systolic 
excursion (TAPSE) is also useful. 

 To monitor brain function in patients with carotid stenosis 
or cerebrovascular occlusion, near-infrared spectroscopy is 
performed.  

6.1.5     Postoperative Anesthesia 

 After surgery, patients are generally managed in the 
ICU. Continuous infusion of both propofol (2–3 mg/kg/h) 
and dexmedetomidine (0.2–0.4 μg/kg/h) is applied for seda-
tion. Appropriate fl uid administration is needed to maintain 
diuresis. Once the peripheral temperature has suffi ciently 
recovered, early extubation is attempted. Spontaneous 

breathing returns soon after patients are transferred to the 
ICU, and extubation is commonly performed within 3–6 h 
after surgery. In most cases, patients are discharged from the 
ICU the next day. Fentanyl is continuously infused to relieve 
postoperative pain.   

6.2     Intraoperative Management 

6.2.1     Intraoperative Cardiovascular Control 

 Following anesthetic induction, the dose of remifentanil is 
reduced to 0.05–0.1 μg/kg/min until the start of surgery. For 
patients with a decrease in systemic blood pressure, phenyl-
ephrine (0.1–0.2 mg) is administered intravenously to 

  Fig. 6.1    Intraoperative left 
ventricular diastolic function 
is evaluated by 
transesophageal 
echocardiography. Mitral 
infl ow pattern is measured 
using a pulse wave Doppler. 
( a ) Abnormal relaxation 
pattern showed that peak 
E-wave is decreased and 
deceleration time is 
expanded, and peak A-wave 
is increased. (E/A wave ratio 
<1). ( b ) Pseudonormalization 
pattern showed increasing of 
peak E-wave and decreasing 
of peak A-wave. Deceleration 
time of E-wave is gradually 
reduced (E/A wave ratio >1). 
( c ) Restrictive pattern showed 
high-peak E-wave. E/A wave 
ratio increased >2. Early 
diastolic pressure of left 
ventricle is rapidly increased       
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maintain the blood pressure. If peripheral vascular resistance 
declines with anesthetic induction, crystalloid solution 
should generally be given. 

 During internal thoracic artery or radial artery harvesting, 
fl uid replacement should be suffi cient to compensate for 
blood loss. The size of the heart, EF, and diastolic function 
are monitored using TEE. Mitral and tricuspid regurgitation 
are also evaluated. During internal thoracic artery harvest-
ing, thoracic motion due to breathing may, in some cases, 
interfere with surgical manipulation. Increasing the respira-
tory rate to 30–50/min while decreasing tidal volume to 100–
200 ml may reduce such respiratory motion. 

 Before the anastomosis procedure, low-dose heparin 
(100–150 u/kg) is infused and activated clotting time (ACT) 
is maintained over 250 s. During LAD anastomosis, a sling 
is inserted under the inferior part of the pericardium or a 
piece of gauze is inserted under the inferior part of the heart, 
and the left ventricle is lifted slightly. Compression of the 
LAD with a stabilizer may cause mitral regurgitation and 
diastolic dysfunction of both ventricles. After a small inci-
sion is made in the LAD, an intraluminal coronary shunt is 
inserted into the LAD coronary artery to maintain blood fl ow 
to the LAD; therefore, blood fl ow to the distal side of the 
anastomosis is maintained [ 8 ]. During end-to-side anasto-
mosis, reducing volume overload and maintaining coronary 

blood fl ow by raising blood pressure with vasoconstrictors 
such as phenylephrine are recommended. The same proce-
dure is also applied during diagonal branch anastomosis. 

 During Cx anastomosis, the patient is placed in the 
Trendelenburg position to increase venous return fl ow. The 
apex is pulled with a positioner so that the heart is in a verti-
cal position (Fig.  6.3 ). For Cx anastomosis, torsion of the 
heart may exacerbate mitral and tricuspid regurgitation. 
Mitral and tricuspid valve regurgitation is markedly increased 
when the heart is in a vertical position, which reduces car-
diac output remarkably [ 9 ]. When regurgitation is severe, 
changing the direction of the positioner and reducing the tor-
sion may reduce regurgitation. Although compression with a 
stabilizer does not have a signifi cant effect, there are negative 
effects on circulation when the heart is extensively twisted or 
vertically positioned (Fig.  6.4 ). Since cardiac output 
decreases when the heart is positioned vertically, transfusion 
is needed to maintain preload. Continuous infusion of 
 vasopressors such as dopamine or noradrenaline is necessary 
in many cases.

    Most of the time, the RCA is anastomosed to the atrioven-
tricular node branch and the posterior descending coronary 
artery when the heart is vertically positioned. Although the 
heart is pulled into a vertical position with a positioner dur-
ing RCA anastomosis, there is less twisting and thus less 

  Fig. 6.2    Tissue Doppler 
pattern is measured at lateral 
mitral annulus using 
4-chamber view. ( a ) 
Abnormal relaxation pattern 
of tissue Doppler showed 
increasing of a′-wave and 
decreasing of e′-wave. 
However, e′-wave remained 
over 8 mm/s. ( b ) Restrictive 
pattern of tissue Doppler 
showed decreasing of e′-wave 
under 8 mm/s       
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atrioventricular valve regurgitation than during Cx anasto-
mosis. Transfusion becomes important due to the continuous 
decrease in cardiac output. In such cases, inotropes with 
vasodilatory effects, such as PDE III inhibitors and dobuta-
mine (3–5 μg/kg/min), are used. 

 After the completion of the anastomoses, the heart is 
returned to its original position and hemostasis is performed 
before the chest is closed. In order to raise body temperature 
back to normal, the operating room temperature is raised and 
hot-air warming devices are applied. Infusion of amino acid 
preparations may also help with body temperature recovery 
[ 10 ]. Low doses of calcium antagonists such as nicardipine and 
diltiazem are continuously infused to prevent spasm of the arte-
rial grafts. In many cases, it is helpful to administer a small 
dose of vasopressors such as catecholamine for cardiac func-
tion support, as well as vasodilators for afterload reduction.  

6.2.2     Transfusion Management 

 Colloidal solutions are most commonly used, but crystalloid 
solutions may also be applied. Since stabilizers restrict dia-
stolic function during LAD anastomosis, intraoperative man-

agement entails controlling infusion volume. A transfusion 
is required during Cx anastomosis because the heart is 
reversed and positioned vertically. However, during RCA 
anastomosis, a higher transfusion load is needed. The risk of 
postoperative atrial fi brillation can be reduced with an appro-
priate transfusion load. 

 As blood transfusions may enhance the infl ammatory 
response, it is desirable to postpone transfusion until the 
LAD anastomosis is completed. However, it is also neces-
sary to avoid anemia because it markedly affects the balance 
between oxygen supply and demand. Due to the increasing 
number of elderly patients and small female patients, nearly 
half of the patients receive blood transfusions during OPCAB 
surgery. 

 Among elderly patients and patients with arteriosclerotic 
lesions, there is an increasing number of cases in which 
achieving hemostasis is diffi cult due to bleeding from calci-
fi ed areas. Excessive fresh frozen plasma and platelet trans-
fusions should be avoided, but achieving hemostasis may be 
diffi cult. 

 It is reported that minimizing the transfusion volume 
reduces the incidence of several complications [ 12 ]. If car-
diac output is somewhat maintained, smaller transfusion 
loads can effectively reduce the number of pulmonary com-
plications. During LAD anastomosis, bloodletting may alle-
viate mitral regurgitation in cases where it is exacerbated by 
compression of the heart due to the use of a stabilizer or posi-
tioning device. Strict blood volume control is often needed in 
patients with diminished ventricular diastolic function, 
because there may be little reserve for controlling the circu-
lating blood volume. 

 Control of urine volume is also necessary. The incidence 
of renal failure is lower with OPCAB compared to CABG 
with cardiopulmonary bypass. However, postoperative renal 
failure can be serious. Intravenous furosemide and continu-
ous administration of human atrial natriuretic peptide 
(hANP) can be effective.  

6.2.3     Cardiovascular Agonists 

 Catecholamines such as phenylephrine (0.1–0.4 μg/kg/min) 
with α-agonist activity and noradrenaline (0.01–0.1 μg/kg/
min) are often used prior to and during LAD anastomosis to 
support cardiac function. It is not preferable to use catechol-
amines with β-agonist activity, such as dopamine and dobu-
tamine, before LAD anastomosis. 

 After the LAD anastomosis is completed, anastomosis in 
the Cx region is initiated while the heart is vertically posi-
tioned. If cardiac output is markedly reduced, administration 
of β-agonists such as dopamine should be considered. When 
arterial grafts are used, continuous administration of calcium 
antagonists such as diltiazem (2–5 mg/h) and nicardipine 
(1–2 mg/h) is preferable. The administration of PDE III 
inhibitors, such as olprinone and milrinone, is indicated to 

  Fig. 6.4    Cx coronary artery is stabilized using a heart stabilizer       

  Fig. 6.3    The apex of a heart is absorbed and retracted to the vertical 
position using a heart positioner       
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reduce high afterload. Continuous noradrenaline is given for 
the patients with systemic hypotension. 

 During RCA anastomosis, α- and/or β-agonists are 
administered in order to maintain systemic blood pressure if 
necessary. hANP (0.01–0.05 μg/kg/min), which has a 
diuretic effect, is continuously infused when indicated. 

 After the anastomosis is completed, β-antagonists are 
often continuously infused to maintain adequate heart 
rhythm and cardiac output. Landiolol (0.005–0.02 μg/kg/
min) is continuously infused to treat tachycardia and prevent 
postoperative atrial fi brillation. PDE III inhibitors are also 
effective for reducing afterload.  

6.2.4     Management of Patients with Heart 
Failure 

 Cardiovascular control is more challenging in patients with 
heart failure. With lower left ventricular EF, afterload reduc-
tion using vasodilators and preload reduction using appropri-
ate infusion are needed. However, a lower left ventricular EF 
does not portend worse prognosis if some degree of cardiac 
output is maintained. At our institution, we consider per-
forming on-pump CABG when EF is ≤25 % or when moder-
ate mitral regurgitation is present. In patients with EF >25 %, 
the following three factors are taken into account: the size of 
the heart, the presence or absence of dyskinetic areas, and 
the severity of mitral annular calcifi cation. However, OPCAB 
is often possible. In general, low EF is not likely to be an 
intraoperative risk factor of hemodynamic management 
because there is a smaller angle of reversal and less torsion in 
the enlarged heart with low EF when positioned vertically 
than in a smaller heart. In cases where mitral or tricuspid 
regurgitation is exacerbated by positioning during Cx anas-
tomosis, the direction of pulling by the positioner at the apex 
is adjusted to alleviate regurgitation. Some volume overload 
is needed when the heart is vertically positioned. Appropriate 
α-agonists are continuously administered in order to main-
tain coronary perfusion pressure. In patients with large dys-
kinetic areas, functional mitral regurgitation, or severe mitral 
or tricuspid annular calcifi cation, it is diffi cult to control 
intraoperative cardiovascular hemodynamics. 

 In patients with low left ventricular diastolic function, the 
heart is compressed with a stabilizer during anastomosis, 
which diminishes cardiac output and SvO2. During anasto-
mosis or when vertical positioning exacerbates mitral or tri-
cuspid regurgitation, cardiac output is excessively reduced. 
An increase in E/e′ measured by echocardiography is used as 
an index of diastolic function. In general, diastolic function 
is considered normal when E/e′ is ≤8 and markedly deterio-
rated when E/e′ is ≥15. It has been reported that signifi cantly 
more postoperative cardiovascular events occur in cases with 
E/e′ ≥15 compared to E/e′ ≤8. Mortality is also signifi cantly 

higher in the former case [ 13 ]. Intraoperative declines in car-
diac output require more time to return to baseline in patients 
with E/e′ ≥15. In hearts with diastolic dysfunction, both 
intraoperative and postoperative management are often 
diffi cult.  

6.2.5     Management of Patients Who Have 
an Intra-aortic Balloon Pump 

 Patients with acute coronary syndrome and unstable cardio-
vascular hemodynamics or severe heart failure with very low 
cardiac output often have an intra-aortic balloon pump 
(IABP) placed preoperatively. An increase in diastolic blood 
pressure due to IABP support has a positive effect on coro-
nary blood fl ow. The elevation of systemic mean arterial 
pressure is effective for stabilizing cardiovascular hemody-
namics when the heart is reversed and vertically positioned. 
Since higher systemic blood pressures and increased cardiac 
output are appropriately maintained, no additional transfu-
sion is needed in many cases [ 14 ]. 

 IABP is usually operated to assist with every heartbeat 
(1:1) counter pulsation. As electric cautery is performed in 
surgery, IABP is often used with an arterial pressure trigger 
mode. The beating position of the IABP balloon is confi rmed 
intraoperatively using TEE. The optimal position is 2–3 cm 
distal to the origin of the left subclavian artery. In cases 
where thrombi adhere to the intimal vessel in atherosclerotic 
lesions, postoperative renal failure and embolic events in the 
lower extremities are potential complications. Heparin may 
cause hemorrhage at the IABP insertion site.  

6.2.6     Conversion to On-Pump CABG 

 The prognosis for patients with cardiovascular hemody-
namic collapse during anastomosis and thus requiring an 
extracorporeal circulation is sevenfold worse compared to 
patients without such hemodynamic deterioration. 
Intraoperative conversion to the use of an extracorporeal cir-
culation consists of two types: elective conversion and emer-
gency conversion due to hemodynamic compromise. 
Between 2000 and 2005 when OPCAB became popular, the 
conversion rate to on-pump CABG due to hemodynamic col-
lapse was 6–8 %, and the emergency conversion rate was 
3 %. Recent advancements in devices used in OPCAB along 
with improvements of surgical skill contributed to a reduc-
tion in the conversion rate; however, approximately 2 % of 
cases are still converted to on-pump CABG, and the emer-
gency conversion rate is approximately 1 %. 

 Elective conversion to on-pump CABG is more common 
with moderate to severe mitral regurgitation or organic prob-
lems such as the presence of a patent foramen ovale. In addition, 
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electively converted cases include the following scenarios: 
arterial dissection, the coronary arteries to be anastomosed 
are buried, and cases in which OPCAB was determined to be 
impossible due to very low right ventricular function or dia-
stolic function [ 15 ]. A stiff heart or a heart with a thickened 
wall is also likely to collapse. Patients with left main coro-
nary artery stenosis, heart failure with diastolic dysfunction, 
or cases of repeat CABG or semi-emergency nature are also 
likely to be converted to on-pump CABG. 

 The use of intraluminal coronary shunting during LAD 
anastomosis is useful for preventing conversion. Additionally, 
IABP use can prevent conversion, and the temporary appli-
cation of percutaneous cardiopulmonary support and ven-
tricular assist devices is helpful. 

 Emergency conversion occurs most frequently during Cx 
anastomosis, most commonly due to severe mitral regurgita-
tion when the heart is in a reversed, vertical position, leading 
to low cardiac output and hemodynamic collapse [ 16 ]. 
However, recent advancements in devices such as stabilizers 
and positioners have improved cardiovascular hemodynam-
ics in the reversed, vertically positioned heart, thereby reduc-
ing the rate of hemodynamic compromise. On the other 
hand, compression with a stabilizer in patients with diastolic 
dysfunction or decreased right ventricular function is associ-
ated with hemodynamic collapse and conversion to on-pump 
CABG during LAD anastomosis.      
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      Controversy: Volume Load vs. 
Vasopressor 

           Shinju     Obara      and     Masahiro     Murakawa   

    Abstract  

  Off-pump coronary artery bypass (OPCAB) can cause hypotension during anesthetic man-
agement, particularly because of displacement of the heart. While hypotension is mainly 
treated with fl uid volume loading and vasopressors, few studies have investigated which is 
the more effective of the two treatments. Methods based on volume loading are logical 
because they aim to replenish the decreased ventricular preload, which is the main cause of 
the decrease in blood pressure. These methods avoid the damage caused by hypovolemia 
and the side effects caused by vasopressors, such as increased circulatory dysfunction. In 
contrast, methods using vasopressors are consistent with recent trends in fl uid restriction, 
which aim to avoid complications caused by fl uid overload while also maintaining organ 
perfusion. Anesthesiologists must have a thorough knowledge of the advantages and disad-
vantages of each method and employ one or both in accordance with each patient’s needs.  

  Keywords  

  Off-pump coronary artery bypass   •   Anesthesia   •   Fluid management   •   Volume loading   • 
  Vasopressor  

7.1         Introduction 

 According to a survey conducted in 2012 by the National 
Academic Questionnaire Survey Committee of the Japanese 
Association for Coronary Artery Surgery (responding facili-
ties: 319, response rate: 69.5 %), the off-pump CABG 
(OPCAB) rate during coronary artery bypass surgery is 
63.5 %. Most (87 %) answered “use of heart positioner” 
when asked how to overturn the heart. With regard to meth-
ods for stabilizing the heart, 100 % of respondents answered 
“use of tissue stabilizer.” Using a combination of these mea-
sures is a standard procedure for heart surgery in Japan. 
Accordingly, anesthesiologists involved in such procedures 
need to understand artifi cially modifi ed hemodynamics and 
should have the skills to maintain adequate anesthesia. 

 To maintain the appropriate oxygen transport volume 
suited for the oxygen demand of major organs such as the 
heart and brain, organ perfusion is necessary while the 
patient is under anesthesia. Therefore, arterial pressure and 
cardiac output must be maintained. Because blood fl ow vol-
ume in the coronary artery is high during the diastolic phase, 
it is important to not only secure adequate diastolic time but 
also maintain adequate perfusion pressure [ 1 ]. In particular, 
coronary artery blood fl ow in the presence of stenosis is 
dependent on coronary artery perfusion (mean blood pres-
sure or diastolic phase pressure). Brain blood fl ow is auto-
regulated, maintaining the mean blood pressure at a relatively 
fi xed level of 70–160 mmHg. While reports have indicated 
that the brain metabolic rate during sedation is lower than 
that during the awake state [ 2 ] and that it can cope with 
decreased perfusion to some extent, it is best that a necessary 
and suffi cient amount of perfusion is present when safety 
margins are considered. During OPCAB, in addition to sup-
pressed heart function caused by the underlying disease, 
blood pressure tends to decrease further because of the heart- 
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inhibiting action and peripheral vasodilation action of the 
anesthetics. Furthermore, the functional mechanism men-
tioned below leads to a marked decrease in blood pressure, 
requiring action to be taken during displacement of the heart 
for revascularization during OPCAB. 

 Therefore, a worsened hemodynamic state (inability to 
maintain a mean blood pressure of >50 mmHg) and intrac-
table arrhythmia [ 3 ] during OPCAB can necessitate emer-
gency surgical conversion from OPCAB to on-pump 
CABG. The results of the aforementioned survey showed a 
conversion rate of 2.5 %. The results also indicated that the 
mortality rate associated with OPCAB was 0.45 %, whereas 
the mortality rate increased to 2.72 % when OPCAB was 
converted to on-pump CABG. Although these statistics do 
not indicate the reason for the conversion, a review of 14 
randomized controlled trials [ 4 ] found that the reasons for 
conversion were circulatory instability and intramyocardial 
coronary target. Conversion is also likely prevalent in Japan 
for the same reasons. “Circulatory instability” refers to the 
situation where the anesthesiologist fi nds it diffi cult to main-
tain the patient’s blood pressure. It is diffi cult to judge if this 
problem can be resolved with anesthetic management skills 
alone. However, it is essential to avoid unnecessary increased 
mortality rates due to conversion as a result of the anesthesi-
ologists’ lack of skills. 

 The aforementioned survey also asked about countermea-
sures for hypotension during OPCAB. The results indicated 
that 43.1 % respondents used volume loading and 54.2 % 
used vasopressor drugs. It is also likely that in actual clinical 
practice, combinations of these methods are used to respond 
to the anatomical and physiological causes of the changes in 
hemodynamics [ 5 ,  3 ]. For example, if circulatory instability 
occurs because of hypovolemia or heart chamber compres-
sion, then volume loading is performed. If myocardial isch-
emia or heart chamber compression is present or if 
hypotension continues despite other attempts, then phenyl-
ephrine or norepinephrine is administered. 

 Management of the volume required during normal 
anesthesia and peripheral vascular resistance is simple. 
Specifi cally, maintaining coronary artery and cerebrovas-
cular perfusion pressure while also maintaining the preload 
to avoid low perfusion depends upon blood pressure main-
tenance with vasopressors and inotropes if necessary. These 
types of circulatory management are aimed at managing 
the patient’s hemodynamic abnormality. For example, if the 
patient has preoperatively exhibited marked dehydration, 
fl uid transfusion would be prioritized. If an anesthetic with 
strong peripheral vasodilatory action is used, then vaso-
pressors will probably be selected. Furthermore, another 
factor with OPCAB that can inhibit circulation is manipu-
lation of the heart, which often impedes the ventricular pre-
load. If decreased blood pressure is caused by extreme 

pressure on the atrium, then it is best to select a method that 
solves this issue fi rst. 

 When implementing these measures, one can also rely on 
the patient’s reserve to some extent; the anesthetic records of 
the patient under anesthesia can be checked to confi rm infu-
sion and catecholamine volume. However, it is likely that 
methods employed in clinical practice can sometimes con-
tradict textbook recommendations. Large volumes of fl uids 
are administered to patients who have to undergo periopera-
tive fl uid restriction because of conditions such as heart fail-
ure, and vasopressors are administered to patients with 
valvular regurgitation in whom increased afterload should be 
avoided. These methods may be used if they offer more 
advantages than disadvantages and are required for intraop-
erative circulation maintenance. Furthermore, even with 
recent advances in monitoring technology, one cannot reli-
ably and objectively observe circulating blood volume and 
changes during anesthesia in real time. Even in such circum-
stances, anesthesiologists must implement measures in a 
matter of minutes or seconds to cope with abnormalities. 
Before confi rming the cause, they may also have to imple-
ment measures including treatment and diagnosis, such as a 
volume challenge (load a fi xed amount of fl uid and, if hemo-
dynamics improve, diagnose insuffi cient preload). 
Anesthesiologists conduct “titration” in order to determine 
an accurate plan of action on the basis of the information 
available to them. Therefore, anesthesiologists’ preferences 
may play a big role in treatment. 

 In either case, invasive arterial blood pressure is used as 
a real-time index, and blood pressure is increased via (a) 
increased fl uid volume or (b) increased peripheral vascular 
resistance induced by vasopressors. One can retrospec-
tively debate whether blood pressure should have been 
increased with either (a) or (b) after taking into account 
infusion volume and/or maximum vasopressor dosage as 
per anesthetic records. Real-time anesthesia can some-
times appear similar to a “black box,” which can often be 
targeted for debate by nonexperts. Moreover, many anes-
thesiologists are likely to be concerned with the volume 
that should be added, the amount that can be added before 
heart manipulation causes large hemodynamic changes 
along with increased peripheral resistance when vasopres-
sors are used, and the extent to which the vasopressor dose 
can be increased. However, not enough data on this topic is 
available to allow for debate because no randomized clini-
cal trials targeting human subjects or meta-analyses have 
yet been conducted. 

 This section aims to outline the advantages and disad-
vantages of each type of circulation management method 
and provide information that will help anesthesiologists in 
selecting a management method that best suits individual 
patient needs.  
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7.2     Pro: Vasopressors Should Be Used 
as Little as Possible, and Their 
Administration Should Be Managed 
in Terms of Volume 

7.2.1     Preload Maintenance Is Physiologically 
Logical 

 While reviews of anesthesia methods and textbooks rec-
ommend increasing pressure with volume infusion and 
 vasopressor administration during OPCAB, there is often 
no specifi c mention of the optimal situation for using 
these methods or the order in which they should be priori-
tized [ 3 ,  6 – 9 ]. 

 In general, preoperative dehydration is corrected not only 
during OPCAB but also during the induction of anesthesia. 
When correcting dehydration, it is thought that a relative pre-
load decrease due to peripheral vasodilation caused by gen-
eral anesthetics is simultaneously corrected. 

 When performing OPCAB vascular anastomosis, the 
heart is elevated from the pericardium in the left anterior 
descending artery (LAD) region. Peripheral revasculariza-
tion of the left circumfl ex artery (LCX) and right coronary 
artery (RCA) on the posterior surface of the heart requires 
that the heart be elevated to a nearly perpendicular angle. 
These different heart positions can cause a variety of hemo-
dynamic changes. Rotation of the heart to the right places 
pressure on the right atrium, decreasing right ventricular 
infl ow. While particularly marked in the obtuse marginal 
artery anastomosis position, right ventricular pressure and 
deformation cause right ventricular outfl ow obstruction, 
resulting in decreased left ventricular fi lling pressure. 
Decreased cardiac output (CO) causes decreased coronary 
blood fl ow [ 10 ], which may lead to ischemia. An experiment 
that elevated pig hearts with the “octopus” device found that 
LAD artery blood fl ow decreased by 34 %, the LCA blood 
fl ow decreased by 50 %, and the RCA blood fl ow decreased 
by 25 % [ 10 ]. Decreased coronary blood fl ow can cause fur-
ther decreased cardiac contractile force. Therefore, these 
blood fl ow patterns are all monitored as decreased blood 
pressure. 

 The aforementioned causes result in decreased left ven-
tricular preload. Accordingly, they may be treated with vol-
ume loading and the Trendelenburg position or leg elevation. 
The table may also be rotated to the right and downward to 
relieve pressure on the right atrium caused by surgical 
manipulation. Directly applied contractile force caused by 
fi tting a stabilizer and diastolic heart failure can also be 
treated with the above measures. Preload optimization is 
required when conducting fl uid management for heart failure 
patients. According to the Frank–Starling curve, the observa-

tion of an increase in CO levels with volume loading is a 
logical approach. 

 During OPCAB, manipulation of the heart allows the 
blood pressure to drop easily, even if the blood pressure has 
been maintained until then. If appropriate blood volume is 
not maintained in advance, it will be more diffi cult to follow 
and correct circulatory disturbances. Furthermore, there 
have been recent advances in devices for predicting fl uid 
responsiveness, including pulse wave analysis for predicting 
if hemodynamics will improve with fl uid loading. These 
devices may help in improving blood volume [ 11 ]. In gen-
eral, fl uids are administered until the pulmonary artery sys-
tolic pressure reaches 20 mmHg or higher before displacement 
of the heart. Reports also indicate that pulse pressure varia-
tion (PPV) assessed by pulse wave analysis is an indicator of 
fl uid responsiveness directly after heart displacement during 
OPCAB [ 12 ]. In this study, PPV was measured after LAD 
anastomosis and directly after heart displacement; 6 % 
hydroxyethyl starch (HES) preparation was loaded at 10 ml/
kg in 10 minutes, and patients whose cardiac index improved 
by 15 % or more were deemed to be “responders” (relatively 
hypovolemic cases). PPV differed signifi cantly between 
responders and nonresponders, with a PPV of >7.69 % 
detected in responders with a sensitivity of 86 % and a speci-
fi city of 83 %. Methods that analyze fl uid responsiveness can 
be useful indices for preventing circulatory disturbances 
caused by heart displacement while avoiding excessive fl uid 
infusion. An index that can predict circulatory disturbances 
caused by displacement at an earlier stage needs to be 
developed. 

 We were unable to locate previous studies that investigated 
appropriate fl uid volume for maintaining circulation during 
OPCAB. The dosage was mentioned in a small number of 
studies reporting on other topics. Reports that only mentioned 
the absolute values included the report by Mueller et al. [ 13 ] 
in 2002, in which 2,800 ± 800 ml of crystalloid solution and 
850 ± 230 ml of colloidal solution were administered. In the 
2005 report by Staton et al. [ 14 ], 3934 ± 1311 ml of fl uid was 
administered. Reports that mentioned surgical duration 
include the 2001 report by Yoshida et al., which indicated that 
3,649 ± 972 ml of crystalloid solution, 623 ± 224 ml of col-
loidal solution, 128 ± 256 ml of erythrocyte transfusion, and 
227 ± 168 ml of recovery type autotransfusion (surgical dura-
tion: 285 ± 61 min) were administered [ 15 ]. In 2005, Kesseler 
et al. [ 16 ] reported the administration of 1,532 ± 382 ml of 
Ringer’s lactate solution and 896 ± 55 ml of HES preparation 
(surgical duration: 110 ± 34 min), after which 5 of 28 patients 
required norepinephrine administration. Yoshida et al. and 
Kesseler at al. both reported that only crystalloid and colloi-
dal solutions were administered at 899 ml/h and 1324 ml/h, 
respectively. While the body weight of patients in these 
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groups remains unclear and there is little information on the 
concomitant use of cardiovascular drugs, one can see that 
relatively large amounts of fl uids are required and that the 
preload is proactively maintained when the results are com-
pared with those of general surgical procedures. Moreover, 
more recent data needs to be reported because much of the 
currently available data is old. 

 Suffi cient preload maintenance during OPCAB requires 
the use of crystalloid and colloidal solutions. As of August 
2013, Hespander ®  and Salinhes ®  are being used in Japan but 
are limited to cases of excessive bleeding or hemodilution in 
extracorporeal circulation. While it remains unclear whether 
volume loading in the absence of massive bleeding during 
OPCAB meets these indications, it appears to be in wide-
spread use. 

 Furthermore, many Japanese cardiac anesthesia manuals 
(not cited) for beginners sold in Japan state that the head- 
down tilt position should be used after suffi cient volume 
loading, and if blood pressure still does not reach the target 
values, vasopressors should be used.  

7.2.2     Disadvantages of Hypovolemia 

 Intraoperative hypovolemia is related to the disruption of the 
balance between oxygen supply and demand, an increase in 
cardiac events due to tachycardia, a risk of renal dysfunction, 
and exertion of harmful effects on digestive tract function, 
such as postoperative nausea and vomiting or ileus [ 17 ,  18 ]. 
Because heart surgery is highly invasive, there is a risk of 
pulmonary disorder or heart failure caused by intraoperative 
volume overload. However, this is usually not managed with 
hypovolemia to the extent that further risks are involved. In 
patients with preoperative heart or renal dysfunction, there is 
a risk of postoperative volume overload that may cause a pul-
monary disorder. However, this can be managed on the basis 
of appropriate respiratory care. 

 Hypovolemia causes tachycardia in a compensatory man-
ner. Even with technological advances in stabilizers, tachy-
cardia during OPCAB makes surgical manipulation diffi cult 
and can increase myocardial oxygen consumption. In recent 
years, short-acting beta-blockers have come into use, but as 
they inhibit tachycardia to compensate and mask hypovole-
mia, they can cause extreme decreases in blood pressure 
after the patient’s condition has further worsened. Therefore, 
preload should be secured with a signifi cant safety margin.  

7.2.3     Side Effects of Vasopressors 

 Vasopressors are useful for adjusting “apparent” blood 
pressure. However, they should be used with an under-

standing of side effects caused by peripheral vasoconstric-
tion, such as further exacerbation of peripheral circulatory 
failure during a state of low cardiac output, and the fact 
that overdosage can cause marked hypertension or cardio-
vascular decompensation. In 1998, US guidelines for the 
localized use of vasopressors in operating theaters were 
released [ 19 ]. These guidelines reported that the localized 
use of phenylephrine for hemostasis during otorhinolaryn-
gological surgery caused hypertension, leading to death in 
3 of 8 patients with pulmonary edema. Secondary hyper-
tension due to alpha- sympathetic nerve stimulation 
increases peripheral vascular resistance, causing blood to 
shift from the peripheral systemic circulation to the pul-
monary circulation, which has low sensitivity to vasopres-
sors. As a result, left ventricular fi lling pressure increases, 
and increased afterload causes left ventricular end-dia-
stolic volume (pressure) to increase. While increased car-
diac contractile force and heart rate (HR) are effective in 
coping with the above state in a compensatory manner, the 
mechanism is impaired when beta-blockers are used for 
treating hypertension, leading to pulmonary congestion. 
There have been no reports on pulmonary edema caused 
by systemic administration of vasopressors alone during 
OPCAB. However, because the mechanism of action is the 
same with local and systemic administration, beta- blockers 
tend to be commonly used for heart rate control during 
OPCAB. While recently used beta-blockers exert minimal 
inhibitory effects on cardiac contractile force, a latent risk 
may be present. 

 Moreover, during left coronary artery anastomosis in 
OPCAB in particular, patients with mitral regurgitation 
(MR) exhibit worsened regurgitation and unstable hemody-
namics. The phosphodiesterase III inhibitor milrinone has 
cardiotonic and vasodilation effects, and its administration 
has been linked to decreased MR during anastomosis and 
stable hemodynamics [ 20 ]. Blind administration of vaso-
pressors in such situations, without an accurate diagnosis, 
can exacerbate MR. 

 Phenylephrine, which is used as a vasopressor, can cause 
loss of coronary fl ow [ 21 ] and works in a manner contradic-
tory to the primary goal of OPCAB, which improves coro-
nary fl ow. 

 The effects of vasopressors on perfusion in organs other 
than the heart also need to be considered. Blood fl ow to the 
digestive tract is easily affected by decreased CO, and, 
because alpha-receptors are distributed predominantly in 
digestive tract arterioles, vasopressors can easily cause 
decreased blood fl ow. A number of reports on nonocclusive 
mesenteric ischemia after OPCAB have been released [ 22 , 
 23 ], and both decreased CO caused by intraoperative manip-
ulation of the heart and the use of vasopressors were dis-
cussed as possible causes.   
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7.3     Pro: Vasopressors Should Be Actively 
Used While Volume Overload Should 
Be Avoided 

7.3.1     Volume Restriction During General 
Anesthesia Is Commonly Employed 

 Until the late twentieth century, methods of fl uid manage-
ment during major surgery were based on concepts that eas-
ily led to excessive fl uid volume. These methods included 
those termed as liberal fl uid strategies that mainly used a 
crystalloid solution and related to the “third space” theory 
[ 24 ] proposed in the 1960s. The methods involved the replen-
ishment of a maintenance dose in accordance with the level 
of surgical invasiveness or correction with crystalloid solu-
tion equivalent to three times the amount of blood lost [ 25 ]. 
While these methods may be useful in maintaining blood 
volume during anesthesia, they also carry the risk of hypos-
tasis and harmful effects on cardiac function in patients with 
impaired cardiac or renal function. This occurs when anes-
thetic administration is terminated and the patient recovers 
from venous vasodilation and suppression of myocardial 
contractile force or when fl uid returns from interstitial tissue 
to an effectively functioning circulatory system after recov-
ery from postoperative systemic infl ammation. Furthermore, 
fl uid does not simply accumulate in the third space before 
being eliminated after a number of days; rather, it exerts a 
harmful infl uence when trapped in the interstitial tissue. For 
example, it is possible that digestive tract dysfunction caused 
by excessive crystalloid administration is caused by increased 
interstitial fl uid in the submucosal layer, which prevents 
intestinal movement [ 26 ]. 

 In recent years, enforced recovery after surgery [ 27 ] 
(ERAS) has been introduced for overall general anesthesia 
management. ERAS refers to a comprehensive concept that 
includes surgical procedure selection, anesthetic manage-
ment method, perioperative nutritional management, and 
rehabilitation for enhancing postoperative recovery. While it 
only targeted gastrointestinal tract surgery at fi rst, it has 
gradually been applied to surgeries for other organs. ERAS 
recommends that excessive sodium and water infusion 
before surgery should be avoided. It also recommends vaso-
pressor administration rather than volume infusion to treat 
blood pressure decreases caused by epidural anesthesia. 
Epidural anesthesia blocks the effective range of sympathetic 
nerve activity and expands peripheral veins in particular, 
thereby causing decreased cardiac output (relative volume 
loss) because of a decrease in venous return. Therefore, this 
condition has traditionally been treated with volume over-
loading rather than vasoactive drugs. This approach can 
probably be applied to the theme of this report. Therefore, 
when treating peripheral vasodilation accompanying general 

anesthesia, one should consider not only volume loading but 
also vasopressor use. Furthermore, the concepts of (a) restric-
tive fl uid strategy [ 28 ,  25 ,  29 ] and (b) fl uid optimization [ 30 ] 
in order to maintain appropriate plasma volume have been 
introduced into intraoperative fl uid management. The former 
involves a strategy to decrease patient risk by preventing 
overbalance and administering the minimum required infu-
sion volume. The latter refers to a strategy of intravenous 
fl uid administration while using indices that directly (venous 
oxygen saturation) or indirectly (stroke volume and pulse 
wave respiratory fl uctuation) refl ect oxygen transport vol-
ume as indicators to achieve an adequate fl uid volume. While 
these two strategies use different techniques and indices as 
references, they are essentially based on the same concept, 
i.e., “aiming for a fl uid volume appropriate for the patient’s 
condition.” In recent years, while this concept has not been 
clearly defi ned, it has grown into the concept of goal-directed 
fl uid management (GDFM) [ 31 ], which potentially includes 
methods (a) and (b). This series of strategies emerged from 
the existing liberal fl uid strategy through clinical actions of 
anesthesiologists. However, not enough research has been 
conducted on the usefulness of these strategies during 
OPCAB. While ERAS appears useful because it was fi rst 
developed from the fast-track surgery concept developed in 
the 1990s in the fi eld of cardiovascular anesthesia, research-
ers focused on anesthetic selection for early weaning from 
mechanical ventilation and did not give much priority to 
fl uid management. Despite this, it appears that more studies 
will be conducted in this fi eld in the future, and these should 
include OPCAB as a research topic. Many anesthesiologists 
were taught about the liberal fl uid strategy before any new 
fl uid management strategies appeared. Therefore, they may 
feel that treating insuffi cient preload with vasopressors is 
physiologically unreasonable and may fi nd it diffi cult to 
employ these new strategies. However, recent trends for fl uid 
restriction based on evidence-based medicines should be 
accepted and vasopressors should be proactively used to 
maintain coronary fl ow.  

7.3.2     Preload Maintenance Is Important, but 
Physiological Rationality Must Not 
Be Lost 

 If perpendicular heart elevation causes increased right ven-
tricular outfl ow tract (RVOT) resistance, which results in 
little blood fl ow from the right ventricle (also causing 
extreme decreases in CO), then this can be treated by return-
ing the heart to its original position. Therefore, it is irrational 
to blindly conduct preloading when the fl ow tract is blocked. 

 Stabilizer pressure, suction, and fi tting of a heart posi-
tioner for heart elevation can affect heart systolic and 
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diastolic function. In particular, the anterior and lateral walls 
have a physiologically higher degree of freedom of wall 
movement compared with the septum and inferior wall and 
contribute markedly to CO. Fitting a stabilizer in these 
regions can deter local wall movement, infl uencing hemody-
namics [ 13 ]. This state can also be physically called diastolic 
dysfunction. In order to increase blood pressure in this situa-
tion, only volume loading is not rational. Rather, one should 
use inotropic or vasoactive drugs as necessary.  

7.3.3     Advantages of Vasopressors 

 Vasopressors are advantageous because they prevent volume 
overload by increasing organ perfusion pressure and coro-
nary fl ow without altering circulating blood volume. 
Furthermore, vasopressors also exert some volume loading 
effects because capacitance vein constriction increases 
venous return and SV as a result [ 32 ]. 

 Vasopressors used during OPCAB include phenylephrine 
and norepinephrine. Norepinephrine causes secondary 
expansion of coronary vessels by increasing blood pressure, 
while beta-2 stimulation of coronary vessels increases coro-
nary fl ow [ 33 ]. Moreover, norepinephrine offers stronger 
beta-1 stimulation compared with phenylephrine, and it can 
offer a good balance when preoperatively administered beta- 
blockers exert overly strong effects. However, the disadvan-
tages of norepinephrine are increased cardiac contractile 
forces caused by beta-1 stimulation effects, the fact that it 
makes surgery more diffi cult, and the fact that it prevents 

increased myocardial oxygen demand. Moreover, because 
vasopressors increase preload for the abovementioned rea-
sons, they also slightly increase the cardiac contractile force. 
Kurozawa et al. used three-dimensional motion capture and 
reconstruction technology on a pig off-pump bypass model 
to analyze movement at the coronary artery anastomosis site 
and found that the use of phenylephrine as a vasopressor 
caused less movement compared with norepinephrine [ 34 ]. 

 With OPCAB, blood pressure may decrease immediately 
after surgery for reasons other than the effects of anesthesia 
or manipulation of the heart. Matsuura et al. [ 35 ] indicated 
that a low systemic vascular resistance (indexed systemic 
vascular resistance <1,800 dyne · s · cm− 5  · m− 2 ) can occur 
after OPCAB, probably because of a systemic infl ammatory 
response. The report stated that the use of vasopressors was 
a more reasonable option compared with volume loading for 
managing this condition.   

7.4     Conclusion 

 Volume loading and vasopressor used to combat hypotension 
have their own advantages and disadvantages, and the selec-
tion of the more appropriate strategy is challenging. 

 The two perspectives can be visualized on an image based 
on the Frank–Starling curve (Figs.  7.1 ,  7.2 ).

    The perspective that hypotension can be treated with vol-
ume loading alone (Fig.  7.1 ) is based on the assumption that 
an imaginary “preload volume at which manipulation of the 
heart causes circulatory collapse” (dotted line C) is less than 
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(left side) the boundary (perpendicular line B) showing 
harmful volume overload. However, with this method, it is 
diffi cult to judge in advance whether the target blood pres-
sure (e.g., MAP >70 mmHg [ 3 ]) will be achieved without 
causing volume overload using fl uids alone. In addition, 
post-volume loading preload (right dot) is further removed 
from the level at which hypovolemia is caused (perpendicu-
lar line A), indicating that any decrease in blood pressure is 
unlikely to have been caused by hypovolemia. 

 In contrast, the standpoint of proactive vasopressor use 
(Fig.  7.2 ) shows that increased afterload causes the Frank–
Starling curve to move downward. It also hypothesizes an 
imaginary “preload volume at which manipulation of the 
heart causes circulatory collapse” (dotted line C → C′). Here, 
the target blood pressure, i.e., tissue oxygen demand, can be 
achieved without increasing preload with fl uids. The fact that 
this standpoint also shows that preload (right dot) after vaso-
pressor use is further moved compared with volume overload 
(perpendicular line B) is signifi cant, making the aforemen-
tioned risks associated with vasopressor use acceptable. 

 Whatever standpoint is selected, one should not pay atten-
tion to blood pressure values alone. Rather, indices showing 
hemodynamic changes over time (CO, pulmonary capillary 
wedge pressure, transesophageal echocardiography fi ndings, 
etc.) should be used to judge where the patient’s condition 
would fi t in the fi gures described and manage the patient 
accordingly. Further research should be conducted on more 
accurate indices that can predict the effects of heart manipu-
lation on hemodynamics. 

 When circulation management is not progressing well, it 
is important to conduct an objective assessment and alter or 

incorporate changes into the adopted strategy without being 
fi xated on a certain type of management. Furthermore, when 
extreme increases in pressure or blockage of fl ow pathways 
occur during heart surgery, their management should be pri-
oritized, requiring careful observation of the surgical fi eld 
with close communication between the anesthesiologist and 
the surgeon. The use of an intra-aortic balloon pump should 
also be considered if necessary.     
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      Urgent Pump Conversion: When Does It 
Occur and How Can We Prevent It? 

           Shigefumi     Matsuyama      and     Shuichiro     Takanashi   

    Abstract  

  Off-pump coronary artery bypass grafting is widely performed to prevent cardiopulmonary 
bypass complications. However, on-pump conversion occurs unexpectedly and is associ-
ated with high morbidity and mortality. We have determined the preoperative risk factors 
that predict conversion based on a large number of off-pump cases that we experienced. 
Careful intraoperative displacement of the heart and snaring of the coronary arteries are 
essential to prevent the hemodynamic instability that results in the need for an urgent insti-
tution of cardiopulmonary bypass. Transesophageal echocardiography is very useful for 
proper heart positioning. With this imaging modality, we can observe pulmonary artery 
obstruction, right ventricular obstruction, mitral regurgitation, and other conditions that can 
cause hemodynamic instability. If there are ST-segment changes on the electrocardiogram, 
an intracoronary shunt should be used. The grafting sequence is also important. When there 
is hemodynamic collapse despite several preventive measures, the patient must be con-
verted to on-pump coronary artery bypass grafting (CABG). The increase in morbidity and 
mortality with conversion can be reduced by converting rapidly from off-pump to on-pump 
CABG before encountering signifi cant hemodynamic instability.  

  Keywords  

  Urgent conversion   •   Heart displacement   •   Myocardial ischemia  

8.1         Introduction 

 Off-pump coronary artery bypass grafting (OPCAB) is 
widely performed to prevent the complications that occur 
with cardiopulmonary bypass (CPB). However, on-pump 
conversion occurs unexpectedly and is associated with high 
morbidity and mortality [ 1 – 3 ]. The operative mortality in 
conversion cases ranges from 1.6 to 13.3 % [ 1 – 8 ]. In this 

chapter, we present our experience of the need for urgent 
pump conversion and the ways in which it can be prevented.  

8.2     When Does Urgent Pump Conversion 
Occur? 

8.2.1     Preoperative Predictors 

 Several preoperative predictors of the need for conversion 
have been reported in literature. Low ejection fraction (EF), 
congestive heart failure (CHF), myocardial infarction, emer-
gent cases, and other predictors have also been reported. The 
preoperative predictors are described in Table  8.1  [ 1 ,  2 ,  5 ,  7 , 
 8 ]. It is of our opinion that the most important variables are 
impaired cardiac function and extreme chamber dilation. If a 
patient scheduled for coronary artery bypass grafting 
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(CABG) has several predictors of on-pump conversion, the 
patient should be scheduled for on-pump rather than off- 
pump CABG.

8.2.1.1       Intraoperative Factors 
 On-pump conversion during OPCAB occurs unexpectedly. 
Urgent conversion to CPB may be needed during positioning 
of the heart or grafting or in patients with acute ischemia 
when there is hemodynamic collapse or ventricular arrhyth-
mias. Conversion needs to be performed most frequently 
during an attempt to expose the posterior-lateral wall of the 
heart. Heart  displacement   to expose the posterior-lateral wall 
causes mechanical alterations of the normal cardiac geome-
try such as right ventricular compression, right ventricular 
outfl ow tract obstruction, mitral annular deformation leading 
to functional mitral regurgitation, and impaired left ventricu-
lar fi lling [ 5 ]. These changes take place whenever there is 
displacement of the heart, even when there is normal cardiac 
function preoperatively. 

 The other cause of hemodynamic instability is  ischemia  . 
Coexistent ischemia compounds the effects of mechanical 
dysfunction resulting in the need for urgent institution of 
CPB. During anastomosis, the proximal coronary artery is 
snared with a silicon-coated suture in our institute for ade-
quate visualization. When the target coronary artery is large, 
ischemia may be a major cause for conversion, especially in 
cases with poor collateral vessels. Ischemia in cardiac con-
duction system supplied by the right coronary artery some-
times causes severe bradycardia. The surgical techniques for 
prevention of hemodynamic instability are described in the 
next paragraph. 

 To achieve a clear fi eld to perform the anastomosis, a low- 
pressure carbon dioxide gas blower is used widely. It is very 
helpful, but results in a drop in myocardial temperature that 
may cause arrhythmias. Excess use of low-pressure carbon 
dioxide gas should be avoided. In emergent cases, especially 
acute myocardial infarction, the hemodynamics are some-
times unstable before CABG. In such cases, on-pump CABG 

should be selected rather than OPCAB, because ventricular 
arrhythmias and hypotension occur easily. The other circum-
stances leading to pump conversion intraoperatively are 
described in Table  8.2  [ 5 ].

8.3          How Can We Prevent Urgent Pump 
Conversion? 

8.3.1     Operative Monitoring 

8.3.1.1     Parameters 
 For intraoperative monitoring, a combination of leads II and 
V5 is continuously displayed and used for ST-segment trend 
analysis. Radial artery pressure and central venous pressure 
are also monitored. In patients with poor left ventricular 
function (LVEF <35 %), pulmonary artery pressure should 
be monitored via a Swan-Ganz catheter, and the femoral 
artery cannulation site should be secured for emergency 
insertion of an intra-aortic balloon pumping (IABP). Patient 
temperature is constantly monitored via a properly placed 
rectal or bladder temperature probe and maintained at 
>35 °C. Normothermia also helps to achieve hemostasis and 
early postoperative extubation. Parameters are recorded at 
baseline, with the heart in the normal position. A CPB setup 
is kept ready, but not primed, and a perfusionist is readily 
available.  

8.3.1.2      Transesophageal Echocardiography   (TEE) 
 Continuous intraoperative TEE monitoring is very useful. A 
baseline TEE examination should be done before sternotomy 
to assess the following: (1) global left ventricular function, 
(2) regional ventricular wall motion, (3) mitral regurgitation, 
(4) right ventricular function, (5) right ventricular outfl ow 
tract and pulmonary artery, (6) tricuspid regurgitation, (7) 
aortic valve, and (8) thoracic aorta [ 7 ,  9 ]. 

 TEE during heart displacement and grafting is used to 
monitor the following parameters: (1) deterioration of global 
left ventricular function, (2) regional wall motion abnormali-
ties and left ventricular fi lling, (3) deterioration of mitral 
regurgitation, (4) right ventricular outfl ow tract and pulmo-
nary artery obstruction, (5) right atrial fi lling and tricuspid 

   Table 8.1    Preoperative predictors of conversion   

 Surgeon’s prior experience with OPCAB 
 Previous CABG 
 Congestive heart failure 
 Previous myocardial infarction 
 Urgent states 
 Low ejection fraction 
 Preoperative hemodynamic instability 
 Extremely dilated heart 
 Higher New York Heart Association class 
 Mitral regurgitation 
 Chronic obstructive pulmonary disease 
 Cardiomegaly 
 Smaller body surface area 

   Table 8.2    Intraoperative circumstances leading to conversion   

 Inappropriate heart displacement 
 Ongoing ischemia 
 Hypothermia 
 Deep intramyocardial vessels 
 Calcifi ed or diffusely diseased target arteries 
 Diminutive vessels 
 Need for extended endarterectomy of the target vessel 
 Cardiomegaly 
 Arrhythmias 
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regurgitation, and (6) aortic regurgitation [ 7 ,  9 ]. Multiple 
views are monitored during the anastomosis because of dif-
fi culties in imaging due to movement of the heart, pericardial 
traction, and vertical positioning of the heart.   

8.3.2     Surgical Techniques 

8.3.2.1     Sequence of Anastomosis 
 The grafting strategy plays an important role in preventing 
ischemia that potentiates hemodynamic compromise. The 
anteroseptal vessels are revascularized and perfused fi rst, 
especially in patients with poor left ventricular function or 
acute ischemia preoperatively. Heart positioning for expo-
sure of the left anterior descending coronary artery is easy 
and seldom causes hemodynamic compromise. After revas-
cularization of the anteroseptal vessels, the heart is displaced 
to graft the remaining target vessels [ 4 ]. With a free graft, the 
proximal anastomosis should be completed before tackling 
another stenosed vessel if hemodynamics are unstable. In 
addition, the collateralized vessels should be grafted before 
collateralizing vessels.  

8.3.2.2    Prevention of Ischemia 
 In our institute, the anastomosis is performed by snaring the 
proximal coronary artery with a silicon-coated suture and the 
use of a low-pressure gas blower. They provide adequate 
visualization; however, simple proximal snaring causes more 
ischemia of the myocardium. When ischemia causes left 
ventricular mechanical dysfunction, we use an intracoronary 
shunt. The use of an intracoronary shunt is good for prevent-
ing ischemia but makes the anastomosis diffi cult due to 
restriction of visualization. 

 There is good collateral formation in patients with chronic 
 ischemia  ; however, in patients with acute ischemia, there is 
an insuffi cient collateral formation. In those with insuffi cient 
collateral formation, regional wall motion deteriorates after 
snaring the proximal coronary artery. This abnormal regional 
wall motion can be confi rmed by TEE. Furthermore, the 
color of blood that fl ows retrograde after arteriotomy in these 
patients is dark compared with that in patients who have suf-
fi cient collateral vessel formation. We use an intracoronary 
shunt in such cases with insuffi cient collateral vessel forma-
tion. After snaring the proximal right coronary artery, the 
severe bradycardia that sometimes occurs requires a tempo-
rary pacemaker and an intracoronary shunt. 

 Ischemic preconditioning is reported to be effective in 
protecting the myocardium from ischemic injury [ 10 ]. 
However, it is not useful for emergent ischemic cases and 
wastes time.  

8.3.2.3    Heart Displacement 
 The following techniques are used to prevent urgent conver-
sion when the heart is displaced, especially when exposure 

of the posterior-lateral wall is necessary: (1) extensive right 
pleurectomy and deep vertical right pericardiotomy are per-
formed to allow cardiac herniation into the right pleural cav-
ity; (2) patients are placed in a right decubitus Trendelenburg 
position to provide good access to the target arteries [ 7 ]; and 
(3) TEE is used to monitor the right ventricular chamber, 
outfl ow tract, pulmonary artery, and mitral valve. If there is 
an increase in mitral regurgitation or right ventricular out-
fl ow tract and pulmonary artery obstruction that leads to 
hemodynamic compromise during displacement of the heart, 
these changes can be reversed by repositioning the heart. The 
right ventricular outfl ow tract and pulmonary artery are eas-
ily collapsed just by slightly shifting the heart. 

 In some cases, hemodynamic collapse occurs despite 
these  preventive measures   during the anastomosis. The ade-
quate use of inotropes and fl uid management may improve 
hemodynamics in such cases. If bradycardia occurs, pace-
maker leads are attached to the right atrium or ventricle. 
However, if hemodynamic instability continues after phar-
macological therapy, the heart should be placed in the nor-
mal anatomical position [ 5 ,  7 ]. If hemodynamics is improved 
by placing the heart in the normal anatomical position, the 
surgeon can continue with the CABG procedure. In most 
cases, the anastomosis can be completed without further 
hemodynamic instability. If hemodynamics fail to improve 
after placing the heart in the normal anatomical position 
along with the administration of adequate inotropic drugs 
and volume management, then rapid conversion to on-pump 
CABG is necessary.   

8.3.3     Hemodynamic Management 

8.3.3.1    Pharmacological Management 
 To prevent hemodynamic instability due to mechanical dys-
function and ischemia, dopamine, norepinephrine, dobuta-
mine, or epinephrine is used. They can help maintain blood 
pressure; however, they contribute to a hyperdynamic car-
diac state that makes it diffi cult to perform the anastomosis. 
Furthermore, fl uid management is an important factor for 
maintaining hemodynamic stability. To prevent arrhythmias 
during manipulation of the heart and coronary occlusion, 
administration of lidocaine or a short-acting β-blocker is 
 useful. Patients are given potassium if their serum K +  is less 
than 4.0 mEq/L. The arterial pressure and cardiac index 
should be restored to baseline levels before the surgeon 
attempts the next anastomosis. The details of pharmacologi-
cal and fl uid management are presented in another chapter.  

8.3.3.2    IABP 
 The insertion of  IABP   preoperatively has been reported as an 
effective measure to prevent on-pump conversion [ 11 ]. In the 
setting of OPCAB, preoperative IABP improves cardiac perfor-
mance and facilitates access to the target vessels, while 
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maintaining hemodynamic stability, even in high-risk patients 
such as those with impaired cardiac function or acute ischemia. 

 Intraoperatively, if the hemodynamic changes are not cor-
rected with fl uids and pharmacological management with the 
heart in the normal anatomical position, urgent IABP inser-
tion is one of the measures that should be considered before 
on-pump conversion. Of course, the thoracoabdominal aorta 
and aortic valve must be evaluated preoperatively before 
urgent IABP insertion.  

8.3.3.3     Communication with the Operating 
Room Staff 

 Intraoperative pharmacological and volumetric management 
is left to the anesthesiologist and the nursing staff. One of the 
most important factors to prevent urgent conversion is close 
 communication   between surgeons and anesthesiologists, 
nursing staff, and operating room technicians. During dis-
placement of the heart and anastomosis of the coronary 
artery, the operating room staff should report even slight 
hemodynamic changes. Needless to say, in order to convert 
to on-pump CABG rapidly, a CPB setup and perfusionist 
must be readily available in the operating room.    

8.4     Conversion 

 When there is hemodynamic collapse despite the preventa-
tive measures described above,  conversion   to on-pump 
CABG is necessary. When conversion is needed, the CPB 
machine should be set up as soon as possible. Surgeons and 
perfusionists should practice daily in preparation for urgent 
conversion cases. If a surgeon has experience with only a few 
OPCAB cases, he/she should have a low threshold for urgent 
conversion to on-pump CABG. Conversion should be initi-
ated if there are any early indicators of electrical or hemody-
namic instability, especially in high-risk cases.  

8.5     Conclusions 

 The following factors should be considered to avoid poten-
tial hemodynamic problems resulting in the need for urgent 
institution of CPB: (1) careful preoperative patient evalua-
tion and selection, (2) appropriate sequence of grafting, (3) 

extensive right pleurectomy and deep vertical right pericar-
diotomy, (4) correct positioning of the patient on the operat-
ing table, (5) careful heart displacement and positioning, (6) 
early recognition of mechanically induced cardiac collapse 
after heart displacement, (7) early recognition of ischemia 
induced by snaring, and (8) a prompt response to these prob-
lems. If hemodynamics is still unstable after these preventive 
measures, the surgeon should not hesitate to convert from 
off-pump to on-pump CABG. The increase in morbidity and 
mortality due to conversion can be prevented by converting 
rapidly before signifi cant hemodynamic instability is 
encountered.     
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      Exposure 

           Tomohiro     Mizuno     and     Hirokuni     Arai    

    Abstract  

  Exposure of the target coronary artery is the fi rst step in successful off-pump coronary 
artery bypass grafting (OPCAB). Deep pericardial suture (“Lima suture”) and other modi-
fi ed techniques have contributed to the widespread use of OPCAB. In the basic deep peri-
cardial stitch technique, the posterior pericardium is lifted up with three sutures and the 
heart is displaced. OPCAB has become more widely used since suction-assisted heart posi-
tioning devices were developed. Apical suction devices are only applied at the apex, and the 
heart is lifted and rotated to expose the target coronary artery. Our group developed a multi- 
suction heart positioner, Tentacles, which can facilitate this exposure. Patient positioning is 
also effective in any heart displacement technique. The operating table should be tilted in 
the Trendelenburg position and rotated sideways to the right for exposure of the left circum-
fl ex territory and the inferior territory. Heart displacement can cause hemodynamic instabil-
ity in any heart positioning technique. Positioning for the left circumfl ex territory results in 
the greatest impairment to circulation compared to other territories. The main cause of 
hypotension is right ventricular kinking/obstruction, regional wall motion abnormality 
caused by compression and regional ischemia, and mitral regurgitation caused by mitral 
annular distortion. Fluid redistribution, patient positioning, catecholamine infusion, coro-
nary perfusion during distal anastomosis, and pacing are effective in improving 
circulation.  

  Keywords  

  Off-pump coronary artery bypass grafting   •   Deep pericardial stitch   •   Heart positioner  

9.1         Exposure 

 The key to successful off-pump coronary artery bypass 
grafting (OPCAB) is exposure of the target coronary artery 
under stable and acceptable circulation, effective stabiliza-
tion of the local area, and identifi cation of an optical anas-
tomotic site with or without coronary perfusion. Exposure 
and visualization of the target coronary artery is the fi rst 

and most essential step. If the target coronary artery cannot 
be visualized, the off-pump coronary bypass procedure 
must be converted to an on-pump procedure or bypass 
grafting to the target vessel must be omitted. When the 
heart is in an anatomical position, the left circumfl ex artery 
(LCx) (such as the obtuse marginal artery {OM} and the 
posterior lateral artery {PL}) is positioned on the back 
side of the heart, the posterior descending artery (PD) and 
the atrioventricular branch (AV) are adjoined to the dia-
phragm, and the left anterior descending artery (LAD) and 
diagonal branch (D) are adjoined to the left lung. Only the 
main trunk of the right coronary artery (RCA) can be 
approached in the anatomical position. To visualize all 
other coronary arteries, the heart must be displaced using 
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various techniques and devices. For successful OPCAB, 
cardiac surgeons and anesthesiologists must cooperate to 
obtain an optical operative fi eld and maintain stable patient 
circulation during anastomosis.  

9.2     Deep Pericardial Stitch and Other 
Non-Device-Based Techniques 

 There are two types of heart displacement techniques. Before 
heart positioning devices were developed, deep pericardial 
stitch, the so-called Lima stitch, was the basic technique 
used to displace the beating heart. In this technique, three 
deep sutures are placed at the posterior pericardium: one at 
the junction between the pericardium and the left superior 
pulmonary vein, one at the junction of the pericardium and 
the left inferior pulmonary vein, and one in the middle por-
tion of the pericardium between the left inferior pulmonary 
vein and the inferior vena cava [ 1 ]. The posterior pericar-
dium is lifted with these three sutures and the heart is dis-
placed. Various target coronary territories can be exposed 
using different combinations of elevations of the three deep 
pericardial stitches and lateral displacement. At this time, the 
position of the patient is important for proper access to the 
target artery. The table is set in the Trendelenburg position 
for the inferior territories (PD and AV branch), and the table 
is rotated sideways to the right for the posterior territories 
(OM and PL). The body is placed in the horizontal position 
for the anterior territories. The target anastomotic site is then 
stabilized with a suction-type stabilizer. 

 During placement of the deep pericardial sutures, great 
care should be taken to avoid a deep puncture. The stitch can 
cause serious bleeding from the large vessels of the posterior 
mediastinum such as the pulmonary veins [ 2 ] and descend-
ing aorta [ 3 ]. The stitch can also injure the esophagus. To 
avoid these serious complications, the suture should be 
passed through the posterior pericardium twice. At fi rst, the 
suture should be passed superfi cially. The assistant should 
pull the thread in such a way as to give the pericardium a 
convex shape, moving it away from the structures of the pos-
terior mediastinum. Then, the surgeon should pass the thread 
more deeply through the pericardium [ 1 ]. 

 The “single-suture” technique is a modifi cation of the 
“Lima suture.” This suture is similar to the third suture of 
aforementioned technique [ 4 ,  5 ]. The heart is elevated with 
one hand, and a single stitch (0 silk or no. 1 monofi lament 
suture) is placed in the oblique sinus (pericardium between 
the left inferior pulmonary vein and the inferior vena cava), 
and the suture is passed through a folded 15 in. vaginal tape 
at the end, which doubles over on itself. Then, the suture is 
snared, pushing the vaginal pack fl ush with the pericardium. 
The suture is clamped to the snare and is pulled caudally in 
the midline and clamped to the drapes. Tension of the vagi-

nal pack at 90° to the retractor on the left side allows eleva-
tion of the heart outside the chest. The vaginal pack is 
clamped to the drapes and is used for visualization of the 
LAD, diagonal branch, and intermediate artery. When the 
vaginal pack is opened into two arms and tension is placed 
on one of the arms toward the right and the tension is placed 
on the other toward the left, the apex of the heart is pointed 
toward the ceiling and the PD, PL, and OM can be exposed. 
Opening the right pleuropericardial space allows the heart to 
herniate into the right chest, and exposure of the LCx can be 
facilitated. This “single-suture” technique is arranged in var-
ious ways by some surgeons to obtain a better optical anasto-
motic site and maintain the patients’ hemodynamic condition 
during anastomosis [ 6 ]. At the time of heart displacement for 
the expose of the posterior and inferior territories, the right 
ventricle (RV) is likely to be kinked and compressed, and the 
diastolic fi lling of the RV might be disturbed, followed by 
hemodynamic instability [ 7 ].  

9.3     Apical Suction Device and Multi- 
suction Device 

 Deep pericardial stitch techniques used to expose various 
coronary territories have contributed greatly to the increased 
use of OPCAB. However, after apical suction devices such 
as Starfi sh ®  (Medtronic, Inc, Minneapolis, MN) and X-pose ®  
(MAQUE, Cupertino, CA) were developed, many surgeons 
began to use these devices because of their easy manipula-
tion and reliable function (Fig.  9.1 ). To expose the target 
coronary artery, the vacuum-assisted apical suction device is 
applied at the apex of the heart to elevate and rotate the left 
ventricle into the midline. The level of vacuum pressure typi-
cally needed to maintain capture of the heart varies between 

  Fig. 9.1    A representative of an apical suction heart positioner: X-pose ®  
(MAQUE) and other devices for off-pump coronary artery bypass graft-
ing (MAQUE)       
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200 and 250 mmHg. The apex of the heart is slightly moved 
to the midline for exposure of the LAD. The apex is lifted to 
the ceiling and rotated to the cranial side for exposure of the 
inferior territory and lifted and rotated to the right lower side 
for exposure of lateral and posterior territories. To facilitate 
the exposure, the operating table is tilted in the Trendelenburg 
position and rotated to the right side in the same manner as 
mentioned above. Opening the right pleura also helps to 
rotate the heart. Inadvertent traction using any suction-type 
heart positioner can possibly cause tear at the epicardium 
and fat tissue around the apex, causing bleeding. Serious 
bleeding is rare; however, it is necessary to fi nish bypass 
 procedure as quickly as possible and neutralize heparin and 
compress the bleeding site to stop bleeding.

   We developed a multi-suction cardiac positioner, 
TENTACLES™ (Sumitomo Bakelite Co., Ltd, Tokyo, 
Japan) (Fig.  9.2 ) [ 8 ]. This device has three independent 
small suction cups and arms with elastic silicone strings. 
Due to the high tissue affi nity of the suction cup, the suction 
cups can be applied on any surface of the heart and pulled in 
any desired three different directions using traction string, 
which is fi xed to the surgical drape using clamp. To visual-
ize the LAD, we typically apply one suction cup on the ante-
rior wall of the RV and pull the RV rightward. To secure the 
heart position, we usually apply another additional suction 
cup at the LV anterior wall and fi x it loosely to the left side 
(Fig.  9.3a ). But anastomosis to the LAD can be performed 
even with only one or two suction cups applied on the RV, 
owing to the powerful suctioning capacity of this device. In 
case of unstable heart such as acute anterior wall myocardial 
infarction or low ejection fraction, this LV non-touch 
maneuver is especially useful to avoid suction-induced 
injury to the weakened infarcted myocardium, hypotension, 
or life- threatening arrhythmia induced by touching the LV 
wall. To visualize the inferior wall, we usually apply one 
suction cup on the RV anterior wall and pull it cranially and 

another cup on the inferior wall near the apex and slightly 
lift the apex under the sternum. In addition, we apply third 
suction cup on the RV inferior wall near the acute margin 
and pull it in the right-cranial direction to expand exposure 
of the inferior wall (Fig.  9.3b ). The PD can be easily exposed 
under stable hemodynamic conditions. To visualize the lat-
eral wall, we apply the fi rst suction cup on the apex and lift 
the heart to confi rm the target coronary artery. The second 
suction cup is applied on the LV lateral wall to rotate the 
heart rightward, and the traction string is fi xed at the right 
side drape. The third suction cup is applied deeply near the 
crux of the heart and pulled in the left-caudal direction, and 
then fi xed at the left side drape. Heart is rotated toward the 
right chest cavity (Fig.  9.3c ). Finally, the fi rst suction cup on 
the apex is detached. The apex is displaced under the right-
sided sternum. Additional application of one suction cup on 
RV outfl ow tract may sometimes be helpful to prevent RV 
outfl ow kinking.

    According to the annual report of Japanese Association for 
Coronary Artery Surgery 2012, suction heart positioner was 
utilized in 87 % of overall Japanese coronary surgery units.  

9.4     Hemodynamic Change Caused by 
Heart Displacement 

 Hemodynamic changes are observed in any heart displace-
ment technique. Although both deep pericardial traction and 
vacuum-assisted suction are safe and effective maneuvers to 
expose the coronary artery in OPCAB, vacuum-assisted suc-
tion devices appear to produce lesser hemodynamic impair-
ment than the deep pericardial traction technique [ 9 ,  10 ]. 
Transesophageal echocardiography is very useful for quickly 
detecting signs of hemodynamic instability [ 11 ]. 
Hemodynamic changes are considered to result from RV 
kinking and obstruction, regional wall motion abnormalities 
caused by transient ischemia, or compression of the heart by 
stabilizers. Mitral annulus distortion by heart displacement 
can cause mitral regurgitation [ 12 ]. 

 Cardiac surgeons must collaborate with anesthesiologists 
to obtain and maintain acceptable hemodynamic stability 
during distal anastomosis for successful OPCAB surgery. 
Fluid redistribution, rotation of the patient’s position, perfu-
sion of the target coronary artery, catecholamine infusion 
(too much catecholamine is detrimental for OPCAB), pac-
ing, etc. are effective in stabilizing the hemodynamic condi-
tion; however, transient reposition of the heart to the 
anatomical position have to be considered when hypotension 
persists [ 13 ]. In case stable hemodynamic condition cannot 
be obtained, utilization of intra-aortic balloon pumping or 
conversion to on-pump CABG should be decided without 
delay. Emergent resuscitation and conversion to on-pump 
beating CABG should be avoided because of the high mor-
bidity and mortality [ 14 ].     

  Fig. 9.2    A multi-suction heart positioner: TENTACLES™ (Sumitomo 
Bakelite Co., Ltd, Tokyo, Japan)       
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      Stabilization 

           Hitoshi     Yokoyama     

    Abstract  

  Coronary artery bypass surgery is a microsurgery. Stabilization of the coronary artery on 
the beating heart is the key concept for successful off-pump coronary artery bypass surgery. 
Recent progress in 3-dimensional motion capture and reconstruction technology is reveal-
ing the quantitative characteristics of coronary artery motion in detail. Various factors such 
as cardiac contractility, heart rate, mechanical ventilation, and coronary artery anatomy 
have great infl uence on the coronary artery motion. The effect of various stabilization or 
anti-stabilization technique such as suction-type mechanical tissue stabilizer, beta- 
adrenoreceptor blockers, vasopressors, heart pacing, and ventilation is analyzed and dis-
cussed for better understanding of optimizing the stabilization of coronary artery anastomosis 
site.  

  Keywords  

  Suction-type tissue stabilizer   •   Evaluation for stabilization   •   Pharmacological stabilization   
•   Landiolol hydrochloride  

10.1         Stabilization Is the Key for Successful 
Off-Pump Coronary Artery Bypass 
Surgery 

10.1.1     Hypothesis: Stabilization-Patency 
Relationship 

 Off-pump coronary artery bypass is a microsurgery, in which 
a surgeon works on small moving object. Error of 
microstitches on the small vessels may result in graft steno-
sis and occlusion. Studies of human performance show the 
range in technical error of surgeon with high-power magnifi -
cation glasses is between 0.1 and 0.2 mm if he or she has a 
good hand [ 1 ]. Assuming a surgeon is working on a coronary 
artery of 1–2 mm in diameter, the error of suture could be up 
to 20 % in maximum. 

 There are miscellaneous factors affecting coronary artery 
motion (Fig.  10.1 ). Every effort should be paid to avoid or 
control these factors for better stabilization.

   Here is a hypothesis or assumption on the relationship 
among stabilization, surgeon skill, and graft patency. 
Intuitively, residual motion of the anastomosis sites under 
efforts for stabilization affects the graft patency (Fig.  10.2 ). 
When the residual motion is acceptable for the surgeon, he or 
she feels comfortable enough to place precise stitches, mak-
ing a good anastomosis with excellent graft patency. If the 
residual motion of anastomosis site were too big to make an 
acceptable anastomosis, expected graft patency would 
decease dramatically.

   Surgeon’s skill is another factor for graft patency. The 
stabilization-patency relationship can be shifted to left by 
surgical training. The expert surgeon is able to manage to 
work on the moving coronary artery somehow, while the sur-
gical resident is not. However, there is a human limit for 
working on a moving small target even for the expert sur-
geon. Thus, here is a hypothesis that these 2 factors, stabili-
zation and surgeon skill, may affect the confi guration of the 
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anastomosis and graft patency. Therefore, surgical training 
(see Chap.   26    : Teaching and training) and stabilization is the 
key for successful off-pump coronary artery surgery. Here 
comes the next question: regarding the stabilization, how 
good is good enough for surgeons to provide an acceptable 
graft patency?  

10.1.2     How Good Is Good Enough 
for Stabilization? 

 An expert off-pump surgeon can make a good stitch on the 
moving coronary artery. However, there is a human limit of 
acceptable motion of the target. Figure  10.3  shows a scheme 
of suturing the moving coronary artery. The task of a sur-
geon is to hold the coronary artery adventitia and make a 
precise stitch without laceration of the wall. The coronary 
artery wall is soft and fl exible and can be held to make 
immobile point even on the moving fl oor made with myo-
cardium and fat tissue. Try to hold the coronary artery wall 
by forceps. If it can be held to be immobile without any 
tension, a surgeon can make a incision and stitches. If a 
surgeon feels any traction force on the holding point, deli-
cate procedure around the holding point on the coronary 
wall without a risk of laceration is not recommended. In 
summary, a surgeon can confi rm if he or she obtains an 
acceptable stabilization by holding the target coronary 
artery wall in static position.

10.2         Evaluation of Stabilization 

 The motion of target anastomosis areas during off-pump 
coronary artery bypass is an important issue for cardiac sur-
geons. Several attempts for evaluating the cardiac surface 
motion in a quantitative fashion have been reported. In 1996, 
Borst and associates [ 2 ] reported that a mechanical stabilizer 
(Octopus) signifi cantly reduced the area circumscribed by 
the 2-dimensional reference points on the right coronary 
artery and obtuse marginal branch in pigs by using an analog 
video camera. In 2002, Detter and associates [ 3 ] measured 
the deviation of small vessels in the anterior wall by using an 
orthogonal polarizations spectral imaging device, reporting 
that the deviation was signifi cantly decreased with mechani-
cal stabilizers. They also showed better stabilization is asso-
ciated with shorter anastomosis time. In 2003, Koransky and 
associates [ 4 ] 3-dimensionally reconstructed the motion of 
the left anterior descending artery with digital sonomicrom-
etry. They reported that mechanical stabilization signifi -
cantly reduced the 3-dimensional excursion, maximum 
velocity, and average velocity. In 2004, Cattin and associates 
[ 5 ] captured the wall movements of the beating heart by 
using a high-speed camera coupled with a laser sensor, ana-
lyzing the trajectory of the point of interest. In their system, 
the 2-dimensional lateral motion ( x- ,  y -axis) was captured 
with the high-speed camera, and the out-of-plane motion 
( z -axis) was acquired with the laser sensor. In 2005, Lemma 
and associates [ 6 ] captured the coronary artery simultane-
ously with two digital cameras, reconstructing the wall 
movements of the heart in 3-dimensional fashion. They 
quantitatively reported the distance of marker displacement 

Factors for stabilization
• Heart

– Chronotropic state: heart rate
– Inotropic state: contractility

• preload / afterload
• sympathetic / parasympathetic nerve tone
• serum catecholamine (intrinsic / extrinsic)

– Coronary artery anatomy
– Surrounding fat

• Adjacent organ movement
– Lung ventilation

• Mechanical stabilization
– Suction-type tissue stabilizer
– Additional tips

• Pharmacological stabilization
– Inotropic agents
– Vasopressors

  Fig. 10.1    Factors infl uencing the stabilization of the coronary artery 
on a beating heart       
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on the beating heart in the Cartesian coordinate system ( x- , 
 y- ,  z -axis) before and after stabilization. 

 Most recently, Watanabe and associates developed a 
3-dimensional digital motion capture and reconstruction sys-
tem [ 7 ], which is an application of modern robotic technol-
ogy (Fig.  10.4 ). The new digital system is able to reconstruct 
the 3-dimensional motion of any coronary arteries such as 
distance moved, velocity, acceleration, and deceleration in 
every region and every axis. By the use of an endoscope with 
high-speed camera (955 frames per second), accuracy of 
mean resolution (70 ± 6 μm) and time resolution of 
3- dimensional data points (480 xyz position data per second) 
are improved. The endoscope and the small lightweight 
markers for tracking can be sterilized and used in any clinical 
procedure. In the following chapters, several studies using 
this system are introduced.

10.3        Tissue Stabilizers 

10.3.1     Pre-Octopus Era: Tape, Snare, etc 

 In the previous era before Octopus or other suction-type tis-
sue stabilizer, many efforts to stabilize the coronary anasto-
mosis site were reported [ 8 – 12 ]. These efforts include tape, 
snare, and stitches around the target coronary artery, which 
are still useful in addition of the current suction-type tissue 
stabilizer. Because the effects of tissue stabilization depends 
on the local factor such as fat deposition around the anasto-
mosis site and the tortuosity of the target coronary artery, 
few stitches around the coronary anastomosis site with trac-
tion, for example, may provide further stabilization. The 
off-pump surgeon needs to know the history and should 
apply these inexpensive, simple, and effective techniques 
when appropriate.  

10.3.2     Suction-Type Tissue Stabilizer 

 In 1996, Borst and colleagues developed Octopus tissue sta-
bilizer, which immobilizes the epicardium using a suction 
device [ 2 ]. Jansen and colleagues used this device for the 
patients who underwent off-pump coronary artery bypass 
[ 13 ]. With an aid of the Octopus tissue stabilizer, off-pump 
technique became popular in the late 1990s. Several suction- 
type tissue stabilizers are now available (Fig.  10.5 ), becom-
ing the common, simple modality for off-pump coronary 
artery bypass surgery.

   In an animal study, Watanabe and associates [ 7 ] found 
that mechanical stabilization (Octopus) can reduce the dis-
tance moved during one cardiac cycle remarkably, while the 
rapid, sudden movements such as maximal velocity, accel-
eration, and deceleration are not decreased much (Fig.  10.6 ). 
In detail, the distance moved in one cardiac cycle is decreased 
to 15.9 % of the baseline value (84.1 % reduction below the 
baseline when the baseline value is assumed as 100 %) in the 
left anterior descending artery by the Octopus stabilization, 
while maximum velocity, acceleration, and deceleration is 
only decreased to 62.5 % (37.5 % reduction), 65.3 % (34.7 % 
reduction), and 64.1 % (35.9 % reduction), respectively. In 
other words, “sudden quick motion” remains even under the 
most recent sophisticated mechanical tissue stabilizer. 
Several efforts to decrease these sudden quick motions are 
introduced in the following sections.

10.4         Pharmacological Stabilization: 
Beta-Blocker 

 β-adrenergic receptors are mainly located in the heart, 
blood vessels, and bronchi. β 1 -receptor blockers decrease 
heart rate (negative chronotropic effect) and myocardial 
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  Fig. 10.3    Suture in off-pump 
coronary artery bypass 
grafting. The bases of the 
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the wall and surrounding fat 
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  Fig. 10.5    Modern suction-type tissue stabilizers on the market. ( a ) Medtronic Octopus Evolution AS. ( b ) CTS Acrobat-i Off-Pump System. ( c ) 
Estech Hercules stabilizer       
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contraction force (negative inotropic effect), whereas β 2 -
receptor blockers dilate the smooth muscle of blood vessels 
in the heart, brain, and other organs and contract the smooth 
muscle of the trachea. In the clinical settings, β-receptor 
blockers have been used for the patients with heart disease 
as  antihypertensive, anti-arrhythmic, and antianginal 
agents. For the patients with ischemic heart disease, β 1 -
receptor blockers also reduced myocardial damage in acute 
myocardial ischemia since they reduce myocardial meta-
bolic requirements during ischemia and increase oxygen 
delivery to the ischemic myocardium during and after isch-
emia [ 14 – 17 ]. A recent study demonstrated that coronary 
anastomosis time during off- pump coronary artery bypass 
was shorter under an infusion of esmolol, a short-acting β 1 -
blocker, suggesting favorable stabilization during β 1 -
blocker infusion [ 17 ]. 

 Propranolol (Fig.  10.7 ), a nonselective β 1 - and β 2 -receptor 
blocker, was fi rst introduced as an anti-tachycardia and anti- 
tachyarrhythmia drug during coronary artery bypass surgery. 
However, propranolol has a long duration of action time 
(2–14 h) with several side effects such as conduction distur-
bance, hypotension, and cardiac failure [ 14 ,  15 ]. Propranolol 
also blocks β 2 -receptor with a risk of perioperative asthma 
attacks. Esmolol (Fig.  10.7 ), an ultra-short-acting selective 
β 1 -receptor blocker, has been developed recently to avoid 
these side effects [ 14 ,  15 ]. More recently, landiolol hydro-
chloride (Fig.  10.7 ) has been developed by modifying the 
chemical structure of esmolol, to increase β 1 -receptor selec-
tivity and potency without affecting the duration of action. 

This agent has some unique characteristics. Landiolol hydro-
chloride has a very rapid onset and offset of action [ 14 – 16 , 
 18 ,  19 ]. Compared with esmolol, heart rate decreases more 
rapidly with landiolol [ 15 – 18 ]. Landiolol is rapidly metabo-
lized by serum pseudocholinesterase and liver carboxylester-
ase to an inactive metabolite in humans within a half-life of 
4 min, which is shorter than that of esmolol [ 14 ,  16 ,  18 – 20 ]. 
Renal and hepatic clearance does not contribute to the phar-
macokinetics of this agent at clinical concentrations [ 18 – 20 ] 
which is useful for intraoperative infusion for the patients 
with renal and/or hepatic dysfunction [ 20 ]. Landiolol hydro-
chloride has higher β 1 -selectivity than any other known 
β-blocker [ 19 ]. It also suppresses ventricular and supraven-
tricular arrhythmias in experimental settings [ 18 ,  19 ]. 
Furthermore, landiolol does not produce the dose-dependent 
decrease in mean arterial pressure like esmolol [ 15 ,  19 ], 
which seems to be suitable for off-pump coronary artery 
bypass surgery.

   Landiolol, as a β 1 -blocker with negative inotropic effect, 
decreases the myocardial contractility or, in other words, 
decreases the developed force and velocity of myocardial 
contraction [ 21 ]. Because coronary artery sits on the con-
tracting myocardium, there is a hypothesis that landiolol has 
an effect of cardiac motion stabilization during off-pump 
coronary artery bypass surgery. 

 Recently, Wakamatsu and associates [ 22 ] demonstrated 
that landiolol infusion achieves better stabilization of the 
surface coronary artery under the mechanical stabilizer on 
the beating heart (Fig.  10.8a ). Landiolol decreases all motion 
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parameters, such as distance moved during one cardiac cycle, 
velocity, and acceleration/deceleration, at anastomosis site 
of the left anterior descending artery, left circumfl ex artery, 
and distal right coronary artery. These motion parameters 
were decreased by 20–30 %, in general, below the control 
level during landiolol infusion in the dose range with 
10–15 % reduction in the heart rate and maintained systemic 
blood pressure.

   As pointed out, sudden quick motion of the anastomosis 
site remains under mechanical stabilization, which obvi-
ously increases the surgical diffi culty. Mechanical stabilizers 
also have a considerable deviation of the stabilizing effects 
depending on the individual variations of the coronary artery 
anatomy and periarterial fat deposition. For example, each 
data point under the mechanical stabilization showed consid-
erable variation in maximal velocity (Fig.  10.8b ). Landiolol 
infusion effectively decreased the maximal velocity, espe-
cially when this parameter was greater than the mean value 
or “poor stabilization” (Fig.  10.8b ; open arrow). Thus, 
administration of landiolol hydrochloride can decrease the 
residual motion that remained after the application of 
mechanical stabilizer. Because β 1 -blockade has a negative 
inotropic action on the whole heart, landiolol exerts a general 
stabilization effect on the coronary arteries in any part of the 
beating heart, in addition to the local immobilization effect 
by mechanical stabilizer. 

 In conclusion, landiolol infusion during off-pump coro-
nary artery bypass surgery is recommended to construct pre-
cise coronary artery anastomosis on the beating heart. Given 
a certain dose range of landiolol that decreases the heart rate 
but not the systemic blood pressure, the motion stabilization 
effect can be induced during beating heart surgery. Especially, 
landiolol infusion is recommended when the surgeon 
encounters unfavorable situations that the conventional 
mechanical stabilization only achieves a poor local stabiliza-
tion because of individual anatomy variations in the specifi c 
target coronary arteries. 

 Dose and mode of landiolol administration should be 
carefully selected, because hypotension caused by cardiac 
manipulation or dislocation should be avoided during off- 
pump coronary artery bypass surgery. Yoshida and associ-
ates conducted clinical study of landiolol in the intensive 
care unit and recommended intravenous continuous infusion, 
not bolus administration, to avoid unexpected severe brady-
cardia or profound hypotension [ 23 ]. Our protocol of intra-
operative landiolol infusion is as follows: after intratracheal 
intubation under general anesthesia, the continuous intrave-
nous infusion of landiolol hydrochloride in very low dose 
(1 μg/kg/min) is started. During sternotomy and graft har-
vesting, the dose of landiolol increased gradually as long as 
systemic blood pressure is maintained as high as the preop-
erative value. The infusion is continued over night and 

stopped gradually after the patient starts to take oral beta- 
blocker. As the result, the dose of landiolol is low (average 
3–5 μg/kg/min; range 1–20 μg/kg/min) without serious side 
effects such as severe hypotension or bradycardia. In addi-
tion to the stabilizing effect of the coronary anastomosis site, 
recent clinical study demonstrates that this protocol prevents 
postoperative atrial fi brillation [ 24 ].  

10.5     Other Factors Affecting 
the Stabilization 

10.5.1     Vasopressors 

 Hemodynamic collapse or systemic hypotension may occur 
as an adverse event during off-pump coronary artery bypass 
surgery. Hemodynamic variations can be caused by several 
factors, including (1) displacement and (2) stabilization of 
the heart, as well as (3) myocardial ischemia during coro-
nary occlusion [ 25 ]. Vertical displacement of the heart to 
access the lateral and inferior walls decreases the venous 
return, stroke volume, cardiac index, and mean arterial 
pressure [ 26 ,  27 ]. 

 Under these circumstances, the hypotension is tentatively 
treated with intravenous administration of vasopressors such 
as noradrenaline or phenylephrine by anesthesiologists. 
Noradrenaline is a potent α 1 - and β 1 -receptor agonist, with 
minor effects on β 2 -receptors; thus it increases the blood 
pressure by increasing the cardiac output and systemic vas-
cular resistance [ 28 ]. Phenylephrine is a synthetic, selective 
α 1 -adrenergic receptor agonist that increases the blood pres-
sure by increasing the peripheral vascular resistance with 
either no change or a decrease in the cardiac output [ 29 ,  30 ]. 

 Recently, Kurosawa and associates [ 31 ] found that an 
infusion of noradrenaline signifi cantly increases the target 
coronary artery motion under mechanical stabilization on a 
beating heart, whereas phenylephrine does not (Fig.  10.9 ). 
The administration of noradrenaline, at the dose required to 
increase the systolic arterial pressure by 30–50 %, signifi -
cantly increased all motion parameters at the anastomosis 
site on the left anterior descending artery. In contrast, the 
administration of phenylephrine at the dose required to 
increase the systolic arterial pressure by 30–50 % did not 
signifi cantly increase the 3-dimensional cardiac motion 
parameters, except for the distance moved during one car-
diac cycle at the anastomosis site on the left anterior descend-
ing artery.

   In conclusion, the use of a vasopressor with little infl u-
ence on the coronary artery motion is recommended for 
the anesthesiologists in the need for maintenance of sys-
temic blood pressure during off-pump coronary artery 
bypass surgery.  
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10.5.2     Heart Pacing 

 Heart pacing during off-pump coronary artery is recom-
mended by two reasons: (1) increased cardiac output and (2) 
decreased coronary artery motion. 

 Frank-Starling’s Law shows that the cardiac preload 
determines the cardiac output (Fig.  10.10 ). When the car-
diac function is normal (Fig.  10.10 ; [A]), bradycardia 
elongates the diastolic phase of the heart, increasing the 
left ventricular end-diastolic volume (preload) and stroke 
volume as well, without a decrease in the cardiac output. 
However, when cardiac function is depressed (Fig.  10.10 ; 

[B]), bradycardia only increased the left ventricular end-
diastolic volume and pressure, but not the stroke volume, 
resulting in the failing heart with excessive preload. To 
avoid these critical conditions of the depressed heart, 
maintenance of the heart rate by an intraoperative pacing 
is recommended either by atrial or ventricular lead or 
Swan-Ganz pacing.

   Figure  10.11  shows the stabilizing effect of heart pacing. 
When the heart rate is increased by pacing, the distance 
moved during one cardiac cycle is decreased [ 7 ]. There is an 
explanation for this phenomenon. Again by the Frank- 
Starling’s Law, increased heart rate decreases stroke volume 
by shortening the diastolic phase of the left ventricle. 
Decreased stroke volume represents a decreased maximal 

  Fig. 10.9    Comparison of 
noradrenaline and 
phenylephrine on coronary 
artery motion       

Frank-Starling curve

Preload
(left ventricular end-diastolic volume)

st
ro

ke
 v

ol
um

e

Normal LV function

Depressed LV function
a

b

c

A

B

  Fig. 10.10    Frank-Starling curve. In the normal functioning heart ( A ), 
decreased heart rate increases the preload and stroke volume ( a  →  b ). In 
the heart with depressed contractile function ( B ), decreased heart rate 
only increases the preload, not the stroke volume ( a  →  c )       

  Fig. 10.11    Effect of cardiac pacing on coronary artery motion       
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myocardial contraction, which infl uences the coronary artery 
sitting just above the myocardium.

   The author recommends pacing the heart to maintain the 
heart rate above 80 beats /min especially when the surgeon 
encounters the heart with depressed cardiac function and 
bradycardia during off-pump surgery.  

10.5.3     Mechanical Ventilation 

 The heart is adjacent to the bilateral lungs. The lung motion 
or lung ventilation affects the heart position. Cattin [ 5 ] dem-
onstrated displacement of the heart by positive-pressure ven-
tilation by high-speed camera. Lemmma [ 6 ], by 

3-dimensional motion analysis, pointed out that positive- 
pressure ventilation has an important infl uence on cardiac 
surface stabilization. As shown in Fig.  10.12 , the coronary 
artery motion is infl uenced by mechanical ventilation in low- 
frequency motion pattern even under the mechanical stabili-
zation [ 7 ]. The heart is displaced in a tidal volume-dependent 
manner [ 32 ] (Fig.  10.13 ).

    Here is a tip for mechanical ventilation during coronary 
artery anastomosis in off-pump coronary artery bypass surgery. 
A low tidal volume, high-frequency mechanical ventilation is 
recommended to the anesthesiologist if appropriate. Another 
tip is a short-time (few seconds) cessation of the mechanical 
ventilation when the surgeon is just trying a technically 
demanding stitch on the fi ne coronary artery wall (Fig.  10.14 ).

  Fig. 10.12    A trace of coronary artery motion on the beating heart with or without mechanical lung ventilation       
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  Fig. 10.13    Savitzky-Golay 
smoothing fi lter separates the 
motion of the coronary artery 
into cardiac contraction-
generated motion and 
ventilation-generated motion       

  Fig. 10.14    The coronary 
artery is displaced in a 
ventilation volume- dependent 
manner       
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      Securing the Distal Anastomosis Site: 
Coronary Artery Occlusion, Shunt, 
and Blower 

           Tomohiro     Mizuno     and     Hirokuni     Arai    

    Abstract  

  Obtaining an optimal anastomotic site is essential for successful OPCAB. Coronary artery 
occlusion is a simple and easy anastomotic technique. Regional myocardial ischemia rarely 
occurs during anastomosis. Intraluminal coronary shunts are safe, easy to handle, and use-
ful for obtaining an optimal operative fi eld and perfusing coronary artery as well. 
Extraluminal shunts are also useful for coronary perfusion. All three techniques have their 
own advantages and disadvantages. In the simple occlusion technique, occlusion of a large 
left anterior descending artery (LAD) with a small posterior descending artery and a LAD 
with mild stenosis can cause signifi cant ischemic changes. Occlusion of right coronary 
artery (#2 to #3) sometimes causes life-threatening arrhythmia. In these cases, coronary 
perfusion is necessary. Although an intraluminal shunt can be used in most cases, insertion 
into a meandering coronary artery is diffi cult or even dangerous. The coronary artery might 
be injured or coronary perfusion may not be secured. An extraluminal shunt can secure 
adequate blood fl ow, although the tube might disturb the anastomosis. An extraluminal 
shunt can be used only for LAD and RCA. Carbon dioxide blower with saline mist is essen-
tial for obtaining bloodless operative fi eld for off-pump coronary artery bypass grafting. 
These techniques should be selected properly for each case and coronary artery.  

  Keywords  

  Off-pump coronary artery bypass grafting   •   Intraluminal shunt   •   Extraluminal shunt   • 
  Coronary occlusion   •   CO 2  blower  

11.1         Coronary Artery Occlusion 

 Obtaining a stable and bloodless target coronary artery is 
critical for successful distal anastomosis in off-pump coro-
nary artery bypass grafting (OPCAB). This includes main-
taining the systemic circulation during anastomosis and 
avoiding myocardial ischemic injury and intimal injury of 
the target coronary artery. 

 Simple occlusion of the target coronary artery during dis-
tal anastomosis is a common surgical technique. Simple 

occlusion is theoretically harmful to the myocardium; how-
ever, this technique can be easily used even in the visually 
poor operative fi elds such as posterolateral lesions. We most 
frequently use simple coronary occlusion, which allows bet-
ter visualization of the coronary arteriotomy site than coro-
nary shunt technique. The suture needle can be easily passed 
through the coronary artery without any obstacle, with the 
shortest distal anastomosis duration. 

 In our clinical experience, almost all coronary arteries can 
be anastomosed using the simple occlusion technique. 
Before the left anterior descending artery (LAD) is incised, it 
is clamped for a short time (approximately 3–5 min), and the 
electrocardiographic (ECG) characteristics, blood pressure, 
pulmonary artery pressure, and the regional myocardial wall 
motion are estimated. If the short-time LAD clamp test does 
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not induce any hemodynamic changes, the LAD is reclamped 
after a short-time declamping time and anastomosis is initi-
ated. If the clamp test induces the ECG changes or hemody-
namic instability, an extraluminal shunt tube is utilized to 
avoid the regional ischemia during anastomosis. A large 
LAD with a small posterior descending artery (PDA) and a 
LAD with mild stenosis seem to be risk factors in our experi-
ence. A simple clamp to a right coronary artery (RCA) (#2 to 
#3) can cause life-threatening arrhythmia. Van Aarnhem EE 
et al. reported that critical ischemia had been observed only 
in the RCA and in nonocclusive disease in 365 distal anasto-
moses of their 200 cases [ 1 ]. We always anastomose to the 
PDA, not the main trunk of the RCA (#2 to #3) if there is no 
special reason. When we need to include the main RCA, we 
always use an extraluminal coronary shunt catheter to avoid 
ischemia and arrhythmia. We do not use any coronary perfu-
sion technique for other coronary arteries except for the 
LAD and main RCA. 

 Temporary coronary occlusion in OPCAB is an easy 
method to obtain an optimal operative fi eld. However, coro-
nary occlusion can cause the clamp lesion injury.    To obtain 
hemostasis at the anastomotic site, various techniques have 
been introduced including direct coronary clamping with a 
bulldog clamp, snaring with elastic silicone air cushion 
sutures, and using an intraluminal shunt tube. Demaria RG 
et al. reported multifocal stenosis after coronary snaring in 
OPCAB [ 2 ]. We also encountered the same problem in our 
experience. Hangler HB and colleagues reported that local 
occlusion of human coronary arteries may cause focal endo-
thelial denudation, local microthrombosis, atherosclerotic 
plaque, and injury to target vessel side branches [ 3 ]. However, 
Perrault LP et al. showed that snaring the coronary artery for 
achieving hemostasis did not cause endothelial dysfunction 
in a porcine study [ 4 ]. It was also reported that hemostatic 
devices (snaring, direct clamps, and intraluminal shunts) did 
not cause any greater endothelial dysfunction [ 5 ]. After all, 
the main goal of occluding a target coronary artery is to 
achieve hemostasis with as low a force as possible to not 
injure the coronary endothelium. Our group developed a 
coronary occlusion tourniquet with a spring to control the 
occlusive force (Coronary occluder ® , Sumitomo Bakelite, 
Japan) (Fig.  11.1 ) [ 6 ]. The maximum snaring force is 100 g, 
which is the same as that of a bulldog clamp. The target coro-
nary artery is encircled proximally and distally with a 4-0 
polypropylene suture buttressed with a small felt pledget as a 
cushion, and the polypropylene suture is passed through the 
occlusion device. After incising the coronary artery, we 
slowly snare it with the occlusion device and stop snaring 
just at the time when hemostasis is obtained. In most cases, 
hemostasis can be obtained before the maximum snaring 
force is achieved. This device prevents excessive coronary 
endothelial injury.

11.2        Coronary Artery Shunt 

 Temporary coronary occlusion in OPCAB is an easy way to 
obtain an optimal operative fi eld without any disturbing 
device. Intraoperative hemodynamic deterioration and/or 
perioperative myocardial infarction are not encountered in 
almost all cases in clinical practice. However, transient myo-
cardial ischemia can always affect the hemodynamic condi-
tion and cardiac contractile function. Yeatman M and 
colleagues showed that intraoperative hemodynamic deterio-
ration was transient and recovered soon after the heart was 
repositioned to its anatomical position when the coronary 
artery was perfused with a shunt tube, whereas early cardiac 
functional recovery was impaired by the simple snaring tech-
nique [ 7 ]. Other group reported that the use of temporary 
intraluminal shunts resulted in reduced acute ischemia, 
maintained left ventricular (LV) function, and improved 
early graft patency compared with the simple coronary 
occlusion technique in minimally invasive direct coronary 
artery bypass (MIDCAB) [ 8 ]. 

 There are two types of coronary perfusion systems: an 
intraluminal shunt and an extraluminal shunt. The intralumi-
nal shunt is manufactured by several companies, and each 
shunt has its own structural features. It contains a shunt tube 
and a suture that holds the tube. The proximal and distal ends 
of the shunt tube are expanded slightly to fi t the internal 
lumen of the coronary artery. After the target coronary artery 
is opened, an intraluminal shunt tube is inserted proximally 
and distally into the coronary artery. The intraluminal shunt 
can achieve both hemostasis and coronary perfusion. When 
the tube is inserted into the proximal side, the bloodstream 
from the tube should be checked out. The intraluminal shunt 
can be used in almost all coronary arteries. 

 Intraluminal shunts are safe, easy to handle, and quite 
useful (Fig.  11.2 ). However, if its manipulation is poor, the 
device can cause some serious problems. When an appropri-
ate intraluminal shunt is used, the intraluminal shunt causes 
only minor damage of the coronary artery [ 9 ]. However, a 
larger shunt tube can injure the coronary endothelium, caus-
ing postoperative coronary stenosis [ 10 ], and the tube can 
tear and even penetrate the target artery. A smaller intralumi-
nal shunt cannot achieve hemostasis. When the shunt is 
inserted into a meandering coronary artery, the tube can 
injure the coronary artery, and the shunt might not perfuse 
the coronary artery because the proximal and/or distal tip of 
the shunt tube might be closed by the meandering arterial 
wall. If the coronary artery is opened near a stenotic lesion, 
an intraluminal shunt cannot be inserted because it cannot 
pass through the stenotic lesion.

   When we use an intraluminal shunt, we always encircle a 
target coronary artery just proximal and distal to the anasto-
motic site with a silicone elastic air cushion suture. The 
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 coronary artery should be incised approximately 5 mm in 
length as it is easier to insert the tube through the larger inci-
sion. When the target coronary artery is incised, the proximal 
elastic suture is slightly pulled upward to obtain temporary 
hemostasis, and the shunt tube is inserted in an optimal oper-
ative fi eld. Then, the distal part is inserted into the distal 
coronary artery while the shunt tube is clamped with forceps 
to stop the bleeding. If hemostasis cannot be obtained, the 
proximal elastic suture is tightened with hemostat clips one 
by one toward the coronary artery, and the target artery con-
taining the shunt tube is snared gently to stop bleeding. Just 
before the anastomotic suture is tied, the graft is de-aired, 
and the shunt is removed. We always select the appropriately 
sized or a smaller-sized tube as lesser coronary damage 

occurs with a smaller shunt than with a larger shunt, and a 
bigger shunt can tear the graft when it is removed. 

 External shunts are also safe and easy to use. After the 
proximal side of the target coronary artery is occluded, an 
external shunt tube is inserted toward the distal site of the 
coronary artery. The risk of injuring the coronary endothe-
lium is the same as that for an intraluminal shunt, but exter-
nal shunt has several features that are better than those of 
intraluminal shunt. The fi rst advantage is that the infl ow 
bloodstream is stronger than that of an intraluminal shunt. 
External shunt tubes have not been widely commercialized; 
thus, our group developed an original external shunt tube 
(Coronary perfusion catheter ® , Sumitomo Bakelite, Japan) 
(Fig.  11.3 ) [ 11 ]. The blood infl ow of an external shunt is 

  Fig. 11.1    Coronary 
occluder ®  (Sumitomo 
Bakelite Co., Ltd.)       

  Fig. 11.2    A representative of 
intraluminal shunt: 
Anastafl ow ®  (Edwards 
Lifescience       
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usually obtained from a healthy femoral artery. We sometimes 
connect the tube to a saphenous vein graft already anasto-
mosed to the ascending aorta and obtain good blood fl ow 
[ 12 ]. In the intraluminal shunt technique, the blood infl ow 
originates from the diseased coronary artery, which might 
result in decreased blood fl ow. In our clinical experience, 
ischemic problems can be prevented by using an intralumi-
nal shunt under stable circulatory conditions, but ischemia 
can occur even with an intraluminal shunt if the stenotic 
lesion is severe. From this viewpoint, the blood fl ow from the 
external shunt is always strong and suffi ciently reliable to 
perfuse the target coronary artery. To obtain more reliable 
coronary perfusion, a coronary active perfusion system was 
created. The system injects arterial blood into the coronary 
artery during the diastolic phase of the cardiac cycle [ 13 ,  14 ].

   Another advantage is that an external shunt can start per-
fusion even in the middle of the anastomosis. Even if isch-
emia causes the hemodynamic deterioration after anastomosis 
is initiated with the coronary occlusion technique, an exter-
nal shunt tube is easily inserted into the distal coronary artery 
with little bleeding, and the ischemic condition can be 
reversed. Furthermore, an external shunt can be used in a 
long coronary incision. 

 Although external shunt can be easily applied to LAD 
and RCA (#2 to #3), its application to postero-descending 
artery and posterolateral branch is tricky due to limited 
surgical fi eld. On the other hand, coronary perfusion is 
only necessary in case of a large LAD with a small PDA, a 
LAD with mild stenosis, and RCA (#2 to #3); thus, coro-
nary perfusion to the LAD and RCA is likely suffi cient to 
perform OPCAB.  

11.3     Blowers 

 A certain volume of blood comes from a target coronary 
artery and its surrounding tissues even if the target coronary 
artery is appropriately occluded. To obtain an optimal opera-
tive fi eld, carbon dioxide (CO 2 ) blower plays a critical role 
during anastomosis. The solubility of CO 2  in the blood is 
known to be about 30 times higher than that of air; thus, it is 
reasonable to use CO 2  to remove the blood from a bloody 
operative fi eld. CO 2  is less likely to cause coronary air emboli 
and brain microemboli than compression air. CO 2  jets can 
remove the blood, open the incised coronary and graft walls, 
and provide an effective optimal fi eld for easy anastomosis. 
However, surgeons should be aware that excessive use of a 
CO 2  blower might cause some serious problems. High-fl ow 
CO 2  jets may injure the endothelium of the coronary artery 
and occasionally dissect the coronary artery and arterial 
graft. Excessive use of CO 2  blowers during proximal anasto-
mosis might cause brain emboli to develop [ 15 ]. To avoid dry 
conditions, normal saline mist has to be added to CO 2  jet. 
Taken together, CO 2  blowers should be applied only for the 
time needed to properly pass the suture needle through the 
wall of the coronary artery, graft, and aorta. Appropriate use 
of CO 2  blowers is essential.     
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      Graft Planning 

           Tomoaki     Suzuki      and     Tohru     Asai    

    Abstract  

  With the development of the OPCAB technique, the current trend in CABG is toward in situ 
arterial reconstruction because of the benefi t of the aorta no-touch technique and the better 
long-term clinical outcomes (Endo M, Nishida H, Tomizawa Y, Kasanuki H, Circulation 
104:2164–2170, 2001). An arterial graft produces better late graft patency and better long- 
term patient outcomes than vein graft. Now we have three reliable in situ arteries (both 
internal thoracic arteries (ITA) and right gastroepiploic artery (GEA)) and one free graft 
(radial artery). As we all know, the use of the ITA is associated with low rates of mortality 
and reintervention. Furthermore, some recent reports demonstrate that bilateral internal tho-
racic artery grafting to the left anterior descending and circumfl ex coronary arteries offers 
the best long-term survival and lowest rates of reintervention (Rizzoli G, Schiavon L, Bellini 
P, Eur J Cardiathorac Surg 22:781–786, 2002; Taggart DP, D’Amico R, Altman DG, Lancet 
358:870–875, 2001; Lytle BW, Blackstone EH, Loop FD et al., J Thorac Cardiovasc Surg 
117:855–872. 1999). In the decade since Buxton and coworkers (Buxton BF, Komeda M, 
Fuller JA, Gordon I, Circulation 98:II-1–II-6, 1998) and Lytle and coworkers (Lytle BW, 
Blackstone EH, Loop FD et al., J Thorac Cardiovasc Surg 117:855–872. 1999) revealed the 
long-term effi cacy of bilateral ITA grafting, it has been gaining acceptance among sur-
geons, and there is no doubt that it affords the best long-term outcome. CABG with grafting 
of the bilateral ITAs to the left coronary system and additionally the GEA to the distal RCA 
has been reported to provide good long-term outcome (Chavanon O, Durand M, Hacini R 
et al., Ann Thorac Surg 73:499–504, 2002; Tavilla G, Kappetein AP, Braum J, Gopie J, 
Tjien ATJ, Dion RAE, Ann Thorac Surg 77:794–799, 2004; Suzuki T, Asai T, Matsubayashi 
K et al., Ann Thorac Surg 91:1159–1164, 2011). 

 For high-quality OPCAB, the skeletonization technique is now essential that makes the 
arterial graft into optimum condition. Skeletonization has many advantages, such as avoid-
ance of early spasm, easy identifi cation of potential bleeding, quality of the vessel, func-
tionally lengthened and larger graft with maximum fl ow, ease in performing sequential 
anastomosis, and preservation of sternal blood fl ow and venous drainage. 

 In this chapter, I discuss the optimal grafting model using multiple arterial conduits.  
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12.1         Arterial Graft Planning Using ITA, 
GEA, and RA 

12.1.1     Internal Thoracic Artery 

 The ITA is the most reliable conduit. Its patency is better 
than 90 % at 15 years, and its use has been proven to prolong 
patient survival. The ITA is an elastic artery with a thin 
intima and a well-formed internal elastic membrane. The 
media is formed by a combination of elastic lamellae and 
smooth muscle cells. Vasa vasorum are seen in the adventitia 
but there are few in the media. The ITAs produced 
endothelium- derived relaxing factor and prostacyclin which 
contribute to the high patency and excellent function as 
grafts. The incidence of atherosclerosis in ITAs is lower than 
the SVG after used for CABG. The ITA is a very delicate 
vessel that can be injured easily. Skeletonization has gained 
acceptance among surgeons for harvesting the ITA because 
of the advantage of preservation sternal blood fl ow, creating 
increased effective length and the free fl ow of the ITAs in 
anastomoses. Higami [ 9 ] and associates fi rstly described 
ultrasonic ITA skeletonization and revealed its technical fea-
sibility and advantage. They showed that the skeletonized 
ITA averaged 4 cm longer than the pedicled conduit, and the 
free fl ow rate is greater than 100 mL/min, which is at least 
20 % higher than of the pedicled ITA. In my experience, the 
ultrasonic scalpel improves technical ease, shortens the har-
vesting time, and increases the effective length and free fl ow 
of the ITAs. Now standard surgeons should master the ultra-
sonic skeletonization technique for the effective use of ITAs 
in OPCAB surgery.  

12.1.2     How to Use Both ITAs 

 Some recent reports demonstrate that bilateral internal tho-
racic artery grafting to the left anterior descending and cir-
cumfl ex coronary arteries offers the best long-term survival 
and lowest rates of reintervention. The clinical evidence 
level of long-term effect of using bilateral ITAs has elevated 
recently. If the patient requires reconstruction of both the 
LAD and CX area, the left and right ITAs should be used 
routinely in combination together. 

 It is unknown what grafting model of both ITAs is the 
most effective. Cardiovascular surgeons should discuss the 
best grafting model of both ITAs. Two common combina-
tions of the ITA placement include (1) the right ITA (RITA) 
to the LAD across the midline with the LITA to the CX and 
(2) the RITA to the CX through the transverse sinus with the 
LITA to the LAD. Several reports showed that the early clini-
cal results, graft patency rate, and technical diffi culty were 
similar in both combinations. The LAD reconstruction is 
most important in CABG that should be anastomosed 

 individually by one ITA. We prefer the RITA to the LAD and 
the LITA to the CX combination because we often experi-
ence a case that requires the CX-CX sequential grafting 
(Fig.  12.1 ). It is not diffi cult to perform CX-CX sequential 
grafting using skeletonized left ITA. As they say, the RITA is 
too short to graft to the LAD; however, it occurs mainly in 
pedicled RITA. The skeletonized RITA with ultrasonic scal-
pel is long enough to reach to the distal LAD (Fig.  12.2 ). We 
have experienced in only 2 % of cases that the skeletonized 
RITA is too short to achieve the LAD.

    Some study showed good results of composite Y- or 
T-graft of the free RITA connected to the in situ LITA. A 
composite graft can increase the number of anastomoses and 
may cause damage to the donor artery and undesirable distri-
bution of graft fl ow to the larger area. Although the results of 
composite graft are acceptable, almost all reports showed 
better patency rate and long-term outcomes of the in situ 
graft than the composite graft. Thus, the ITAs should be used 
as the in situ graft whenever technically possible.  

12.1.3     Right Gastroepiploic Artery 

 The history of using the right gastroepiploic artery (GEA) in 
coronary revascularization started in the 1960s, when Bailey 
reported the Vineberg implantation of the GEA into the pos-
terior area of the heart. Since direct coronary artery bypass 
procedures became the standard revascularization method, 
the GEA to coronary artery anastomosis has been reported 
by Pym [ 10 ] and Suma [ 11 ] in 1987. 

  Fig. 12.1    Three in situ arterial grafts: left IMA, right IMA, and right 
GEA       
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 The GEA is the main branch of the gastroduodenal artery 
which arises from the right hepatic artery. After the GEA 
gives off branches to the pancreas, duodenum, and the pylo-
rus, it runs along the greater curvature of the stomach. In 
contrast to the IMA, the GEA has fewer elastic lamellae in its 
media and is classifi ed as a muscular artery [ 12 ]. 

 The GEA provides at least 20 cm of useable length which 
can reach all areas of the heart. Skeletonization using ultra-
sonic scalpel makes the GEA longer and wider, so that it can 
be anastomosed at a more proximal position than the  pedicled 

GEA. In 1998, the use of skeletonized GEA has been reported 
for coronary bypass conduit [ 13 ]. However, the skeletoniza-
tion technique is cumbersome and time- consuming with 
ordinary methods using electrocautery, scissors, and hemo-
clips. In 2001, we developed a simple and safe technique for 
harvesting skeletonized GEA using an ultrasonic scalpel 
(Harmonic Scalpel, Ethicon Endo-Surgery, Cincinnati, Ohio) 
[ 14 ]. The size of the skeletonized GEA has surprised us since 
we have been using the technique described above. It has 
ranged from 2.5 to 6.5 mm in internal diameter at the site of 
the distal anastomosis (Fig.  12.3 ). This is quite different 
from the size of conventionally prepared GEA with sur-
rounding tissues, which was reported to be 1.25–2.5 mm in 
earlier work. The difference implies that skeletonization may 
play an important role in dilating GEA maximally. I believe 
it is most important that we prepare each GEA conduit at its 
maximal dilatation prior to anastomosis. What we have 
found since we started the skeletonization technique is that 
the fi rst appearance of GEA does not predict the potential 
size of the artery. The vascular tonus of GEA can vary sig-
nifi cantly during an operation. Care should be taken not to 
underestimate the size of GEA at the beginning of operation. 
In no case the GEA was too narrow for use after the proper 
skeletonization technique. The suitable targets of the in situ 
GEA are the distal right coronary artery or the distal circum-
fl ex artery. It is very feasible to perform sequential grafting 
using skeletonized GEA for its suffi cient length and 
diameter.

   The early functional patency rate of the skeletonized GEA 
is reported to be better than that of the nonskeletonized 
GEA. Kim and coworkers [ 15 ] evaluated the early and 1-year 
postoperative results of grafting the skeletonized GEA to the 

  Fig. 12.2    Two mammary arteries: the skeletonized RIMA is long 
enough to reach the distal LAD       

  Fig. 12.3    Skeletonized GEA has 
suffi cient length and adequate 
large diameter that make easy 
sequential grafting       
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RCA and found an excellent early patency rate of 98.3 % and 
1-year patency rate of 92.0 %. 

 There are little in the literature of mid- and long-term 
patency rate of the GEA. Suma and coworkers [ 12 ] reported 
their 20 years’ experience of using GEA graft that the cumu-
lative patency rate of the GEA was 97.1 % at 1 month, 
92.3 % at 1 year, 85.5 % at 5 years, and 66.5 % at 10 years, 
respectively. Of them, in 172 skeletonized GEA graft with 
233 distal anastomoses, the patency rate at 1 and 4 years 
after surgery was 92.9 % and 86.4 %, respectively. Ali and 
colleague [ 16 ] focused and evaluated the skeletonized GEA 
patency rate collecting the data from 11 clinical papers. 
Overall patency rates were 97.7 % within three months, 
92.4 % at a mean of ~1 year, 91.5 % at a mean of 2 year, and 
86.4 % at 4 years. In 2013, we presented our single-center 
report that the cumulative patency rate of the skeletonized 
GEA was 97.8 % at 30 days, 96.7 % at one year, 96.0 % at 
3 years, 94.7 % at 5 years, and 90.2 % at 8 years after surgery 
that is superior to that for pedicled GEA or saphenous vein 
graft [ 17 ] (Fig.  12.4 ). It can be said that skeletonized GEA is 
a reliable conduit and assumes a large role in all arterial 
OPCAB strategy. However, the GEA has not necessarily 
gained acceptance among cardiovascular surgeons world-
wide. Reasons for its less frequent use include concerns 
about insuffi cient fl ow capacity and vasospasm, the need to 
open the abdomen, and competitive fl ow causing graft fail-
ure. We need to open the abdomen when using the GEA; 
however, the skin incision extends only 3–4 cm. It is well 
known that fl ow competition may occur when the GEA is 
anastomosed to coronary artery with low-grade stenosis. As 
a general rule, we use the GEA only when the coronary 
artery stenosis is severe. We think that late graft occlusion 

may occur in association with fl ow competition. In our study, 
we discovered through multivariate analysis that low-grade 
target vessel stenosis was a strong risk factor for late GEA 
occlusion. We therefore recommend again that the GEA 
should in principle be used for more severe stenosis (>75 %).

   Surgeons have not necessarily achieved great understand-
ing of the potential ability of the GEA that has been under-
valued. We think that the GEA will play a critical role in an 
area of OPCAB procedure with in situ all arterial grafting 
and surgeons should discuss and grasp the detail of the 
potential power of the GEA.  

12.1.4     Radial Artery 

 The radial artery is frequently used as second graft of choice 
after the ITAs in CABG. Carpentier [ 18 ] et al. fi rstly reported 
the use of radial artery in CABG; however, it was soon aban-
doned because of disappointing early angiographic out-
comes. After improvement of harvesting technique, 
management of pharmacologic dilatation, and the use of 
postoperative calcium channel blocker, the radial artery was 
reviewed according to encouraging reports in the 1990s. 

 The radial artery is a very convenient conduit that has sev-
eral advantages including the ease of harvesting, suffi cient 
length for grafting to almost any coronary artery territory, 
and suitable caliber for matching coronary artery. The radial 
artery is the muscular artery and has more spastic character 
than other arterial conduits. To prevent the spasm of the 
radial artery, intravenous nitrates or calcium channel block-
ers should be used intraoperatively as well as postoperatively 
until the patient can take oral medications. The endothelium 
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of the radial artery plays an important role for preventing 
vasospasm. To preserve the endothelial function, the surgeon 
should take caution not to infl ict excessive manipulation on 
the radial artery and not to mechanically dilate it during 
harvesting. 

 The radial artery is often used as composite graft con-
nected to the ITA in end-to-side fashion. Effort to achieve 
aorta no-touch strategy in OPCAB procedure has led to the 
increased use of the RA as a composite bypass graft. 
Although the patency rate of radial artery composite graft is 
acceptable, almost all studies showed the superiority of 
direct aortocoronary bypass to composite graft. Therefore, 
when the RA composite grafting is performed, careful 
 consideration of undesirable distribution of the blood fl ow 
due to unbalanced vascular area is needed. 

 The early (~12 months) patency rate of the radial artery is 
very favorable that is expected more than 90 %. Recently, the 
long-term (5years~) patency rate has been reported to be 
between 70 and 98 %. The patency differences of the radial 
artery are more signifi cantly infl uenced by target coronary 
territory and target vessel stenosis than other conduits. It is 
said that if the proximal stenosis is 90 % or more, radial 
artery patency between ITA-RA composite graft and direct 
aortocoronary bypass was similar. Therefore, when the prox-
imal native stenosis is milder, the radial artery should be 
used as direct aortocoronary anastomosis. 

 In the current circumstance of aorta no-touch OPCAB, 
the radial artery is a supplemental conduit used in cases 
which the bilateral ITAs are not available or complete recon-
struction of left side coronary area cannot be achieved with 
bilateral ITAs alone.  

12.1.5     Saphenous Vein Graft 

 The saphenous vein is the most popular and easily handled 
for graft to the RCA or the CX, and the relevant long-term 
clinical outcome, fl ow capacity, patency, and long-term com-
plications are well known. As the advantage of the arterial 
conduit has become evident, the use of the SVGs has 
decreased. Now, in an aorta no-touch arterial OPCAB era, 
the SVGs are used in limited cases, including nonavailable 
GEA, RCA target with milder proximal stenosis, hemodialy-
sis or renal failure patient in that the RA should not be used, 
and emergency with hemodynamic instability. The reasons 
for less use of the SVGs are as follows: wound complication 
such as edema, cellulitis, and delayed healing causing 
patients’ discomfort; need for aorta manipulation during 
proximal anastomosis; and so-called graft disease that wors-
ens long-term outcome. The SVG may developed intimal 
hyperplasia in early phase within 1 year,  furthermore,  ath-
erosclerotic change in long term (>5years) that related to 
graft occlusion more frequently than arterial conduits. The 

patency rate of the SVG may increasingly deteriorate with 
time, as we know, that is 50–60 % at 10 years after 
CABG. Endoscopic vein harvesting technique has been 
developed for the purpose to reduce the clinical complica-
tions including wound infection, leg edema, pain, and pro-
longed hospital stay. Although the endoscopic vein harvesting 
technique has been widely spread among surgeon, the clini-
cal result is disappointing. Lopes et al. reported the clinical 
outcome comparing endoscopic harvesting to open harvest-
ing and concluded that endoscopic vein-graft harvesting is 
independently associated with vein- graft failure and adverse 
clinical outcomes. Thus, the endoscopic vein harvesting 
technique should be used only in selected patient. The dam-
age of the endothelium of the SVGs often leads to platelet 
aggregation that causes intimal hyperplasia resulting to graft 
occlusion. Recently, no-touch technique of the SVG harvest-
ing is recommended that provides a pedicled graft. It pre-
serves normal intact adventitia, vasa vasorum, medial blood 
fl ow, and endothelial function. The perivascular fat protects 
the vein against arterial hemodynamics and kinking result in 
preventing future atherosclerosis. Early SVG failure is asso-
ciated with distention-induced endothelial denudation. 
Superior long-term patency rate of pedicled SVG is demon-
strated in recent review. In either approach of endoscopic or 
open harvesting, a careful handling of the SVG during har-
vesting is important not to damage the endothelium.   

12.2     Aorta No-Touch Technique with All 
Arterial Grafting 

12.2.1     An Advantage of Aorta No-Touch 
Technique 

 The incidence of stroke in patients undergoing routine 
CABG is reported to be 1–3 %, most commonly as a result 
of ascending aortic embolic phenomena. Various studies 
have proven embolic showers using transcranial Doppler 
during cannulation, clamping, or declamping maneuvers and 
especially in association with the release of the aortic cross- 
clamp. The best strategy to reduce stroke risk appears to be 
to completely avoid handling the aorta, the so-called aorta 
no-touch technique. An effort to reduce stroke during CABG 
has led to widespread use of aorta no-touch strategy with off- 
pump technique. The main indication for no-touch aorta 
OPCAB operation is patients who have a severely athero-
sclerotic or porcelain ascending aorta. 

 Kapetanakis and associates [ 19 ] reported that stroke rate 
with on-pump CABG was 1.5 times (2.2 % versus 1.6 %) 
that with off-pump CABG with partial aortic clamping and 
three times (2.2 % versus 0.8 %) that in the no-touch aorta 
OPCAB group. Kim and associates [ 20 ] reported a lower 
incidence of perioperative stroke with the no-touch aorta 
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OPCAB technique, but similar stroke rates between OPCAB 
with aortic manipulation and conventional on-pump 
CABG. Misfeld and coworkers [ 21 ] presented that 81 of 
5,779 (1.4 %) patients in the OPCAB group with aortic 
manipulation had strokes, compared with 29 of 5,619 (0.5 %) 
patients in the aortic no-touch group. Lev-Ran and cowork-
ers [ 22 ] reported one neurologic event among 429 consecu-
tive patients (0.2 %) in the no-touch OPCAB group, which 
compared favorably with a stroke rate of 2.2 % observed in 
the side-clamp OPCAB group. On the other hand, complete 
avoidance of aortic manipulation preserves the aortic fat pad 
containing neurogenic tissue and thereby may avoid an auto-
nomic imbalance and further decrease the incidence of atrial 
fi brillation. Kim and coworkers [ 23 ] demonstrated that 
OPCAB with complete avoidance of aortic manipulation sig-
nifi cantly reduced the incidence of postoperative atrial fi bril-
lation compared with conventional CABG (11.4 % versus 
21.1 %). 

 Even though the no-touch technique may be the best clini-
cal practice, it may not always be applicable for every patient 
and is not routinely applied in many centers. Despite all 
above evidence in favor of no-touch technique, the real world 
does still include saphenous vein grafting with proximal 
anastomosis in patients with multivessel disease. 

 It is known that the cause of neurologic complication in 
3 % of patients undergoing CABG who have strokes is mul-
tifactorial and thus may not be avoided by reducing the 
manipulation of the aorta alone. It needs to be addressed 
whether there is a relationship between the degree and type 
of aortic manipulation during OPCAB procedures and sub-
sequent stroke. 

 At any rate, there is almost no doubt that aorta no-touch 
technique has several advantages to prevent an embolic com-
plication associated to diseased ascending aorta. Surgeon 
should keep making an effort to refi ne their skill and master 
the aorta no-touch technique to reduce an extra preventable 
embolic event.  

12.2.2     Graft Arrangement for Complete 
Revascularization with Aortic No-Touch 
Technique 

12.2.2.1.     Composite Grafting 
 Left-sided bilateral ITA grafting can be regarded as the best 
surgical revascularization technique with respect to survival 
and freedom from adverse cardiovascular events such as late 
myocardial infarction, recurrent angina, and reintervention. 
The use of bilateral ITAs enables the performance of OPCAB 
operations without manipulation of the ascending aorta, as 
an in situ or Y-confi guration. Several arrangements of bilat-
eral ITA grafting have been proposed to achieve left anterior 
descending and circumfl ex arterial grafting. With the advent 
and increased popularity of the off-pump technique, many 

surgeons currently use the technique of arterial composite 
T- or Y-grafting with free right ITA or radial artery attached 
end to side to the left ITA. A commonly used arrangement is 
the composite T-graft, whereby free ITA grafts are attached 
proximally end to side to in situ ITA. Several studies [ 24 – 26 ] 
reported that the clinical and angiographic results of com-
posite grafting were equivalent to those of individual graft-
ing. Some other studies reported that composite grafting may 
be susceptible to the detrimental effect of fl ow competition 
with native coronary artery when used for a mildly stenosed 
target vessel. When all target vessels in triple-vessel disease 
were bypassed with a composite ITA graft, a major concern 
was that the single attached LITA would not be able to sup-
ply enough blood to the revascularized myocardium. Studies 
using transit-time Doppler techniques indicate that construc-
tion of composite arterial grafts results in a signifi cant 
increase in fl ow through the left ITA. The amount of fl ow 
supplying each region depends on the severity of coronary 
stenosis and coronary vascular area. Composite arterial 
grafting causes splitting of internal thoracic artery fl ow to 
various myocardial regions. Conduit fl ow is largely affected 
by the native coronary fl ow. Nakajima and coworkers [ 27 ] 
presented angiographic study of 362 patients with composite 
T-graft in that competitive fl ow was found in 14.6 % of the 
composite grafts and occlusion occurred in 3.6 % of the 
patients. Sabik and colleagues [ 28 ] also reported that multi-
variate analysis identifi ed the degree of preoperative proxi-
mal coronary stenosis to be an important predictor of ITA 
graft occlusion. Manabe et al. [ 29 ] showed that the angio-
graphic outcomes of composite grafts were closely related to 
the severity of stenosis of the target coronary artery. In target 
vessels with mild stenosis, composite grafting resulted in a 
higher incidence of graft occlusion or string sign than indi-
vidual grafting did. They found that composite grafting has 
been shown to be an independent predictor of graft occlusion 
or string sign in case of target vessels with mild stenosis; 
therefore, they do not recommend composite grafting in tar-
get vessels with mild stenosis. The precise mechanism of 
graft failure in composite grafts has not been completely 
clarifi ed. Failure of ITA graft to LAD as a result of competi-
tive fl ow deprives the patients of the main benefi t they 
expected to gain from the operation that could have been 
achieved by using a simple in situ ITA. Lev-Ran and cowork-
ers [ 24 ] reported that early results of bilateral ITA grafting 
with T-graft are comparable with those of in situ grafts; how-
ever, increased angina return and decreased midterm survival 
led them to recommend in situ grafting whenever technically 
possible. However, composite grafting plays a crucial role in 
these procedures, because it eliminates the need for proximal 
anastomosis to the ascending aorta and conserves extra 
lengths of an arterial graft for additional grafting. We there-
fore think that composite T- or Y-grafting with two ITAs 
should be employed for selected patients with severe steno-
sis in their LAD and marginal branches of the circumfl ex.  
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12.2.2.2.     In Situ Grafting 
 Arterial grafts are known to narrow diffusely or occlude when 
they are used in low-fl ow condition. However, even in vessels 
with a stenosis degree as low as 50 %, the patency rate of in 
situ ITA to LAD was over 90 %. This excellent patency of in 
situ ITA to LAD was long-lasting and remained high up to 
15 years or more after surgery. Although the results of com-
posite graft are acceptable, almost all reports showed better 
patency rate and long-term outcomes of the in situ graft than 
the composite graft. We prefer an in situ ITA grafting to com-
posite grafting. Reduced patency rates for free RITA grafts 
have been demonstrated when these grafts are connected prox-
imally to the aorta. The concerns of in situ right ITA grafting 
to LAD are insuffi cient length and proximity of the crossover 
right ITA to the sternum which could compromise a subse-
quent repeat sternotomy. Refi nement in ITA-skeletonized har-
vesting technique increased graft length and improved distal 
free fl ow and may reduce postoperative sternal wound compli-
cation. If the length of the crossover right ITA is not suffi cient 
to comfortably reach the desired anastomotic site on the LAD, 
we consider the T-graft arrangement. However, in our 225 
OPCAB cases of recent 2 years, T-graft technique was imple-
mented in only two cases (0.9 %). Thus, a skilled technique of 
skeletonization ITA harvesting can resolve the issue of the 
insuffi cient length of the RITA graft in almost all cases. The 
surgeon should master the skeletonization technique of the 
ITA harvesting with ultrasound scalpel. Grafting an in situ 
right ITA to the left coronary system can either be performed 
through the transverse sinus in a retroaortic course [ 30 ] or 
crossing over a route anterior to the aorta. Both techniques 
have particular disadvantages. Although a retroaortic course of 
an in situ RITA to the CX coronary artery (through the trans-

verse sinus) has been advocated by some surgeons [ 30 ], this 
technique has several disadvantages such as technical diffi -
culty, compression of the right ITA by the aorta, or the inabil-
ity to control side-branch bleeding and to detect graft kinks 
because of out of direct vision. These disadvantages of the 
retroaortic course have limited its widespread use. 

 We prefer in situ RITA grafting anterior to the aorta 
because of technical ease and equivalent patency rate to in 
situ LITA grafting to the LAD (Fig.  12.5 ). A major concern 
over the anterior retrosternal RITA crossover route is the 
potential risk of damage to the artery during repeat sternot-
omy. We have made all kinds of efforts to prevent injury of 
the crossover RITA. The RITA is let into a tunnel of the right 
pericardium and directed leftward crossing the midline of the 
ascending aorta toward the LAD. Mediastinal fat was used to 
cover the RITA. Thus, a space is maintained between the 
crossover RITA and the posterior table of the sternum for 
future resternotomy. This maneuver allows free space on the 
aorta and provides a safety distance between the crossover 
ITA and sternum. In our previous experience with 7 patients 
undergoing resternotomy with a patent retrosternal RITA, no 
RITA was damaged. In all seven cases, the crossover RITA 
was easily dissected without injury, and the aortic cannula-
tion site and clamping zone were safely maintained.

   The use of sequential grafting is essential to achieve com-
plete revascularization with only in situ arterial grafts. The 
two ITAs in combination with the right gastroepiploic artery 
provide three sources of blood supply. When OPCAB is 
planned with the aorta no-touch technique and using BITA 
grafts, the right coronary artery can be bypassed with an in 
situ right GEA or an extension of the composite ITA graft. 
The LAD should be reconstructed individually with one ITA 

  Fig. 12.5    Our favorable graft 
arrangements: in situ RITA 
anterior to the aorta to LAD and 
in situ LITA grafting to CX area       
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(mainly with the right ITA). We often use the in situ left ITA 
as sequential graft for CX reconstruction. The left ITA may 
be allowed to use up to double sequential anastomoses, but 
diffi cult for three anastomoses. The skeletonized right GEA is 
very suitable for sequential grafting with suffi cient length and 
diameter, even up to three or four sequential anastomoses. 

 In our consecutive 225 elective OPCAB cases of recent 
2 years, over 90 % (203 cases) of them were performed using 
in situ all arterial grafting technique with aorta no-touch pol-
icy. We routinely use both ITA and right GEA as in situ graft 
and never use the radial artery. Thus, in almost all cases, 
complete revascularization can be achieved with in situ three 
arterial conduits (both ITAs and right GEA). We use the SVG 
in a particular case such as previous gastrectomy, RCA target 
with mild stenosis, or severe calcifi ed right GEA.       
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      Controversy: Composite Grafts Versus 
Individual Grafts 

           Toshihiro     Fukui    

    Abstract  

  Multiple arterial myocardial revascularizations are increasingly being performed off pump 
using various arterial grafting techniques. The superior patency rate of the internal thoracic 
artery as an in situ graft makes it the most reliable, and in situ right gastroepiploic artery 
grafting for a severely stenotic right coronary artery is another established technique. 
However, it is sometimes necessary to combine these grafts with a free arterial graft in order 
to achieve complete revascularization. The combination of an in situ left internal thoracic 
artery with free right internal thoracic and radial arteries is an excellent choice in this situ-
ation. These composite grafts have the advantage of preventing postoperative stroke because 
manipulation of the ascending aorta can be avoided, but they may risk hypoperfusion or 
jeopardize graft patency. In contrast, an individual free graft with proximal anastomosis to 
the aorta is still widely used. Its safety is improving with the aid of epiaortic ultrasonogra-
phy and a clampless anastomotic device. The present chapter addresses the advantages and 
disadvantages of individual and composite arterial grafts.  

  Keywords  

  Composite graft   •   Individual graft   •   Arterial graft   •   Off pump  

13.1         Introduction 

 Coronary artery bypass grafting (CABG) is a well- established 
method for treating multivessel coronary artery disease. The 
most important goals of CABG are complete revasculariza-
tion and long-term graft patency without re-intervention. 
Saphenous vein (SV) grafts (SVGs) have shown poor patency 
rates and have failed to improve long-term morbidity [ 1 ]. In 
contrast, the left internal thoracic artery (LITA) has demon-
strated superior graft patency and provided excellent clinical 
results [ 2 ]. The use of arterial conduits in CABG has been 
hypothesized to improve long-term results [ 3 ], and the right 
internal thoracic artery (RITA) [ 4 ], radial artery (RA) [ 5 ], 
and right gastroepiploic artery (GEA) [ 6 ] have been used as 

conduits. Various combinations of these arterial grafts have 
been employed, and many retrospective studies have sup-
ported their safety and effectiveness in both individual in situ 
grafts and composite free grafts. 

 Composite sequential arterial grafts can increase the 
number of distal coronary anastomoses with a limited num-
ber of grafts and thus avoid proximal aortic anastomoses. 
Several composite grafting techniques have been proposed, 
such as Y, T, U, and I composites [ 7 – 12 ]. The LITA is a pop-
ular fi rst graft, with the second being either a free RITA or 
RA [ 13 – 15 ] with no superiority of one over the other as a 
second graft having been demonstrated. The free GEA graft 
has rarely been used in a composite graft in this situation 
because of its inferior patency rate compared with other free 
arterial grafts [ 16 ]. A possible weakness of composite and 
sequential grafting is that fl ow is dependent on a single in 
situ arterial graft. 

 Individual in situ arterial grafting has the most reliable 
patency and durability. There are two strategies for using 
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bilateral ITAs (BITAs) as in situ grafts to the left coronary 
system: in situ LITA to left anterior descending artery (LAD) 
and in situ RITA to left circumfl ex artery (LCX) or in situ 
RITA to LAD and in situ LITA to LCX; there is no universal 
consensus as to which strategy is better. The use of BITAs in 
situ limits the number of anastomoses per graft. 

 When free RITA, RA, and SV are used as individual grafts, 
the proximal anastomosis is usually performed to the aorta, a 
maneuver that is considered to increase postoperative stroke 
rate. However, since the introduction of several instruments 
designed to minimize invasiveness during proximal anasto-
mosis, the stroke rate is reported to be decreasing.  

13.2     Arterial Grafting with Off-Pump 
Coronary Surgery 

 Off-pump CABG has gained popularity because of the many 
clinical and economic benefi ts compared with conventional 
CABG [ 17 ]. However, some concerns remain regarding the 
quality and completeness of revascularization during off- 
pump CABG.    To overcome these drawbacks, combination 
composite-sequential arterial bypass grafting performed off 
pump has been developed, which can achieve multivessel 
revascularization less invasively, with a limited number of 
arterial grafts, and without aortic manipulation. In this situa-
tion, the SV cannot be used in combination with an ITA as a 
composite graft because the patency of this combination is 
suboptimal [ 18 ], but multiple arterial conduits have been 
used for composite and sequential grafting. An observational 
study and a prospective randomized study have suggested a 
survival benefi t associated with the use of all-arterial grafts 
[ 19 ,  20 ]. In a meta-analysis by Taggart et al. [ 19 ], the BITA 
group had signifi cantly better survival than the single-ITA 
group (hazard ratio for death 0.81; 95 % confi dence interval 
0.70–0.94). 

 The quality, harvesting technique, and preservation of the 
grafts as well as the grafting strategy and characteristics of 
the target coronary artery are important factors in the long- 
term patency of arterial grafts.  

13.3     In Situ BITA 

 The LITA is the most commonly used in situ arterial graft for 
revascularization. This graft may be more physiological as 
an in situ than as a free graft from the standpoint of blood 
and nerve supplies. Furthermore, because there is no proxi-
mal anastomosis, there is no possibility of anastomotic com-
plications. Skeletonization allows an ITA to be completely 
freed of attachments, which results in extra available length 
and may obviate the risk of mediastinitis because collateral 
blood supply to the sternum can be preserved. 

 A skeletonized in situ LITA can reach any branch in the 
left coronary system and can be used to create sequential 
anastomoses to several branches, for example, in situ LITA 
to diagonal branch and LAD or in situ LITA to obtuse mar-
ginal branch and posterolateral branch of the LCX. 

 The in situ RITA, on the other hand, is of limited length 
even with skeletonization, making its use for the proximal 
right coronary artery possible but not popular, because its 
patency rate is lower there than that of the LITA in the left 
coronary system. Tatoulis and colleagues [ 21 ] reported 
that the 5-year patency rate of RITA to LAD was 95 % 
compared with 83 % for RITA to right coronary artery and 
that angiographic patency rates for in situ RITA to right 
coronary artery were not better than those of other grafts. 
In situ RITA is thus usually used for the left coronary 
artery system, particularly in the mid LAD, the diagonal 
branch, the proximal part of the obtuse marginal branch, 
and the posterolateral branch. 

 Patency rates of in situ ITA grafts have been shown to be 
excellent and superior to those of free grafts. The long-term 
patency of in situ RITA to LAD is identical to that of in situ 
LITA to LAD. That the ITA rarely develops atherosclerosis 
is thought to be a function of the structure of that vessel and 
applies even to its use as free graft. A major reason for ITA 
graft occlusion is competition from a native coronary artery 
that is without severe stenosis. This tendency of the ITA to 
become occluded because of competition is similar to that of 
other arterial grafts. 

13.3.1     In Situ LITA to LAD and In Situ RITA 
to LCX (Fig.  13.1 ) 

    We usually use in situ LITA to LAD because of its straight 
course parallel to the LAD. An in situ LITA has adequate 
length to reach any part of the LAD. However, because the 
distal part of the ITA is thin and its media predominantly 
muscular, use of the distal part of the LITA should be 
avoided. When the LAD has a long, diffusely diseased lesion, 
the in situ LITA can be used to perform long-segmental 
reconstruction of the LAD with onlay patch grafting [ 22 ]. 
The in situ RITA does not, however, have suffi cient length to 
reach the distal LAD for long-segmental reconstruction. 
Another option for in situ LITA to LAD is that it is possible 
to perform sequential grafting to the diagonal branch. When 
the diagonal branch lies adjacent to the LAD, the LITA goes 
almost straight to the LAD. When the angle between the 
diagonal branch and the LAD is wide, sequential grafting is 
not recommended because the LITA may be bent and thus 
has a risk of kinking. 

 When the in situ RITA is anastomosed to the LCX terri-
tory, it is passed through the transverse sinus. When side 
branches of the RITA are divided, a metal clip should not be 
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used because the clip may come off when the graft is passed 
through the transverse sinus and lead to bleeding behind the 
aorta. It is preferable to harvest the ITA by skeletonizing it 
with an ultrasonic scalpel. The RITA is completely mobi-
lized from the level of the subclavian vein, and the right 
internal thoracic vein is divided before its connection to the 
brachiocephalic vein. The pericardium of the right upper 
portion is incised anterior to the right phrenic nerve. The dis-
tal anastomosis of in situ RITA to the proximal part of the 
LCX with off-pump technique can be technically demand-
ing. We always apply a commercially available heart posi-
tioner and stabilizer to the heart and often widely open the 
right pleura to avoid right heart compression and obstruction 
of venous return. Anastomosis is performed with an 8–0 
polypropylene running suture using parachute technique. 
This confi guration is much safer than in situ RITA to LAD at 
reoperation. 

 The in situ RITA is occasionally used for a high lateral or 
diagonal branch running in front of the aorta. With this strat-
egy, the in situ RITA should be protected with the thymus at 
the end of the procedure in order to prevent damage at 
reoperation.  

13.3.2     In Situ RITA to LAD and In Situ LITA 
to LCX (Fig.  13.2 ) 

    When the in situ RITA is anastomosed to the LAD, it is 
directed anterior to the aorta. With this strategy, the length of 
the in situ RITA should be checked to ensure that it has suf-
fi cient length, which it does in nearly all patients, to reach the 
LAD. In some cases, however, increased volume of the right 
heart can increase the distance between the LAD and the root 
of the RITA. Patients with right heart failure can be improved 
after complete revascularization. Pevni et al. suggested that 
in situ RITA to LAD not be performed in patients with a 
short RITA, a very long ascending aorta, an enlarged right 
ventricle, or an LAD anastomotic site that is too distal or 
unpredictable or in patients with high probability of repeat 
surgery, such as valve operations [ 23 ]. 

 This strategy is especially useful in patients with unstable 
left main or bifurcation disease using off-pump technique 
[ 24 ]. The LAD is fi rst revascularized using the in situ RITA 
with minimal rotation of the heart. After completing LAD 
revascularization, the LCX can be revascularized using the in 
situ LITA for hemodynamic stability. The patency rate of the 

  Fig. 13.1    Left internal thoracic artery is grafted to the left anterior 
descending artery. The right internal thoracic artery is grafted to the 
circumfl ex artery       

  Fig. 13.2    Right internal thoracic artery is grafted to the left anterior 
descending artery. The left internal thoracic artery is grafted to the cir-
cumfl ex artery       
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in situ RITA is comparable to that of the in situ LITA when 
anastomosed to the LAD [ 25 ]. Furthermore, in our analysis, 
the patency rate of in situ RITA to LAD was superior to that 
of in situ RITA to LCX [ 26 ]. 

 In situ RITA grafts are sometimes at risk of injury at reop-
eration. The RITA should be wrapped in thymic tissue and 
covered with mediastinal fat at the end of the surgery to pre-
vent injury upon reopening [ 27 ]. If adhesions between the in 
situ RITA and sternum are severe at reoperation, establish-
ment of cardiopulmonary bypass with femoral or axillary 
cannulation is recommended to decompress the heart. 

 When in situ LITA is used for the LCX, multiple sequen-
tial anastomoses can be performed. If the LITA is extremely 
long, it is possible to anastomose it to the posterolateral 
branch of the RCA. When sequential anastomoses are car-
ried out with the in situ LITA, the fi rst anastomosis should be 
done between the most proximal branch of the LCX and the 
LITA in side-to-side fashion because the length and course 
of the LITA are easily chosen. We prefer creating a perpen-
dicular anastomosis in a diamond shape to a parallel anasto-
mosis. The second or third anastomosis is made sequentially 
to the distal branches. The terminal anastomosis is done 
either perpendicularly or parallel at the discretion of the 
surgeon.   

13.4     Composite Grafting with BITAs 

 When the in situ RITA cannot reach the LAD or LCX, the 
RITA is frequently used as a free graft. When the LCX has 
multiple lesions, sequential grafting is performed using a 
free RITA graft. With this strategy, proximal anastomosis of 
the free RITA is performed to the in situ LITA, to another 
graft (RA or SVG), or directly to the aorta. In contrast, the 
LITA is used as a free graft in a limited number of situations, 
for example, where there is injury during harvesting, subcla-
vian artery stenosis, or radiation injury. 

 Free RITA-to-aorta anastomosis is rarely performed 
because the patency rate of the free RITA proximally anasto-
mosed to the aorta may be inferior to that of the LITA anas-
tomosed to the aorta. The poor graft patency of the free RITA 
anastomosed to the aorta is considered to be due to mismatch 
between the aorta and the conduit wall and a difference in the 
fl ow pattern [ 8 ]. 

 Because BITA for the left coronary system has shown 
superior long-term survival compared with single ITA, a free 
ITA should be used for left coronary artery. Making a Y- or 
T-shaped anastomosis between the free ITA and the in situ 
ITA is performed either before or after construction of the 
distal anastomoses. We prefer creating a Y-shaped anasto-
mosis after performing all distal anastomoses because at that 
point decisions regarding the length and course of the free 

ITA graft are more easily made. A benefi t of this confi gura-
tion is that fewer grafts are required. 

 Multiple sequential distal anastomoses between the 
free ITA and branches of the LCX with off-pump tech-
nique are considered to be a more complex procedure 
because the free ITA is smaller and shorter than other 
grafts. However, the ITA is rarely atherosclerotic and is 
easy to handle when taken with skeletonization. Tatoulis 
et al .  demonstrated that the 10-year patency rates of in situ 
( n  = 450, 89 %) and free ( n  = 541, 91 %) RITA grafts were 
similar ( p  = 0.44) [ 28 ]. Furthermore, in our previous anal-
ysis, follow-up angiographic results of sequential grafts 
were as good as those of individual grafts [ 29 ]. Competitive 
or reverse fl ow due to a lack of stenosis in a native coro-
nary artery could be the potential cause of occlusion in 
composite grafts [ 30 ]. 

13.4.1     In Situ  LITA to LAD and Free RITA 
to LCX  (Fig.  13.3 ) 

    We typically use the RITA as free graft because multiple 
sequential grafts to lateral or posterior vessels can be per-
formed with this graft. A metal cannula is inserted into the 
proximal end of the free RITA and the vessel ligated, and 
milrinone solution is injected to dilate the graft. One side of 
the graft is marked with crystal violet to prevent twisting. 
When sequential distal anastomoses are carried out with the 
free RITA, the fi rst anastomosis is performed side to side to 
the most proximal branch in diamond-shaped fashion. The 
second or third anastomosis is created sequentially to the dis-
tal branches. The terminal anastomosis is done either 
 perpendicular or parallel. The free RITA can reach the poste-
rior descending artery when its proximal anastomosis is car-
ried out on the left ITA [ 31 ]. 

 The most popular site of proximal anastomosis of the free 
RITA is the in situ LITA using a T or Y confi guration, 
depending on the length of the free RITA graft. Tector et al .  
demonstrated excellent results using BITA T grafts [ 9 ], 
reporting that sewing the BITAs at right angles (T shaped) 
preserves valuable proximal length and prevents kinking. 
The T anastomosis can be located proximally or distally to 
accommodate the position of the fi rst distal coronary anasto-
mosis. We prefer a Y-shaped anastomosis because of the 
smaller angle between the in situ LITA and the free RITA, 
which may lead to smoother blood fl ow. The best anasto-
motic site is at the level of the pulmonary artery. Calafi ore 
et al. showed that Y grafting using BITAs had the same angi-
ographic and clinical results as in situ BITAs [ 32 ]. 
Anastomosis between two ITAs is not as diffi cult because the 
wall characteristics are the same. We use an 8–0 polypropyl-
ene running suture for this anastomosis.  
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13.4.2     In Situ  RITA to LAD and Free LITA to LCX  

 Based on the same anatomical characterization of the BITAs, 
composite grafting with in situ RITA and free LITA may be 
possible [ 23 ]. However, this confi guration is extremely rare 
and is limited to occasions when the LITA is not available for 
in situ grafting because of injury during harvesting, subcla-
vian artery stenosis, or radiation injury due to a mediastinal 
tumor or breast cancer. Making a T or Y anastomosis between 
the in situ RITA and the free LITA is performed at the ante-
rior surface of the heart and near to the distal anastomosis of 
the in situ RITA. Care should be taken not to kink or bend the 
in situ RITA if the free LITA is short.   

13.5     ITA and RA Composite Grafting 

 The RA is the second or third most frequently used arterial 
graft. It is a muscular artery and usually has a thick media 
comprising mostly smooth muscle cells. Thus, it sometimes 

has an atherosclerotic intima and macroscopic calcifi cation. 
Because it always needs antispasmodic preparation, we 
inject milrinone solution directly into the RA and administer 
diltiazem systemically. Recently, the distal side of the RA 
has sometimes been used for catheterization in patients 
undergoing coronary angiography or coronary intervention, 
so care must be taken not to use distal part aspect for revas-
cularization in these patients. 

 The RA is easily handled, and when it is skeletonized for 
harvest, sequential anastomoses for two or three distal coro-
nary arteries can easily be performed. Various sites of proxi-
mal anastomosis of the RA have been debated. Some prefer 
anastomosing the RA directly to the aorta, and others prefer 
a T or Y ITA composite. In some cases, a straight graft 
(I-composite graft) with the in situ RITA is possible. If mul-
tiple distal anastomoses using the RA are necessary, com-
posite grafting should be considered because it may not 
reach the aorta. Several authors have demonstrated favorable 
clinical and angiographic results using the RA [ 33 ]. Distal 
runoff, competitive fl ow, and proximal anastomosis site are 
considered to infl uence the patency of the RA. In our analy-
sis, non-ITA graft, mild target stenosis, and multiple grafts 
from a single infl ow source were independent predictors of 
graft deterioration [ 30 ]. In other words, the RA graft, when it 
is used in composite and multiple grafts from a single infl ow 
source, tends to deteriorate in targets in which stenosis is not 
severe. We have recently begun to limit the use of RA to 
LCX with severe stenosis in non-elderly patients. 

13.5.1     In Situ  LITA to LAD and RA to Circumfl ex 
Artery  (Fig.  13.3 ) 

 Kobayashi and Nakajima have had extraordinary experi-
ences of in situ LITA and RA composite grafting [ 34 ,  35 ]. 
The RA is skeletonized and harvested. The length of the RA 
is almost always greater than 20 cm and is as easily handled 
as a skeletonized SVG, making the creation of multiple RA 
grafts easier than free RITA grafting. 

 When the RA used as a T- or Y-composite graft with the in 
situ LITA, distal anastomosis is performed fi rst. When 
sequential anastomoses are carried out with the RA, the fi rst 
anastomosis should be done to the most proximal branch in 
side-to-side, diamond-shaped fashion, followed by a second 
or third anastomosis to the distal branches created sequen-
tially. The terminal anastomosis is created either perpendicu-
lar or parallel. Because the wall of the RA is thicker than that 
of other vessels, care should be taken to pass the needle from 
intima to adventitia, especially in side-to-side anastomosis. 
The RA is long enough to reach the posterior descending 
artery when its proximal anastomosis is to the LITA. Although 
proximal anastomosis of the RA to the in situ LITA is not 
diffi cult, it should be performed carefully because there is a 
size discrepancy between the ITA and RA. The length of the 

  Fig. 13.3    Left internal thoracic artery is grafted to the left anterior 
descending artery. The free right internal thoracic artery or radial artery 
is sutured to the in situ left internal thoracic artery as a Y-graft to mul-
tiple circumfl ex branches       
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ITA incision should be suffi ciently matched to the RA 
(sometimes requiring greater than 5 mm) so as not to create 
stenosis of the ITA just distal to the RA-ITA anastomosis. 
The site of the T or Y anastomosis should be located accord-
ing to the position of the fi rst distal coronary anastomosis.  

13.5.2     In Situ  RITA Combined with RA 
to Circumfl ex Artery  (Fig.  13.4 ) 

    Some surgeons prefer an I-composite to a Y-composite in 
situ RITA-to-RA graft [ 36 ]. This confi guration has several 
advantages. First, in situ LITA to LAD is secured and not 
traumatized by any other grafts that may cause kinking or 
twisting. In addition, I-composite grafts are long enough to 
reach all coronary territories. Only the upper one-third of the 
entire length of the RITA is used; the rest of the RITA is 
maintained to preserve the blood supply to the body of the 
sternum on the right side. The RITA and RA are anasto-
mosed in end-to-end or end-to-side fashion. An end-to-side 
anastomosis consisting of the distal end of the RITA and the 
side of the RA can prevent a purse-string effect at the anasto-

mosis and is thus our preference. The I-composite graft can 
reach posterolateral and inferior branches simultaneously; 
however, the route of the graft (clockwise or counterclock-
wise orientation) must be determined. According to 
Kobayashi et al. [ 37 ], the route of the I-composite graft 
should be determined on the basis of the degree of stenosis of 
the terminal coronary artery anastomosed to the end of the 
conduit; the terminal coronary artery should have severe ste-
nosis to avoid competitive reverse fl ow. The angiographic 
patency rate of I-composite grafts has been shown to be 
99.2 % early postoperatively [ 37 ]. When an I-composite 
graft runs anterior to the heart, it should be wrapped in thy-
mic tissue and covered with mediastinal fat at the end of the 
surgery to prevent injury in the event of reopening.   

13.6     Proximal Anastomosis to the Aorta 

 Because aortic manipulation is considered to be a cause of 
postoperative stroke, aortic  no-touch  technique with off- 
pump CABG has been developed to reduce this risk. Edelman 
et al. conducted a meta-analysis comparing neurologic injury 
after various degrees of aortic manipulation during CABG 
(aortic no-touch off-pump CABG, off-pump CABG with a 
side clamp, and conventional CABG) [ 38 ]. Their results 
demonstrated a signifi cant decrease in neurologic injury 
when manipulation of the ascending aorta was avoided. 
Stroke rate in aortic no-touch off-pump CABG was 0.41 % 
compared with 1.98 % in conventional CABG. However, the 
risk of neurologic complications cannot be completely elimi-
nated, even with aortic no-touch and total arterial off-pump 
techniques are used. It is suggested that other factors may 
affect postoperative stroke, including microembolism of ath-
eromatous plaque, hypoperfusion, carotid stenosis, and sys-
temic infl ammation. Epiaortic ultrasonography can detect 
atheromatous plaque of the ascending aorta and reduce 
microembolism, and its effi cacy in reducing postoperative 
neurological complication has been demonstrated in a large 
observational study [ 39 ]. With the aid of epiaortic ultraso-
nography, proximal anastomosis of free grafts to the aorta 
can be safely performed using a clampless anastomotic 
device and achieve stroke rates similar to those achieved 
with aortic no-touch technique and all-arterial grafting [ 40 ]. 
We routinely scan the ascending aorta with preoperative 
computed tomography and intraoperative epiaortic ultraso-
nography. When SVG is used for revascularization, we use a 
side-biting clamp or clampless anastomotic device depend-
ing on the results of the scan. 

 We sometimes use composite grafting with SV and free 
RITA (Fig.  13.5 ). With this confi guration, in situ LITA to 
LAD is secured and not traumatized by any other grafts, and 
the free RITA is not directly anastomosed to the aorta. The 
discrepancy between the thicknesses of the SV and the free 

  Fig. 13.4    Left internal thoracic artery is grafted to the left anterior 
descending artery. The in situ right internal thoracic artery and radial 
artery are anastomosed as an I-graft to multiple circumfl ex branches       
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RITA is less than that between SV and the aorta. However, 
care must be taken to ensure that the anastomosis is created 
as close as possible to the aorta because if the SVG becomes 
occluded, the RITA will do so simultaneously.

13.7        Composite Grafts Versus Individual 
Grafts 

 Composite arterial grafting with off-pump technique is an 
established method to obtain complete revascularization. 
Several studies have demonstrated the benefi ts of this strat-
egy and recommended its routine use. The major advantage 
of this strategy is avoiding manipulation of the aorta and 
thus reducing stroke rate. Another advantage is achieving 
multivessel revascularizations less invasively with a limited 
number of arterial grafts. Moreover, complete revascular-

ization with arterial grafts yields favorable long-term 
patency compared with SVG, which in turn leads to favor-
able life expectancy. 

 The use of composite and sequential arterial grafting 
techniques has enabled the development of further proce-
dures, such as minimally invasive CABG through a limited- 
access approach with off-pump aortic  no-touch  technique 
and total arterial revascularization [ 41 ]. This technique is 
performed at the fourth or fi fth intercostal space. The LITA 
is harvested with a harmonic scalpel with or without endo-
scopic guidance, and the right RA is harvested simultane-
ously. Specialized, commercially available heart-positioning 
and heart-stabilization devices are applied for distal coro-
nary anastomoses. The RA can reach the posterior descend-
ing artery using composite T- or Y-grafting technique. The 
indications for this approach are limited because of the use 
of off-pump CABG, right-arm RA harvest, T- or 
Y-composite grafting, and limited visualization with a 
small thoracotomy. 

 A possible weakness of composite grafting is that the fl ow 
is dependent on a single in situ arterial graft. Preoperative 
assessment of the left subclavian artery is mandatory if it is 
to be used as infl ow of a composite graft. Measurement of 
blood pressure in both arms as well as computed tomography 
and angiography should be performed preoperatively to 
detect atherosclerotic stenosis. Multiple grafts from a single 
infl ow source may limit the infl ow volume and result in 
decreased graft fl ow. Another potential weakness is the 
increased risk of competitive fl ow compared with individual 
grafts. When the degree of stenosis of the target native coro-
nary artery is not severe, the composite arterial graft tends to 
demonstrate  string sign  (luminal narrowing throughout the 
entire conduit). In that case, individual grafting should be 
considered in lieu of composite grafting to a target coronary 
artery with only mild to moderate stenosis. The incidence of 
arterial graft deterioration has been shown to be particularly 
high when composite or multiple grafts from a single infl ow 
source are performed to a target coronary artery with mild 
stenosis [ 30 ]. 

 We believe that combinations of composite, sequential, 
and individual grafting techniques should be used at each 
institution to reduce the postoperative stroke rate while 
achieving complete revascularization with good-quality 
anastomoses and long-term clinical benefi t to patients.  

13.8     Conclusions 

 In conclusion, composite arterial grafting using off-pump 
technique can be routinely performed with favorable clinical 
and angiographic outcomes. Individual grafting with epiaor-
tic ultrasonography and a clampless anastomotic device can 
be performed safely and reduce postoperative stroke rate. 

  Fig. 13.5    Left internal thoracic artery is grafted to the left anterior 
descending artery. Aortocoronary bypass is performed with a saphe-
nous vein graft. The free right internal thoracic artery is sutured to the 
head of the saphenous vein graft to multiple circumfl ex branches       
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When performing multiple arterial grafts, careful attention to 
the selection of graft material and design is important to gain 
the full advantages of arterial grafts.     
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      Harvesting: Tip and Pitfalls 

           Tetsuya     Higami      and     Kazutoshi     Tachibana   

    Abstract  

  Currently, the main graft materials used for coronary artery bypass grafting are the internal 
thoracic artery, radial artery, gastroepiploic artery, and saphenous vein. In this section, the 
characteristics of each graft and its harvesting, as well as essence of ultrasonic complete 
skeletonization, are described.  

  Keywords  

  Graft   •   Internal thoracic artery   •   Skeletonization  

14.1         Internal Thoracic Artery 

14.1.1     Characteristics of Internal 
Thoracic Artery 

 Each internal thoracic artery (ITA) is an elastic vessel 
 (vessel with elastic tissues in the tunica media) with a lower 
frequency of arteriosclerosis and 2–3 mm vascular diame-
ter which diverges from the subclavian artery and travels 
downward on the dorsal edges of the sternum. The vascular 
diameter is equivalent to the coronary diameter. Obviously, 
the advantages of the ITA are long-term graft patency and 
improved life prognosis. Among currently available grafts, 
the ITA is by far the best material. Furthermore, harvesting 
of the ITA by ultrasonic complete skeletonization (UCS) 
has the advantages regarding handling during surgery. The 
effective graft length is approximately 5 cm (30 %) longer 
than the ITA from pedicle harvesting. In addition, free fl ow 
of more than 100 mL/min can be obtained in many cases. 
The free fl ow increases by approximately 40 % in compari-
son to the ITA from pedicle harvesting. In terms of length, 
enough length for grafting of in situ anastomosis can be 
provided with UCS. With the left skeletonized ITA, all 

regions of the left anterior descending artery and circum-
fl ex branch can be available. 

 The expanded use of the right ITA with UCS has sur-
passed the application of pedicle harvesting. With right skel-
etonized ITA, most regions of the anterior descending artery 
and the circumfl ex branch, except for the end branch of the 
circumfl ex artery, can be used for in situ anastomosis. 
Furthermore, the bilateral ITA with UCS is not only ade-
quately feasible for left main coronary artery disease in terms 
of blood fl ow, but it is capable of frequent use for sequential 
bypass, as well. In addition, the diameter of the skeletonized 
ITA allows easy anastomosis that leads to its feasibility in an 
off-pump coronary artery anastomosis in particular. 

 It is diffi cult to identify the disadvantages of the 
ITA. However, pedicle harvesting of the right ITA limits the 
coronary artery region during in situ anastomosis, which 
indicates less effi ciency than the left ITA. Furthermore, 
since there are strong concerns about the development of 
mediastinitis caused by the use of bilateral ITA in high-risk 
groups including diabetic patients, the disadvantages on the 
use of the right ITA have been widely recognized. 
Consequently, the use of which is limited to special cases. 
However, the limited region for anastomosis and the risk of 
development of mediastinitis, which are indicated as disad-
vantages of the right 

 ITA, are almost solved by the application of 
UCS. Currently, the right ITA can be safely and easily used 
as long as harvested by UCS.  
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14.1.2     Anatomy of Internal Thoracic 
Artery (Fig.  14.1 ) 

    The ITA, opposite to the origin of the vertebral artery from 
the subclavian artery, diverges in almost a straight line verti-
cally downward. The ITA courses with the phrenic nerve and 
then reaches the upper edge of the fi rst rib. At this level, the 
ITA crosses the phrenic nerve and descends along with two 
accompanying veins in the space between the intercostal 
muscle and endothoracic fascia and rib in the posterior sur-
face of the anterior chest wall approximately 1 cm distal to 
the sternal edge. However, the two accompanying veins 
merge at the cephalic site from the fi rst intercostal space, and 
the single vein usually runs distally from the ITA. The bra-
chiocephalic vein extends to the cephalic and lateral sites 
from the upper edge of the fi rst rib. This vein is located 

between the medial side (laterally) and the anterior side 
(frontally) of the ITA. On the other side, since the  transversus 
thoracis muscle often develops in the caudal site from the 
level of the fourth intercostal space and the fi fth rib, the con-
tinuity of the transversus thoracis muscle makes the endotho-
racic fascia unclear. The ITA divides into the superior 
epigastric artery and musculophrenic artery at the level of the 
sixth rib and intercostal space. 

 There are three main branches of the ITA, which diverge 
into three different directions: (1) the sternal branch which 
courses to the median side (dorsum of the sternum), (2) the 
perforating branch which penetrates through the sternal 
edge, and (3) the anterior intercostal branch which courses 
laterally. They exit according to the number of the rib. These 
are the ones which must be dissected in branch trimming. 
Additionally, one or two branches (thymic branch and rami 
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mediastinales) which course to the mediastinum at the upper 
ITA (near the fi rst rib and fi rst intercostal space), except the 
branches which supply the thoracic wall, should be dissected 
carefully. A relatively thick branch, which is divided superi-
orly and laterally from the fi rst rib, can sometimes be seen. 
Trimming this branch allows the course of the ITA to be 
more linear, and this contributes to the extension of the effec-
tive length.  

14.1.3     Internal Thoracic Artery Conventional 
Harvest Technique 

 A median sternotomy was performed. After dissecting the 
refl ection of the mediastinal pleura from the endothoracic 
fascia, the ITA and both satellite veins were visualized. The 
endothoracic fascia was longitudinally incised several milli-
meters medial to one of the satellite veins using  electrocautery. 
The incision extended along the most of the length of the 
vessel down to the sixth intercostal space. Retraction of the 
pedicle visualizes the accompanying vessels and the ITA 
itself. With the pedicle gently retracted downward and with 
gentle blunt dissection, the perforating and anterior intercos-
tal arteries are occluded with small metal clips and divided 
with electrocautery close to the chest wall to avoid damaging 
the ITA. The pedicle is dissected up to the level of the second 
or fi rst rib. With variable relation of phrenic nerve with ITA, 
careful dissection is needed on either side to avoid phrenic 
nerve injury causing paralysis of the diaphragm which results 
in delayed postoperative recovery. All the branches of ITA 
must be clipped to ensure a long-term patency. Inadequate 
harvest of ITA can result in steal of blood.  

14.1.4     Skeletonization of the Internal Thoracic 
Artery with an Ultrasonic Scalpel 

 The right and left internal thoracic arteries possess suitable 
properties (quality and diameter) for grafting. Long-term 
graft patency of the bilateral ITA is also better. However, the 
conventional pedicle harvesting of bilateral ITA is now 
applied less commonly because of concerns about not only 
the length and blood fl ow but also the development of medi-
astinitis caused by a decline in blood fl ow to the sternum. 

 In contrast, ultrasonic complete skeletonization (UCS), 
the procedure invented by the author in 1998, [ 1 – 3 ] is a use-
ful and safe graft harvest technique which alters our view on 
the use of ITA. The UCS can make in situ grafting using 
bilateral ITA easier (Fig.  14.2 ). In this section, the essence on 
ITA harvesting by UCS is described in detail.

   Prior to harvesting, the endothoracic fascia is exposed by 
dissecting the pleura from the dorsum of the sternum. The 
endothoracic fascia around the third rib, approximately one 

centimeter near the median from the course of the ITA, is 
incised. An endothoracic fascia incision must be made near 
the median (in an upside visual fi eld) from the internal tho-
racic vein, which travels with the ITA. It prevents not only 
unnecessary venous injury but also the knack of effective 
ITA dissection (Fig.  14.3 ). The internal thoracic vein can be 
visualized by a quick touch of the loose adipose and connec-
tive tissues with an ultrasonic scalpel (Harmonic Scalpel 
DH105; Ethicon). “Quick touch” is named for the safe and 
quick removal procedure of the tissues surrounding the ITA 
by using a cavitation phenomenon that an ultrasonic scalpel 
creates. The key points to use the “Quick touch” are as fol-
lows: within 0.2 s. of ITA contact time and no several con-
tacts of the same area. When the internal thoracic vein can 
be clearly and proximally visualized, it should be pulled 
away to the superior visual fi eld by using the Quick touch. 
In harvesting of the ITA, it is important for the UCS to sepa-
rate the vein from the beginning of the procedure and not to 
cause bleeding.

   The basics of ITA exposure are as follows. First is to use 
the “Quick touch” technique only to the superior region of 
the visualized ITA. Next is to leave untouched the area infe-
rior to the ITA, that is, the margin connected to the endotho-
racic fascia. Final point is to rotate the ITA toward and 
inferiorly by pulling down the fascia. In branch dissection, 
start with the “Melting cut” of the sternal branch, which is 
visualized frontally, by grasping the endothoracic fascia with 
forceps using the left hand and pulling it toward and inferi-
orly. “Melting cut” is named for the procedure of protein 
coagulation of the branches by the Harmonic Scalpel. First, 
it is crucial to keep the probe tip of the Harmonic Scalpel 
1 mm away from the main trunk and make a three- 
dimensional right angle, that is, to square up the main trunk, 
branch, and probe. Next, rotate the ITA proximally at an 
angle of 90° by pulling the endothoracic fascia inferior dis-
tally. Use the “Melting cut” procedure to the perforating 
branch visualized in front. Furthermore, rotate the artery at 
an angle of 90° to use the “Melting cut” procedure to the 
“anterior-coastal branch” in the frontal visual fi eld. Finally, 
detach the ITA from the endothoracic fascia. Complete skel-
etonization of the region is done. In many cases, it is ade-
quate that the distal end of the ITA is stripped up to the 
bifurcation of the superior epigastric artery and musculo-
phrenic artery. The ITA of distal bifurcation has clearly dif-
ferent macroscopical and histological characteristics. Thus, 
it is not suitable as a regular graft. 

 In the proximal side, particularly in the proximal part of 
fi rst to second intercostal spaces where the endothoracic fas-
cia becomes unclear, harvesting is slightly different. First, 
the ITA is stripped bluntly using Tuppels by pushing it up 
from the pleural side to the sternal side, and then the course 
of the ITA is confi rmed. After trimming the branches toward 
the mediastinal side, the branches toward the thoracic wall 
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are trimmed with the Melting cut by rotating the ITA from 
the proximal visual fi eld to the mediastinal side. Finally, the 
phrenic nerve is confi rmed and stripped up to the site of the 
intersection with the ITA. At this time, it is crucial to use an 
ultrasonic scalpel from the viewpoint of avoiding injury to 
the phrenic nerve after visualizing the courses of the ITA and 
phrenic nerve. 

 After dissection of the ITA, a gauze soaked in warm 
papaverine hydrochloride 10 % is applied on the stripped 
ITA. This can solve adequately the spasm caused by irrita-
tion from the pull or rotation with forceps during ITA har-
vesting. After systemic heparinization, the bifurcation of the 
last peripheral branch is dissected, and then free fl ow is con-
fi rmed. The fi nal free fl ow of ITA is usually more than 

  Fig. 14.2    Ultrasonic complete skeletonization of the internal thoracic artery       
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  Fig. 14.3    Intraoperative view of ultrasonic complete skeletonization of the internal thoracic artery       
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100 ml/min. In the event that the free fl ow is less than 50 mL/
min, ITA damage should be considered. The main causes of 
ITA damage are local hematoma because of branch-out, 
lumen pressure because of intimal dissection, and thermal 
damage to the media and adventitia from defect or failure of 
the Quick touch. 

 The left ITA harvested in such a way enables in situ anas-
tomosis for the anterior descending artery region and the 
entire course of the circumfl ex branch, while the right ITA 
enables in situ anastomosis for most regions of the left ante-
rior descending artery and circumfl ex branch.   

14.2     Radial Artery 

14.2.1     Characteristics of Radial Artery 

 The radial artery (RA) is relatively a muscular artery which 
lies in the forearm. Its vascular diameter is 3–4 mm which is 
slightly thicker than that of the ITA. The use of RA graft has 
been inadequate because of the occurrence of spasm. In 
1992, it was reported that the use of calcium channel blocker 
prevented spasm. Since then, attention has been drawn to the 
RA as a friendly conduit for coronary grafting. When Allen’s 
test (test to confi rm discontinuity with the ulnar artery) 
reveals a patent RA, bilateral RA is available. Usually, the 
nondominant forearm is selected. Currently, the RA is often 
harvested by the skeletonization technique with an ultrasonic 
scalpel. An adequate graft length (approximately 20 cm) can 
be obtained. For long-term graft patency, the RA is said to be 
better but not superior to the ITA.  

14.2.2     Preoperative Evaluation for RA 
Harvesting 

 A patient’s dominant arm during interview is confi rmed. 
Currently, transradial artery catheterization is often per-
formed. Consequently, it is essential to confi rm history of 
catheterization and the site. RA postharvest complication is 
the development of symptoms of hand ischemia because of 
incomplete arch and low formation of the ulnar artery. The 
reported frequency of low formation of the arch is 6–34 %. 
No reduction in blood fl ow from the ulnar artery to the hand 
is confi rmed with the Allen’s test. Also, a modifi ed Allen’s 
test for confi rmation of blood fl ow from the arcade to the 
thumb is routinely conducted by suppression of the periph-
eral adjacent artery with the use of Doppler blood fl owmetry. 
RA graft has a higher frequency of arteriosclerosis than that 
of ITA. Thus, tomography and Doppler ultrasonography are 
useful for evaluation of the RA aspects, such as arterial cal-
cifi cation and coarctation. When skeletonization is per-
formed during surgery, evaluation with Doppler 
ultrasonography is not required. 

 The contraindications of RA harvesting are as follows: 
positive Allen’s test results, patients with over 1.5 mg/dL of 
serum creatinine who are candidates for future dialysis, cases 
of connective tissue disease presenting with Raynaud phe-
nomenon, and vascular trauma on the antebrachial region or 
vasculitis.  

14.2.3     Anatomy of Radial Artery 

 The radial artery is the continuation of the brachial artery. It 
runs between the brachioradialis muscle and fl exor carpi 
radialis in the lateral two-thirds of the forearm. In the distal 
one-third region of the forearm, the radial artery travels to 
the wrist, which is surrounded by the fascia sheath. In the 
proximal two-thirds of the forearm, the lateral cutaneous 
nerve of the forearm lies above the brachioradialis muscle. 
The radial nerve divides into the superfi cial branch and pos-
terior interosseous nerve. The latter passes deeper and later-
ally than that of the RA, while the superfi cial branch passes 
along the lateral site of the RA and travels to the wrist. It is 
reported that sensory nerve damage can develop because of 
injury and edema of the lateral cutaneous nerve of the fore-
arm and superfi cial branch of the radial nerve in 2.6–15.2 %. 
Thus, care should be taken during skin incision and 
dissection.  

14.2.4     RA Harvest Technique (Fig.  14.4 ) 

    For skin incision, two landmark points are plotted parallel to 
the arterial pulsation at 1–2 cm proximal to the wrist and at 
2–3 cm distal to the elbow joint. Incision is done directly 
above the RA slightly or proximal to the ulnar site in order to 
avoid edema and sensory damage to the lateral cutaneous 
nerve of the forearm. Next, the RA beneath the fascia sheath, 
3 cm proximal to the wrist, is exposed. The fatty tissues and 
fascia that course along with the right and left accompanying 
veins are proximally dissected with an electrocautery. Then, 
after proximal exposure of the RA, it is adequately visualized 
with a retractor as it enters the muscles, and the fascial sheath 
overlying the RA is dissected with an electrosurgical genera-
tor. The entire course of the RA and the accompanying veins 
are exposed with surgical scissors. In order to separate the 
artery and veins, the fi brous capsule overlying the artery is 
dissected with surgical scissors and then incised. Since more 
branches of the veins lie near the elbow joint, the veins are 
ligated if needed to adequately expose the artery. After ade-
quate exposure of the area directly above the artery, incision 
of the RA is started with the use of Harmonic Scalpel. A 
hook-type Harmonic Scalpel is used with output level set at 2. 
Basically, this maneuver is the same as that of the 
ITA. Dissection of each branch is sequentially performed 
with gentle rotation of the RA. Each branch is incised more 
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  Fig. 14.4    Intraoperative view of ultrasonic complete skeletonization of the radial artery       

than 1 mm distal to the main trunk, and the procedure is 
accomplished with the Melting cut in order not to pull the 
branches out. The length of the RA harvested by UCS is 
approximately 20–23 cm in male adults. The blood fl ow from 
the proximal site is secured. It is necessary to fi nally confi rm 
if the ulnar artery and arcade are patent. A blunt needle, such 
as a vessel cannula, is inserted from the proximal site of the 
harvested RA, and the RA is hydrostatically dilated by VG 

solution to remove spasm. Until the time that the harvested 
RA will be used, it is soaked in the warm VG solution. An 
in vitro test revealed that “VG solution,” which contains vera-
pamil and nitroglycerin, has a superior vasorelaxant property 
and protective effect on the intimal layer. It demonstrates the 
most effective result among various vasoconstrictors (Table  14.1 ). 
After hemostasis is confi rmed, only the deep fascia and skin 
are closed after sump drain is placed.
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14.3         Gastroepiploic Artery 

14.3.1     Characteristics of Gastroepiploic Artery 

 The gastroepiploic artery (GEA) originates from the gastrodu-
odenal branch of the celiac artery. The GEA courses with the 
gastroepiploic vein 1–2 cm away from the greater curvature of 
the stomach (Fig.  14.5 ). The vascular diameter of the GEA is 
about the same as that of the ITA. The GEA, however, is a mus-
cular artery which is composed of smooth muscle cells within 
the tunica media different from the ITA. The use of the GEA 
for coronary artery bypass grafting was reported to be benefi -
cial in 1987. Since then, it has been often used as an in situ 
graft. However, there are concerns that long-term graft patency 
rate is inferior to that of the ITA, and there is competition to the 
blood fl ow with the coronary artery when stenosis rate is poor. 
Since the development of the skeletonization technique with 
the Harmonic Scalpel in order to overcome these disadvan-
tages, the width, length, and blood fl ow of the GEA graft have 

been signifi cantly improved. Although the GEA as an in situ 
graft is valuable second to the bilateral ITA graft, long-term 
graft patency and blood fl ow competition remain as its disad-
vantages. Basically, it is wise not to use the GEA for grafting of 
the left anterior descending coronary artery (LAD, Cx).

14.3.2        GEA Harvest Technique (Fig.  14.6 ) 

    The skeletonization of the GEA is different from that of the 
ITA. The GEA is located in the free peritoneal cavity, and the 
trimming of the side branches is not suitable for the hook- 
type Harmonic Scalpel. Good use of the scissors-type 
Harmonic Scalpel for GEA skeletonization allows satisfac-
tory results. First, pinpoint exposure of the right GEA is 
made from the attachment site of the greater omentum at the 
greater curvature of the stomach. Vessel tape is looped. 
Similarly, the GEA is dissected and exposed every 3–4 cm. 
Vessel tape is looped at each dissection site. A total of 6–7 
sites are taped. Two neighboring vessel loops are lifted up. 
First, the fatty tissue above the GEA is completely incised 
with the Harmonic Scalpel without causing any damage to 
the GEA. This procedure is performed between vessel loops 
to completely expose the upper portion of the GEA. The side 
branches of the GEA together with the lateral fatty tissues 
are allowed to hang as a bundle below the GEA. Then, they 
are clipped and dissected with the Harmonic Scalpel 1 mm 

  Fig. 14.5    Anatomy of 
gastro-epiploic artery       

   Table 14.1       

 VG solution 

 Verapamil  5 mg 
 Nitroglycerin  1 mg 
 Heparin  500 units 
 8.4 % NaHCO3  1 mL 
 Saline  100 mL (pH 7.4) 
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distal to the main trunk. In this case, it is important to dissect 
the branches by gently and slowly rotating the Harmonic 
Scalpel with the active side of the scissors-type Harmonic 
Scalpel distally from the main trunk in order to avoid thermal 
damage to the main trunk. This maneuver is repeated at each 
vessel loop to complete the skeletonization. At this time, the 
output level of the Harmonic Scalpel is set at 5. Bleeding due 
to inadequate coagulation is sometimes observed. As long as 
skeletonization is performed with the scissors-type Harmonic 
Scalpel, a longer period of time for coagulation with a lower 
output level can cause thermal damage to the GEA. This is 
why the scissors-type Harmonic Scalpel usually causes ther-
mal damage within 2–3 cm laterally. Consequently, a shorter 
period of time for incision is desirable. After dissection of 
the GEA, it is covered with gauze soaked in warm papaver-
ine hydrochloride 10 % solution. This solution can ade-
quately relieve spasm caused by irritation from the traction 
of vessel loop during GEA harvesting.   

14.4     Saphenous Vein 

14.4.1     Characteristics of Saphenous Vein Graft 

 The saphenous vein graft (SVG) has had the longest history 
since Favaloro reported its use in 1968. Currently, the depen-
dent use of SVG decreased sharply because the aorta no- 
touch technique for off-pump CABG is inevitable, in addition 
to poor long-term graft patency of SVG compared with arte-
rial grafts. It is an indisputable fact that the SVG is useful in 
cases with short duration of operation, such as in an emer-
gency surgery, and that the use of arterial graft is defi cient 
under limited circumstances. In addition, current introduc-
tion of surgical instruments and appliances, including heart 
strings and vein enclosure in the aortic anastomosis, allows 
proximal anastomosis of the SVG, which can avoid partial 
occlusion of the aorta. They are easy to use in off-pump 
CABG.  

  Fig. 14.6    Intraoperative view of ultrasonic complete skeletonization of the right gatro-epiploic artery       
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14.4.2     Pre-evaluation for Saphenous 
Vein Harvesting 

 Past varix of the lower extremities, vein infl ammation, deep 
thrombophlebitis, and lower extremity trauma and thermal 
burns are inquired during patient interview. The presence of 
any previous illness aforementioned is a contraindication to 
the use of the SVG. Unilateral varix of the lower extremity 
allows the use of the contralateral SVG. Consequently, pre-
operative inspection and palpation of the SVG are essential. 
If necessary, availability and patency of the SVG should be 
evaluated with an echography. If a vein graft after extension 
is less than 3 mm graft, the occurrence of early occlusion is 
likely high. Thus, it is recommended that the SVG should be 
harvested from the proximal thigh, not from the distal thigh. 
The following are the advantages of harvesting from the dis-
tal thigh: (1) less mismatch with the coronary artery, (2) thin 
subcutaneous tissue and less branching, and (3) better 
wound healing and less postoperative edema. On the other 
hand, the advantages of harvesting from the proximal thigh 
are as follows: (1) more elastic SVG and (2) larger caliber 
and better patency in cases when the proximal anastomotic 
devices are used.  

14.4.3     SVG Harvest Technique 

 Currently, the endoscopic SVG harvest technique has been 
developed. In this section, the conventional harvest – skin 
incision – technique is described. The SVG in the distal 
thigh is harvested from the medial malleolar artery. The 
SVG in the proximal thigh is harvested from the groin one 
fi ngerbreadth medial and distal from the pulsation of the 
femoral artery. Both parts of the SVG are harvested toward 

the knee. It is recommended that skin incision should be 
performed in several batches in order to confi rm the vein. If 
subcutaneous tissue is obliquely dissected due to misper-
ception of the course of the SVG, this can lead to diffi cult 
harvesting, poor wound healing, and longer hospitalization. 
Parallel dissection of the connective tissue capsule above 
the SVG with surgical scissors will allow adequate length of 
the SVG to be exposed. During skin incision, it is essential 
not to touch the SVG by gripping the surrounding tissues 
with forceps. In the distal thigh, meticulous attention should 
be applied in order not to damage the saphenous nerve, 
which runs along the SVG. The side branches are trimmed. 
They are ligated with 4–0 silk suture. At this time, it is 
essential to gently and carefully dissect the adventitia of the 
branch sites in advance to avoid dissection of the surround-
ing tissues. Since ligation proximal to the branch site can 
cause SVG stenosis, more than 1 mm length of the branches 
should be ligated. The SVG is proximally and peripherally 
ligated and dissected to accomplish the harvesting. When 
hemostasis is confi rmed particularly in the thigh, leakage of 
clear lymphatic fl uid must be confi rmed to prevent postop-
erative lymphatic fl uid leakage. When the incision site is 
closed, a dead space is prevented.      

   References 

       1.    Higami T et al (2000) Skeletonization and harvest of the internal 
thoracic artery with an ultrasonic scalpel. Ann Thorac Surg 
70:307–8  

   2.    Higami T et al (2000) Histologic and physiologic evaluation of skel-
etonized internal thoracic artery harvesting with an ultrasonic scal-
pel. J Thorac Cardiovasc Surg 120:1142–7  

    3.    Higami T et al (2001) Early results of coronary grafting using ultra-
sonically skeletonized internal thoracic arteries. Ann Thorac Surg 
71:1224–8    

T. Higami and K. Tachibana



121© Springer Japan 2016
T. Asai et al. (eds.), Off-Pump Coronary Artery Bypass, DOI 10.1007/978-4-431-54986-4_15

      Graft–Coronary Anastomosis 
in Off- Pump CABG 

           Masami     Ochi    

    Abstract  

  Coronary artery bypass grafting (CABG) is a surgical procedure whereby an anastomosis is 
formed between a graft and the coronary artery. The graft patency rate is one of the most 
important factors affecting long-term postoperative prognosis. 

 Among the many factors affecting graft patency, the most important is reliable skill in 
performing an anastomosis. The basic points requiring caution in performing a graft–coro-
nary artery anastomosis are the same whether it is performed on-pump or off-pump. 
Surgeons must be aware, however, that there are a number of intrinsic differences when 
forming the anastomosis. These differences are the reason for the high degree of diffi culty 
of off-pump anastomosis. However, by performing a large number of on-pump anastomo-
ses, as well as accumulating experience in off-pump anastomoses, surgeons may acquire the 
ability to perform anastomoses of any region of the coronary artery off-pump as accurately 
as they would on-pump.  

  Keywords  

  Graft–coronary anastomosis   •   Needle handling   •   End-to-side anastomosis   •   Side-to-side 
anastomosis  

15.1         Differences Between Off-Pump 
and On-Pump Anastomosis 

    The features of off-pump needle handling are as follows:

    1.    Handling the needle at a location distant from the graft 
and the coronary artery 

 Off-pump, it is not possible to place the graft on the 
surface of the heart near the anastomosis site, and the fi rst 
few stitches must therefore be placed at a site distant from 
both the graft and the coronary artery. It is important to 
acquire both the skill required to insert the needle 
 accurately into the graft and the ability to handle the nee-
dle without tangling the suture.   

   2.    The skill to secure the anastomosis fi eld of view 
 Despite the fact that the coronary artery is secured 

with a stabilizer, this does not suppress small movements. 
Spraying blood and the presence of the shunt tube may 
affect needle-handling operations. When a CO 2  blower is 
used to secure the fi eld of view, this requires the help of 
an assistant with a good understanding of anastomosis 
skills.   

   3.    The skill to use a needle holder to hold the needle 
 On-pump, the anastomosis can be performed in an 

easy position and the heart can be moved to a position at 
which the anastomosis can be performed easily. Off- 
pump, however, the coronary artery to which the graft is 
to be anastomosed is secured with a stabilizer, which may 
make it diffi cult to puncture the vascular wall within the 
anastomosis with the needle. Holding the needle with a 
needle holder requires a different adjustment than that 
needed for its use on-pump.   

   4.    Anastomosis skills in the circumfl ex branch region 
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 Ensuring the anastomosis fi eld of view under stable 
circulatory dynamics in the circumfl ex branch region of 
the coronary artery, the most diffi cult site of anastomosis 
in off-pump CABG (OPCAB), requires both skill and 
experience. An inadequate anastomosis fi eld of view risks 
the anastomosis becoming inaccurate.   

   5.    Diffi culty of dealing with a mistaken coronary artery 
incision 

 Even on-pump, it is diffi cult to repair the coronary 
artery posterior wall if this is damaged, but this is even 
more diffi cult in OPCAB than on-pump. If the coronary 
artery incision to form the anastomosis is made at an 
angle, this makes it even more diffi cult to form the anas-
tomosis than when on-pump.   

   6.    Potential for damage to the coronary artery intima 
 Intimal damage (injury) may be caused by the inser-

tion of an intracoronary shunt or a silastic tube for the 
purpose of blocking localized blood fl ow.   

   7.    Signifi cant psychological burden 
 The psychological pressure involved in performing an 

anastomosis while communicating with the anesthetist 
and paying attention to circulatory dynamics is greater 
than that required for an on-pump anastomosis. Both the 
skill to ensure an accurate anastomosis under diffi cult 
conditions and the concentration to maintain this are 
essential.      

15.2     Important Points for Ensuring 
the Success of Off-Pump Surgery 

 Bearing in mind the specialist nature of OPCAB described 
above, a number of important points can be described:

    1.    The principle for puncturing the vascular wall with the 
needle: the “right-angle principle” (Fig.  15.1 )

   When puncturing the vascular wall (especially that of 
the graft) with a curved suturing needle, minimizing the 
distance that it runs inside the vascular wall both mini-
mizes tissue damage and prevents distortion of the anas-
tomotic line. Because the suturing needle forms a partially 
circular arc, every effort must be made to make the pene-
tration into the vascular wall at a right angle to the straight 
line from its tip. If this is done, the tip of the needle will 
penetrate the vascular wall at a straight right angle, mean-
ing that less pressure is needed to pass it through the wall 
(Fig.  15.2 ). Surgeons will experience for themselves the 
sensation of the sharp needle tip precisely penetrating the 
tissue.

       2.    Adjusting the way of holding the needle with a needle 
holder 

 In OPCAB, the anastomosis site cannot easily be 
moved once the coronary artery has been secured with a 
stabilizer. Particularly in the circumfl ex branch region or 
in the peripheral region of the right coronary artery, an 
anastomosis site is deeper than it would be on-pump, and 
needle handling is restricted. To ensure accurate needle 
handling in restricted anastomosis conditions, it is impor-
tant to adjust the way that the needle is held. In order to 
handle each needle at the optimum puncture angle for that 
particular needle, surgeons must know about a range of 
different methods of grasping needles (Figs.  15.3 ,  15.4 , 

  Fig. 15.1    ( a ) The tangential line at the tip of the needle must be right 
angled. ( b ) Oblique penetration of the needle. ( c ) Right-angled penetra-
tion of the needle       

  Fig. 15.2    ( a ) Oblique penetration of the needle. ( b ) Right-angled pen-
etration of the needle       
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 15.5 ,  15.6 ,  15.7 , and  15.8 ). By doing so, they can perform 
anastomoses with almost no shifts in posture or hand 
position.

            3.    Fixing the gaze on the anastomosis 

 As soon as a needle has been removed with forceps or 
a needle holder after puncture, another needle must be 
grasped in readiness for the next insertion. If needles are 
placed in readiness next to the hand, the surgeon must 
shift his or her gaze away from the anastomosis site. If 
surgeons can acquire the skill to handle needles 

  Fig. 15.3    Right-angle needle holding       

  Fig. 15.4    Straight-angle needle holding for the distant toe or the heel: 
curly bracket       

  Fig. 15.5    Oblique-angle backhand needle holding for the distant far 
side: curly bracket       

  Fig. 15.6    Oblique-angle forehand needle holding for the distant near 
side: curly bracket       

  Fig. 15.7    Reversed straight-angle needle holding for the toe or the heel 
of this side: curly bracket       

  Fig. 15.8    Reversed oblique-angle forehand needle holding for the near 
of this side: curly bracket       
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 appropriately with forceps and needle holders, as well as 
the capacity to make an instantaneous judgment on how 
to pick up the most appropriate needle for the next inser-
tion, this will enable him or her to handle needles without 
looking away from the anastomosis site. This sort of nee-
dle handling both shortens the time required to perform 
the anastomosis and helps to prevent sutures from becom-
ing tangled.   

   4.    Always perform anastomoses in the same posture 
(Figs.  15.9 ,  15.10 ,  15.11 , and  15.12 )

      Always face the operating table straight on, and do not 
move the upper arms away from the body. This posture is 
important in order to puncture extremely fi ne vessels with 
needles at the optimum locations during OPCAB. The 
same posture should be maintained during all the opera-
tions involved in the anastomosis. Holding the various 
different needles in ways appropriate to the anastomosis 
aspect for each needle, while controlling the fi ne move-
ments of the fi ngertips, will help ensure accurate needle 
handling.   

   5.    Needle handling should be checked by both the operator 
and the assistant 

 It is a basic principle of anastomosis that the operator 
should only start to make a puncture with a needle when he 
or she is confi dent, but the only way of preventing mistakes 
is to begin needle puncture under circumstances in which 
both the operator and the assistant are capable of checking 
the anastomosis aspect. Should any anxiety or doubt be felt 
during needle handling, the needle should be let go and left 
where it is. It can then be determined whether the optimum 
needle puncture point and direction are being used. Most 
mistakes can be recognized at this stage.   

   6.    Decide on a single method of needle handling as basic 
 Although there are a number of different variations on 

   needle- handling methods during anastomosis, deciding on one 
basic method makes it easier for this to be understood by the 
assistant, meaning that mistakes will be less likely to occur.     

 We basically use the needle-handling method shown in 
the fi gure for all anastomoses. 

  Fig. 15.9    Posture 1: grafting to LAD       

  Fig. 15.10    Posture 2: grafting to proximal circumfl ex       

  Fig. 15.11    Posture 3: grafting to distal circumfl ex       

  Fig. 15.12    Posture 4: grafting to distal RCA       
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15.2.1     End-to-Side Anastomosis 
(Fig.  15.13a–e ) 

 –        With the heel of the graft at 6 o'clock, starting from the 
5 o’ clock position, the graft and the coronary artery are 
joined by advancing 3–4 needles from the outside to the 

inside of the graft and from the inside to the  outside of 
the coronary artery and pulling on the sutures (a–c).  

 –   This is continued to the toe on the near side of the anasto-
mosis (d).  

 –   The opposite-side needles are handled on the far side, and 
the toe is ligated with two sutures (e).    

  Fig. 15.13    End-to-side anastomosis       
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 The advantages of this needle-handling method are that all 
needles are handled via a forehand stroke and that both the 
heel and toe of the coronary artery can be handled from the 
inside to the outside. A further advantage is that the state of the 
sutures on the near side can be checked from the inside while 
performing needle handling on the far side toward the toe.  

15.2.2     Diamond Side-to-Side Anastomosis 
(Fig.  15.14 ) 

    In this anastomosis method, the graft and the coronary artery 
intersect orthogonally. It is important not to make the 
entrance of the anastomosis too large.

 –    The graft is positioned on the side opposite the opening of 
the incision in the coronary artery.  

 –   One needle each is used at the heel and toe and three on 
each side, for a total of eight.  

 –   A needle is punctured from the outside to the inside at 
number 1 on the graft in the fi gure and advanced from the 
inside to the outside of the coronary artery at number 1*, 

with the suture pulled tight once it has advanced a half 
circumference to 5* on the coronary artery.  

 –   The remaining three needles are either advanced as they 
are, or another needle is inserted, whichever method is 
easier.     

15.2.3     Parallel Side-to-Side Anastomosis 
(Fig.  15.15 ) 

    The needle-handling method is similar to that of the end-to- 
side anastomosis described above.

 –    If the heel is positioned at 6 o’clock of the opening of the 
graft incision, a needle is inserted from outside to inside 
at the 5-o’clock position, and 3–4 needles are then inserted 
toward the operator’s near side to join the graft to the cor-
onary artery.  

 –   This is continued to the toe on the near side; another nee-
dle is inserted on the far side from the outside to the inside 
of the coronary artery and the inside to the outside of the 
graft, and ligation proceeds as far as the toe.    

 This anastomosis method enables a large anastomosis 
opening to be made with little hemorrhage. This method of 
performing end-to-side anastomoses between the graft and 
the coronary artery is used by a number of surgeons.     

  Fig. 15.15    Parallel side-to-side anastomosis         Fig. 15.14    Diamond side-to-side anastomosis       
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      Coronary    Endarterectomy and Long 
Onlay-Patch Grafting 

           Kosaku     Nishigawa      and     Shuichiro     Takanashi   

    Abstract  

  With the progressive application of percutaneous coronary intervention, many patients 
referred for surgical revascularization have complex or diffuse coronary artery disease. 
Such a coronary artery is a surgical challenge, since distal anastomosis is frequently diffi -
cult to perform because of diffuse atheromatous plaques. Moreover, conventional distal 
anastomosis to the distal diffusely diseased left anterior descending artery (LAD) cannot 
achieve complete revascularization of the myocardium supplied by the side branches 
(septal perforators and diagonal branches) affected by diffuse atheromatous lesions. For 
these cases, long onlay-patch grafting (with or without coronary endarterectomy) is an 
effective surgical option to relieve the ischemia of the myocardium supplied by the side 
branches affected by diffuse atheromatous lesions. In this chapter, we describe a long onlay-
patch grafting with or without endarterectomy and introduce our surgical procedures for a 
diffusely diseased LAD with an off-pump technique.  

  Keywords  

  Diffusely diseased coronary artery   •   Coronary endarterectomy   •   Long onlay-patch grafting  
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16.1         Surgical Treatment for Diffusely 
Diseased Coronary Artery 

 The increasing application of percutaneous coronary inter-
vention (PCI) has led to more patients with complex coro-
nary artery disease or a diffusely diseased coronary artery 
being referred for surgical revascularization. In the Coronary 
Artery Surgery Study (CASS), extensive and calcifi ed 
lesions could not be treated surgically in 4.9 % of diseased 
coronary arteries [ 1 ]. Revascularization of a diffusely dis-
eased coronary artery is challenging not only for interven-
tional cardiologists but also for cardiac surgeons, since 
diffuse atheromatous lesions frequently render themselves 
unsuitable for conventional distal grafting. 

 Coronary endarterectomy was fi rst introduced as a 
treatment option for diffusely diseased coronary artery in 
1957 by Bailey et al. [ 2 ]. Although initially reported its 
operative mortality and morbidity led to many cardiac sur-
geons being reluctant to perform this procedure, recent 
advances in surgical techniques and perioperative manage-
ment have led to reports of improved surgical outcomes of 
coronary endarterectomy [ 3 ]. There are two different methods 
for coronary endarterectomy: the closed method (traction 
endarterectomy) and the open method (direct-vision endar-
terectomy). Traction endarterectomy has risks of incomplete 
removal of the atheromatous plaque in the distal vessel and 
shearing off the plaques in the side branches. In contrast, 
open endarterectomy facilitates complete removal of the 
plaques from the main vessel and the side branches under 
direct vision. The main concern associated with the treat-
ment for diffusely diseased coronary arteries is revascular-
ization of the diffusely diseased LAD. The LAD has many 
side branches (septal perforators and diagonal branches) that 
come off at two different planes: therefore, endarterectomy 
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of the LAD should be performed under direct vision through 
a long arteriotomy to provide adequate exposure for com-
plete removal of the atheromatous core. 

 On the other hand, when the calcifi cation of the plaques is 
not so severe, coronary artery reconstruction with exclusion 
of the atheromatous plaques from the LAD lumen, which 
was fi rst reported by Barra and colleagues [ 4 ], is a surgical 
alternative to coronary endarterectomy. 

 To date, we have performed long onlay-patch grafting 
with or without coronary endarterectomy for diffusely 
 diseased LAD with an off-pump technique whenever feasi-
ble [ 5 ]. In the next section, we introduce our surgical tech-
niques of these procedures.  

16.2     Surgical Techniques for a Diffusely 
Diseased Coronary Artery 

16.2.1     Long Onlay-Patch Grafting Without 
Endarterectomy (Plaque Exclusion 
Technique) 

 We perform long onlay-patch grafting when a simple distal 
anastomosis to the distal LAD cannot relieve the myocar-
dium supplied by the side branches affected by diffuse 
atheromatous lesions. When the atheromatous plaques are 
not so severely calcifi ed, long onlay-patch grafting with 
plaque exclusion can be performed instead of coronary end-
arterectomy to revascularize the diffusely diseased LAD. 

 After a median sternotomy, the left internal thoracic artery 
(LITA) is harvested in a skeletonized fashion using an ultra-
sonic scalpel. A commercially available heart positioner and 
stabilizer are routinely used. To obtain a steady operative fi eld 
for the long arteriotomy and anastomosis on the diffusely dis-
eased LAD, two sets of tissue stabilizers are placed in the distal 
and proximal parts of the LAD (double-Octopus technique) 
(Fig.  16.1 ) [ 6 ]. A bloodless fi eld is obtained using a proximal 
silicone elastic snare suture and a carbon dioxide blower.

   A longitudinal arteriotomy is made on the midportion of 
the diseased LAD, and the incision is extended proximally and 
distally. The LAD at the level of the most proximal stenotic 
lesion should not be opened in order to avoid competitive fl ow, 
and the distal incision is extended to the non-diseased segment 
of the LAD. The LITA is longitudinally incised to match the 
length of the arteriotomy on the LAD. The LITA is then anas-
tomosed to the LAD with several 7-0 or 8-0 polypropylene 
running sutures to avoid a purse-string effect. The suture lines 
are placed on the insides of the plaques so as to exclude 
atheromatous plaques from the lumen of the coronary artery. 
Care should be taken not to occlude the ostia of the septal 
perforators and diagonal branches. The majority of the recon-
structed lumen fi nally consists of intact intima of the LITA.  

16.2.2     Long Onlay-Patch Grafting 
with Endarterectomy 

 Coronary endarterectomy is indicated when the needle 
cannot pass through severely calcifi ed plaques or there are 
soft plaques which can be a cause of distal embolism due to 
plaque rupture. In addition, the techniques of coronary end-
arterectomy can be applied to long segmental in-stent reste-
nosis after PCI [ 7 ]. We perform coronary endarterectomy 
under direct vision through a long arteriotomy with onlay- 
patch grafting using the LITA; we do not perform traction 
endarterectomy for the LAD [ 8 ]. 

 The diseased LAD is incised in its midportion, and the 
incision is extended proximally and distally. The atheroma-
tous core is carefully dissected from the adventitia using a 
fi ne spatula and forceps. All the side branches are directly 
observed, and their intima is carefully dissected and removed 
with the atheromatous core (Fig.  16.2 ). To avoid fl ow com-
petition between the LITA and the native coronary artery, the 
most proximal stenotic lesion should not be removed. The 
distal end of the atheromatous core is sharply divided at the 
level of intact intima, and the divided intima is then tacked 
with an 8-0 polypropylene running suture. The surface of the 
endarterectomized LAD is fl ushed with saline solution, and 
the residual intimal fl aps or fragments of plaques are com-
pletely removed. Thereafter, the skeletonized LITA is incised 
longitudinally and anastomosed to the LAD with several 8-0 
polypropylene running sutures. As in the plaque exclusion 
technique, care should be taken not to occlude the ostia of 
the septal perforators and diagonal branches, and the major-
ity of the reconstructed lumen consists of intact intima of the 
LITA (Fig.  16.3 ).

  Fig. 16.1    Two sets of tissue stabilizers applied to the proximal and 
distal end of the long arteriotomy       
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16.3          Postoperative Management 
of Coronary Endarterectomy 

 Unlike conventional distal grafting to the non-diseased seg-
ment, long onlay-patch grafting with or without endarterec-
tomy for a diffusely diseased coronary artery requires a 
direct manipulation of a diseased coronary artery: therefore, 

there are several pitfalls specifi c to these procedures. Of 
those, acute thrombotic occlusion of the endarterectomized 
vessel is the most disastrous complication after coronary 
endarterectomy [ 9 ]. The lack of endothelium in the endarter-
ectomized vessel leads to the exposure of subendothelial 
tissue to the bloodstream, which results in the triggering of 
the coagulation cascade and thrombus formation in the 
endarterectomized vessel. In order to prevent acute thrombo-
sis after endarterectomy, aggressive anticoagulation treat-
ment in combination with antiplatelet therapy is mandatory. 
However, to date, there have been no published guidelines or 
protocols describing optimal antiplatelet or anticoagulation 
therapy for patients undergoing coronary endarterectomy. 
In our institute, postoperative anticoagulant and antiplatelet 
treatment is performed with the following protocol: intrave-
nous infusion of low-molecular-weight heparin (5,000 units/
day) is initiated after chest tube output has decreased and 
continued until warfarin is effective. Low-dose aspirin 
(100 mg/day), clopidogrel (75 mg/day), and warfarin (main-
tained with a target international normalized ratio of 2.0) are 
started after the initiation of oral intake. Warfarin and clopi-
dogrel are discontinued after 3 months and 1 year after 
surgery, respectively, but aspirin is continued indefi nitely. 

 Here is one of our recent cases. An early postoperative 
angiography revealed rough surface of the endarterecto-
mized LAD. However, follow-up coronary angiography per-
formed 1 year after surgery demonstrated that the lumen of 
the reconstructed LAD had become smooth and the diameter 
of the reconstructed LAD had decreased to match the diam-
eter of the LITA (Fig.  16.4 ).

16.4        Conclusion 

 The principal goal of CABG is to achieve complete myocar-
dial revascularization. However, in diffusely diseased coro-
nary arteries, conventional distal grafting is often diffi cult to 
perform because of diffuse atheromatous plaques. In par-
ticular, simple anastomosis to the non-diseased segment in 
the LAD cannot relieve the ischemia of myocardium sup-
plied by side branches affected by diffuse atheromatous 
lesions. With the increasing incidence of complex or diffuse 
coronary artery disease, long onlay-patch grafting with or 
without endarterectomy may be the only surgical option to 
achieve complete revascularization in the diffusely diseased 
LAD which cannot be treated by PCI or conventional bypass 
grafting.     

  Fig. 16.2    Endarterectomized core (with restenosed coronary stents) 
demonstrating proper tapering of side branches       

  Fig. 16.3    Endarterectomized left anterior descending artery recon-
structed using skeletonized left internal thoracic artery graft with an 
onlay-patch fashion       
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      OPCAB Proximal 

           Hirofumi     Takemura    

    Abstract  

  Internal thoracic artery graft (ITA) in CABG contributes for excellent long-term survival, 
and moreover bilateral ITA grafts improved long-term survival than single usage of ITA 
especially in young people. Furthermore, the use of in situ gastroepiploic artery makes it 
possible to achieve aorta no-touch technique in OPCAB. However, the really optimal graft 
selection differs according to the patient’s condition such as patient’s age, comorbidity, 
hemodialysis, frailty, and so on. Aorta manipulation is one of the biggest risk factor after 
CABG. In Japan, the saphenous vein graft is still used in many patients. It means that the 
ascending aorta is often used for the proximal blood supply sauce. We should know the 
signifi cant effect of the epiaortic echo scanning for the ascending aorta and should select 
the proximal anastomosis technique and anastomosis devices to obtain good result and to 
avoid stroke after CABG.  

  Keywords  

  Proximal anastomosis   •   Aortic side clamp   •   Aortic anastomosis device   •   Aorta non-touch 
technique  
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17.1         Proximal Anastomosis 

 Internal thoracic artery graft (ITA) in coronary artery bypass 
surgery (CABG) contributes to excellent long-term survival, 
and bilateral ITA grafts offer improved long-term survival 
compared to single ITA grafts, especially in young patients 
[ 1 – 3 ]. The use of in situ gastroepiploic artery also allows an 
aorta no-touch technique for off-pump coronary artery bypass 
(OPCAB) [ 4 ]. The gastroepiploic artery has also been 
reported as an ideal graft for third graft selection [ 5 ]. However, 
in the real world, saphenous vein grafts are still used in many 
patients even in Japan. This means that the ascending aorta is 
often used as a proximal source of blood supply. 

 Because patients with coronary artery disease have a 
high risk of suffering from systemic atherosclerosis, includ-
ing calcifi cation and fragile plaque on the ascending aorta, 
preoperative evaluation for these diseases is recommended. 
Although routine preoperative CT is not common in the 
United States or Europe, simple CT is usually performed in 
Japan to detect atherosclerotic legion, coronary calcifi ca-
tion, lung disease (especially emphysematous disease), and 
peripheral artery disease, including abdominal aortic aneu-
rysm. Simple CT, however, cannot detect soft plaque or 
moderate thickening of the ascending aorta. Contrast-
enhanced CT offers greater ability to detect a thickened 
aorta or irregularity of the intima of the ascending aorta. 
However, this modality is not routinely performed because 
of concerns about renal infl uence and cost. Intraoperative 
epiaortic ultrasonography is recommended to detect ath-
erosclerosis and soft plaque on the ascending aorta [ 6 ]. 
Simple CT and even contrast-enhanced CT cannot detect 
severe atherosclerosis of the aorta, which is detected on 
ultrasonography (Fig.  17.1 ). When epiaortic echoes show 
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atherosclerosis on the aorta, a proximal anastomosis procedure 
should be selected.

   Aortic side clamping has been routinely used for proximal 
anastomosis, even for SVG, radial artery, or free arterial graft. 
The aortic side clamp deforms, distorts, and compresses the 
ascending aorta, which might crush the plaque and result in 
embolization, depending on the characteristics of the aorta. 
Lev-Ran et al. reported the usage of partial clamping as a risk 
factor for postoperative cerebral infarction [ 7 ]. Edelman et al. 
reported that postoperative cerebral infarction was observed 
signifi cantly more often in a clamp group than in a clampless 
group [ 8 ]. On the other hand, Yamaguchi reported that if 
intraoperative ultrasonography showed no plaque on the 
ascending aorta, no signifi cant difference in risk of postopera-
tive cerebral infarction existed between clamp and clampless 
groups [ 9 ]. In Japan, intraoperative epiaortic ultrasonogra-
phy is recommended and used by many surgeons. 

 The ascending aorta is usually used as the site of proxi-
mal anastomosis. Brachiocephalic artery and ITA graft for 
Y-shaped or I-shaped grafts or aortocoronary bypass graft 
(SVG or RA) as Y-shaped graft are other options. An I-shaped 
graft might sacrifi ce the capacity for long-term patency of 
the ITA graft, while a Y-shaped graft requires careful consid-
eration about the blood contributions of each branch to avoid 
steal phenomenon or string sign [ 10 ].  

17.2     Simple Aortic Side Clamp 

 The aortic side partial clamp is usually placed after fi nishing 
the distal coronary artery anastomosis and aortic declamping 
with heart beating. The partial clamp is placed on the ante-
rior face of the ascending aorta, and a hole is made with a 
puncher following a small cut with a spit knife on the ridge 
of the partially clamped aorta to avoid aorta injury. 

Anastomosis for the circumfl ex artery should be made 
slightly toward the left side of the wall to create proximal 
anastomosis rising from the ascending aorta. Proximal anas-
tomosis can be set on the anterior aspect, making the graft 
run parallel to the aorta, or it can pass down toward the right- 
sided space of the right atrium. The size of the puncher is 
usually 4.5 mm for vein grafts and 3.5 mm for free ITA graft 
or radial artery graft. A hole that is too big for the graft risks 
stenosis at the heel side and excessive tension on the graft on 
the toe side. Blood pressure should be kept low by lowering 
the perfusion fl ow when using a heart-lung machine or by 
administration of vasodilator to avoid aortic injury or dissec-
tion. At the same time, compression on the carotid arteries 
by the anesthesiologist might help debris from the clamp 
side escape to proceed into the arch branches.  

17.3     Selection of Proximal Anastomosis 
Techniques 

 The aorta no-touch technique might carry a low risk of cere-
bral embolization for patients with some degree of athero-
sclerosis on the aorta. Some surgeons have recommended the 
usage of anastomosis devices [ 11 – 13 ,  17 – 19 ,  22 – 25 ]. 
However, should these aorta no-touch techniques or anasto-
mosis devices be used in all patients? Is there any evidence 
that these techniques make any difference regarding cerebral 
infarction in patients with a normal aorta? Yamaguchi 
reported that when intraoperative epiaortic ultrasonography 
showed no atherosclerotic change on the ascending aorta, 
simple aortic side clamping was not associated with any sig-
nifi cant increase in cerebral infarctions [ 9 ]. However, pres-
ence of some degree of atherosclerotic change, fragile plaque, 
thickening, or debris should be taken into consideration and 
other techniques applied to avoid manipulation of the aorta.  

  Fig. 17.1    Sample images of the ascending aorta. ( a ) is a simple CT image, ( b ) shows contrast-enhanced CT, and ( c ) shows epiaortic ultrasound 
echography image       
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17.4     Symmetry Aortic Connector (St. Jude 
Medical, Minneapolis, MN) 

 As the fi rst device for proximal anastomosis available in 
Japan, the aortic connector was introduced in 2002. Results 
of short- and long-term studies on patency rates for this 
device are ambiguous [ 11 – 13 ]. Farhat reported histological 
damage to saphenous vein grafts with this device [ 14 ], which 
was withdrawn from use in Japan in 2006.  

17.5     PAS-Port System (Cardiac, Menlo 
Park, CA) 

 The PAS-Port system was introduced in 2004 in Japan and 
has been used under specifi c conditions. It can be used for 
cases showing severe atherosclerosis on the ascending 
aorta with one spot where the aortic wall is suitably thin 
and smooth. The stent anchoring the vein graft to the aorta 
is placed external to graft, whereas the stent was inside the 
vein graft in the symmetry aortic connector. Although 
Izutani reported one case of ostial stenosis at 4 months 
postoperatively [ 15 ], this structure may decrease the pos-
sibility of thrombosis inside the graft and is morphologi-
cally acceptable according to Kawasaki [ 16 ]. Many groups 
have reported better results after clampless OPCAB using 
the PAS-Port system compared with conventional CABG 
[ 17 – 19 ] (Fig.  17.2 ).

   These two anastomosis devices allowed automatic con-
nection of the grafts on the aorta. However, some concerns 
have been raised regarding the quality of anastomosis, due to 
the need for metal stents for anchoring. The following are 
two new anastomosis devices that enable hand-sewn 
anastomosis:  

17.6     Heartstring System (MAQUET, 
San Jose, CA) 

 The Heartstring was introduced to Japan in 2003. A hole is 
made with the original punch, then pressure is placed over the 
hole with a fi nger to stop the bleeding, and the sealing 
umbrella is inserted into the aorta. Hemostasis is achieved by 
blood pressure pushing the umbrella against the aorta wall 
[ 20 ]. Once hemostasis is obtained, anastomosis can be com-
pleted with a standard hand-sewn technique not only for the 
saphenous vein but also for radial artery grafts. After com-
pleting hand-sewn sutures, the sealing string comes out of the 
suture line as a single string. Sometimes bleeding cannot be 
completely controlled, but in such cases, use of the blower 
helps to make the hole bloodless. Thourani reported the 
Heartstring proximal anastomotic device could be safely used 
with all grades of aortic atherosclerosis, especially with mod-
erately diseased aorta [ 21 ]. Stroke has been reported to 
occur with usage of this device in OPCAB [ 22 – 25 ] (Fig.  17.3 ).

17.7        Enclose II System (Novare Surgical 
Systems, Cupertino, CA) 

 This is another manual proximal anastomosis device that 
enables the surgeon to perform proximal hand-sewn anasto-
mosis without side clamping. The lower jaw of the device is 

  Fig. 17.2    PAS-Port system (  http://www.cardica.com/pas-port-sys-
tem.php    )       

  Fig. 17.3    Heartstring III system (  http://www.maquet.com/int/product/
HEARTSTRING-III-Proximal-Seal-System-with-Aortic-Cutter?parent
NodeId=hcqmzcnz#tab=Gallery    )       
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inserted into the aorta through a small hole made by a 14-G 
needle 2 cm above the anastomosis point. The jaw is 
advanced toward the point of anastomosis. The membrane 
of the lower jaw is opened, and the upper jaw is lowered 
toward the aortic wall to compress the lower jaw onto the 
inside of the aorta. A small incision is made in the aorta and 
excess aortic tissue is removed using the 3.5-mm aortic 
punch. Proximal anastomosis can be performed in the usual 
fashion. An overly deep bite might tear the membrane. After 
the fi rst anastomosis is fi nished, the device can be reposi-
tioned for the next. This technique is not a real aorta no-
touch technique. Care should be taken to avoid atherosclerotic 
sites for the needle hole or anastomosis position using epi-
aortic ultrasonography. Many reports have shown good 
results using this device, which is popular in Japan [ 25 – 28 ] 
(Fig.  17.4 ).

   In OPCAB, an aorta no-touch technique using in-site 
arterial graft including bilateral ITA and GEA might be an 
optimal graft design from the perspectives of long-term 
patency and stroke avoidance. However, truly optimal graft 
selection differs according to the characteristics of the indi-
vidual patient, such as age, comorbidities, hemodialysis, 
frailty, and so on. Manipulation of the aorta represents one of 
the biggest risk factors for postoperative stroke after 
CABG. We should know the signifi cant effects of epiaortic 
echography of the ascending aorta and should select the 
appropriate proximal anastomosis technique and anastomo-
sis devices to obtain optimal results and avoid stroke after 
CABG.     
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18.1         Intraoperative Graft Evaluation: 
How and What for? 

 Intraoperative validation of graft patency is an essential 
element of coronary artery bypass grafting (CABG) because 
early graft failure is not rare. In recent studies of postopera-
tive angiographic graft evaluation [ 1 – 7 ], graft failure rate at 
one year after surgery is approximately 20 %. Graft failure is 

not only a major cause of cardiac surgical morbidity and 
mortality but also results in an unfavorable long-term 
outcome [ 8 ]. Immediate graft failure has been reported to 
occur in 3.2 % of the grafts (7.6 % of patients) during sur-
gery [ 9 ]. The PREVENT IV trial reported 25 % failure rates 
in vein grafts at one year. Although this trial emphasized the 
potential advantages of arterial grafts, we also need to know 
that the failure rate was 8 % even for internal thoracic artery 
[ 10 ]. Furthermore, arterial graft and off-pump technique 
have been promoted to improve long-term outcome [ 11 ,  12 ] 
and reduce the complications of cardiopulmonary bypass, 
respectively [ 13 ], but both techniques are technically more 
demanding [ 14 ]. The ROOBY trial has suggested that there 
may be a reduced graft patency with off-pump CABG [ 15 ]. 
Many of these early failures are often secondary to technical 
issues that could be solved promptly if adequately diagnosed 
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intraoperatively. Being complementary to percutaneous cor-
onary intervention, cardiac surgeons should concentrate on 
how to optimize the quality of care they are providing. 

18.1.1     Techniques for Intraoperative 
Assessment of Graft Patency 

 Coronary angiography is the gold standard for graft assess-
ment. Hol and colleagues [ 16 ] reported that 4.2 % of the 
grafts were revised due to the fi ndings at intraoperative 
 angiography (1.1 % after on-pump surgery and 6.4 % after 
off- pump through a sternotomy). The limitation of this tech-
nique is that it requires additional machineries, personal 
resource, potentially nephrotoxic contrast agents, and addi-
tional operating time. Thermal coronary angiography uses 
infrared light to detect temperature differences generated 
between the myocardium and coronary arteries by the infu-
sion of cold or warm saline or cardioplegic solutions, but 
image resolution is often unsatisfactory [ 17 ]. Among the 
available techniques for evaluating graft patency, the 
currently most commonly used systems are transit-time 
fl ow measurement (TTFM) [ 18 ] and intraoperative fl uores-
cence imaging (IFI) [ 19 ]. Both systems will reliably detect 
occluded grafts but cannot consistently detect more minor, 
nonocclusive abnormalities. The strengths of the IFI system 
are that it is a safe, simple, and repeatable technique, but its 
limitations are that it only provides a semiquantitative esti-
mate of graft fl ow and does not show accurate anastomotic 
quality. On the other hand, TTFM provides more objective 
measurements of graft fl ow but is more likely to both under-
estimate and overestimate the need for graft revision. 
Table  18.1  summarizes the strengths and limitations of 
other techniques which have been used to assess intraopera-
tive graft patency.

18.2         Transit-Time Flow Measurement 

18.2.1     Principle 

 Transit-time fl ow measurement is based on the transit-time 
principle. It uses a fl ow probe, which is placed around the 
vessel and creates a uniform ultrasound fi eld across the 
vessel. Two separate piezoelectric crystals, which are located 
on the same side of the probe, send ultrasound pulses. A refl ec-
tor is located on the opposite side of the probe and at the 
same distance from the two crystals. Ultrasound pulses 
transmit the vessel and are refl ected back to the crystals. 
The duration spent by the ultrasound pulse to travel from 
one crystal across the vessel and then to be refl ected (by the 
refl ector on the opposite side of the probe) and reach the 
other crystal is called transit time. Ultrasound waves that 
travel upstream of the fl ow will travel slower than those 
going downstream. The difference in transit time between 
the pulse going upstream and the one going downstream is 
used to provide a precise measure of the volume of fl ow 
passing through the probe.  

18.2.2     Practice 

 As shown in Fig.  18.1 , TTFM provides a synchronous fl ow 
waveform and various calculated derivatives including mean 
graft fl ow, fl ow curve pattern, and pulsatility index.

   Mean graft fl ow is expressed as mL/min: this value depends 
on many factors such as mean arterial pressure, graft-coronary 
resistance, and run-off in the distal microvasculature. The vas-
cular resistance is calculated in the following formula: 
 R  = 8Lr4, where myu refers to blood viscosity,  L  to graft 
length, and  r  to the radius of the graft. The mean fl ow value per 
se should not be considered as a good indicator of the quality 
of the anastomosis because it often alters even if the anasto-
motic quality is excellent. Therefore, it’s always interpreted 
with taking the other parameters into consideration [ 20 ]. 

 The fl ow curve is the visual representative of the hemody-
namic function of the graft. It provides the percentage of the 
systolic and diastolic fl ow and the total areas under the curve 
for the systolic and diastolic fl ow. The curves should always 
be linked with the electrocardioghic tracing in order to 
correctly differentiate the systole from the diastole. 

 Diastolic fi lling percentage (DF %) indicates the percent-
age of coronary fi lling in diastole (the blood volume fi lling in 
diastole divided by the total blood volume in one heart 
cycle). The fl ow curve patterns can be classifi ed according to 
dominancy, systolic dominant when peak systolic fl ow 
exceeds peak diastolic fl ow by 10 % and diastolic dominant 
or balanced when peak diastolic fl ow exceeds peak systolic 

   Table 18.1    Technique for intraoperative graft assessment   

 Technology  Advantages  Limitations 

 Conventional 
angiography 

 Precise defi nition 
of graft patency, 
gold standard 

 Invasive, requires 
contrast agent, hybrid 
operating room, and 
catheter skills 

 Transit-time 
fl owmetry 

 Precise graft fl ow 
value 

 Nonvisual, inability to 
defi ne degree of stenosis 

 Thermal angiography  No contrast agent 
or radiation 

 Needs temperature 
differential to image, no 
clarity with increasing 
depth 

 Intraoperative 
fl uorescence imaging 

 Real-time 
angiographic 
images 

 Only semiquantitative, 
limited experience 
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fl ow by 10 % [ 21 ]. Different fl ow patterns may be related to 
the target vessel and grafts. The proportion of measured dia-
stolic fl ow may increase as the fl ow probe is placed distally 
on the graft. The fl ow dominancy in diastolic phase is more 
marked in the left coronary system because of a compara-
tively greater systolic fl ow component in grafts to the right 
coronary system because of a lower right ventricular trans-
myocardial pressure gradient. 

 The percentage of backward fl ow (%BF) is another 
parameter provided by the fl ow curve. It is the percentage of 
fl ow that is directed backward within the graft compared 
with the total forward fl ow of the same cardiac cycle. The 
lower the rate of backward fl ow, the better the quality of the 
grafting. 

 The pulsatility index (PI) is an estimate of the vascular 
resistance and expressed as an absolute number summarized 
in the following formula: Qmax - Qmin/Qmean, where the 
mean fl ow is calculated across fi ve cardiac cycles (Qmean), 
maximum fl ow is recorded in one cardiac cycle (Qmax), and 
minimum fl ow is recorded through one cardiac cycle (Qmin). 
The pulsatility index can be affected by several factors that 
increase the resistance to blood fl ow, including graft stenosis 
or occlusion, distal native coronary artery stenosis, and poor 
run-off in the distal microvasculature. Generally a pulsatility 
index value of more than 5 is considered to indicate unsatis-
factory graft fl ow.  

18.2.3     Current Experience and Results 

 A recent meta-analysis summarizes the clinical outcome of 
TTFM [ 22 ]. A total of 1411 grafts in 509 patients were 
assessed; 3.2 % of the grafts in 8.8 % of the patients were 
revised based on the TTFM fi ndings. Many authors have 
tried to defi ne threshold values for the different TTFM 
fi ndings and to distinguish patent from occluded grafts. 
A mean fl ow of 15 mL/min or less, a PI of 5 or higher, and a 
BF of 4 or higher seem to be the optimal cutoff criteria to 
predict early graft failure [ 23 – 25 ]. A systolic dominant fl ow 
curve pattern is a risk factor in grafts to the left coronary 
artery [ 25 ].  

18.2.4     Limitations 

 Although transit-time fl owmetry reliably validates graft 
patency in the majority of grafts with good fl ow, in some 
cases interpretation of the TTFM parameters is diffi cult and 
substantial uncertainty about graft patency may remain. 
Hirotani and colleagues [ 26 ] compared intraoperative TTFM 
results in 291 internal thoracic artery grafts and 190 saphe-
nous vein grafts in 171 patients with postoperative coronary 
angiography performed before hospital discharge. They 
reported that although the graft flow was significantly 

  Fig. 18.1    Transit-time 
fl owmetry display (Medistim 
ASA, Oslo, Norway) showing the 
fl ow waveform in a right internal 
thoracic artery grafting to the left 
anterior descending artery with a 
mean graft fl ow of 61 mL/min, 
pulsatility index ( PI ) of 1.4, and 
diastolic fl ow ( DF ) of 71 %. 
Simultaneous electrocardiogram 
( ECG ) is displayed on the 
auxiliary option       
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correlated with the grafted perfusion areas and the diameter 
of the bypassed coronary arteries, no signifi cant difference 
was observed between the fl ows of the ITA grafts with and 
without stenosis or string sign. Hol and colleagues [ 27 ] 
investigated TTFM measurements and angiography in 124 
grafts in 72 patients, reported that TTFM did not detect 
signifi cant angiographic abnormalities in arterial and venous 
grafts including an occluded internal mammary artery graft, and 
concluded that TTFM alone may underestimate graft failure.   

18.3     Intraoperative Fluorescence Imaging 

18.3.1     Principle 

 Intraoperative fl uorescence imaging is a novel vascular 
imaging technique based on the fl uorescent properties of 
indocyanine green (ICG) dye. After intravenous injection, 
ICG quickly binds to plasma proteins, and, when illuminated 
with a monochromatic light source at 806 nm (near infrared), 
it emits light with a wavelength of 830 nm. This fl uorescence 
is then captured and analyzed with a charge-coupled device 
video camera. The total output of the laser is 2.7 W, and the 
camera is placed 30 cm above the heart and analyzes an area 
of 7.5 cm × 7.5 cm. The laser light depth of tissue penetration 
is about 1 mm and has been demonstrated not to cause 
myocardial thermal damage. This laser light source has been 
shown to be safe. No protective eyewear is necessary, and 
ICG has been demonstrated safe over a 40-year period. The 
incidence of allergic reaction to ICG is strongly dose depen-
dent, being greatest with doses in excess of 0.5 mg/kg, and is 
reported to be approximately 1:40000, especially in patients 
allergic to iodine [ 28 ].  

18.3.2     Practice 

 The camera is covered with a sterile polyethylene drape 
and positioned 30 cm above the heart. ICG is made up of a 
concentration of 2.5 mg/mL. At the completion of the distal 
anastomoses, a bolus of 1 mL of ICG dye can be injected 
wither in the ascending aorta [ 29 ] or in the central venous 
pressure catheter (if the operation is performed off pump) or 
directly into the oxygenator in on-pump surgery. The dye is 
rapidly fl ushed with 10 mL of normal saline. Immediately 
after intravenous dye injection (or after a 5-s delay if the dye 
is injected into the oxygenator), the laser power is activated 
and captured images are recorded on the computer hard 
drive. The appearance of fl uorescent ICG dye passing ante-
gradely inside the bypass grafts and perfusing the coronary 
artery tree confi rms graft patency (Fig.  18.2 ). This procedure 
takes approximately 3 min per graft. The visualization of dye 

fl uorescence is better with skeletonized conduits compared 
with pedicled conduits. ICG injections can be administered 
repeatedly.

18.3.3        Current Experience and Results 

 The fi rst experience with intraoperative fl uorescence imag-
ing in coronary artery surgery was reported by Rubens [ 30 ] 
in 2002. As listed in Table  18.2 , several investigators have 
reported their experience with this technology [ 19 ,  31 – 37 ]. 
The assessment of 2,197 bypass grafts in 783 patients 
demonstrated an overall graft revision rate of 2.0 % in 6.2 % 
of patients. The sensitivity and specifi city of IFI to detect 
graft occlusion or stenosis greater than 50 % was 83–100 % 
and 100 %, respectively.

18.3.4        Strength 

 The great advantage of IFI assessment is that it makes blood 
fl ow through a grafted vessel visible, and where there is no 
enhancement in the graft, revision of the graft is obviously 

  Fig. 18.2    Left internal thoracic artery graft to the left circumfl ex artery 
demonstrated by intraoperative fl uorescence imaging (SPY, Novadaq, 
Toronto, Canada)       
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required. Furthermore, it does a more physiologic assess-
ment of graft fl ow than conventional angiography because 
there is no selective pressure injection into a graft that 
changes the baseline physiologic state.  

18.3.5     Limitations 

 Fluorescence imaging does not produce precise measure-
ments of fl ow in patent grafts, but gives a semiquantitative 
and monoplane assessment of graft patency. There are no 
clear intermediate criteria between “enhanced” and “not 
enhanced” by which to assess graft quality, and it may be 
diffi cult to decide whether to revise in cases where IFI indi-
cates positive but slow enhancement of the graft vessel 
(Fig.  18.3 ). In IFI, the enhancement effect develops from 
ICG injected through the venous line, through the superior 
vena cava and right side of the heart, and the pulmonary 
vasculature, emerging from the left side of the heart. The 
time until enhancement of graft or other vessels is thus infl u-
enced by various factors such as arterial anatomic path length 
and blood fl ow velocity (involving cardiac output, systemic 
vascular resistance, and any limitation of blood fl ow velocity 
in a graft vessel as dictated by fl ow rate through anastomo-
ses). Thus, for example, the enhancement effect normally 
arrives later in the GEA than in the ITA because of greater 
distance from the heart, but when enhancement begins, it 
should move along each graft vessel at a speed dictated by 
the blood fl ow velocity through the anastomoses. For the 
same reason, intraoperative fl uorescence imaging arrival 
times can be important. In view of path length differences, it 
might seem inappropriate to use the delay until manifesta-
tion of fl uorescent enhancement to assess graft quality. 
However, in a situation where both RITA and LITA are used 
together, the delay to start of enhancement is very important. 
They represent similar path lengths from the heart, and if 
blood fl ows through both at similar rates, then the time to 
start of enhancement should also be similar. In practice, 

delayed enhancement can be very useful for fi nding prob-
lematic grafts.

   Because this system requires direct “line-of-sight” imag-
ing, the heart needs to be distracted from its native position 
to visualize the grafts and anastomoses. Therefore, grafts are 
not evaluated in their native state when graft kinking could 
theoretically be present and absent when the heart is in the 
distracted position to allow access to the camera. This is 
particularly problematic for circumfl ex grafts. 

 Since tissue penetration is limited and image is acquired 
from directly above the anastomoses, precise assessment of 
anastomotic quality cannot be provided. This is particularly 
problematic when the anastomosis is located subepicardially 
or ITA or GEA grafts are not completely skeletonized. 

 Fluorescence imaging may not allow complete visualiza-
tion of the whole length of a graft, and, whenever an abnor-
mality (a compression, twist, or bend) occurs in the graft at a 
point far away from the laser light, the fi nding may be erro-
neously interpreted as a graft failure. 

 In conditions in which the native fl ow creates competition, 
the reason for poor graft fl ow may not be immediately evident 
and fl uorescence imaging may lead to erroneous interpreta-
tion of the graft status. If competitive fl ow is suspected to 
be the cause, snaring of the native coronary artery proximal 
to the anastomosis may elucidate suspicious fi ndings.  

18.3.6     Prospective Comparison of IFI 
and TTFM 

 In a prospective comparison of IFI and TTFM, 
Balacumaraswami [ 38 ] compared the simultaneous use of 
IFI and TTFM to evaluate graft patency and found that 
although in the majority of the patients both techniques are 
useful to confi rm graft patency (91 % of the grafts), in 3.8 % 
of grafts (10 % of patients) TTFM showed persistently poor 
fl ow when IFI demonstrated satisfactory fl ow. They con-
cluded that the use of TTFM alone may prompt unnecessary 

   Table 18.2    Studies with IFI   

 Revised grafts 

 Year  First author  No. patients  No. grafts  No  % of grafts  % of patients  Sensitivity  Specifi city 

 2002  Rubens [ 23 ]  20  1  N/A  N/A  N/A  N/A 
 2003  Reuthebuch [ 24 ]  38  107  4  3.7  10.5  N/A  N/A 
 2003  Taggart [ 11 ]  84  213  4  1.9  5  N/A  N/A 
 2004  Balacumaraswami [ 25 ]  200  533  8  1.5  4  N/A  N/A 
 2004  Takahashi [ 26 ]  72  290  4  1.4  5.6  N/A  N/A 
 2005  Desai [ 27 ]  120  348  5  1.4  4.2  83.3  100 
 2009  Handa [ 28 ]  39  116  2  1.7  5.1  100  100 
 2010  Handa [ 29 ]  51  153  4  2.6  7.8  85.7  100 
 2012  Kuroyanagi [ 30 ]  159  437  12  2.1  7.5  N/A  N/A 

 783  2197  44  2  6.2 
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graft revision. Desai studied 46 patients receiving 139 grafts; 
the sensitivity and specifi city for detecting graft failure 
(defi ned as occlusion or stenosis greater that 50 % at postop-
erative standard angiography) was 83.3 % and 100 % for IFI 
and 25 % and 95 % for TTFM, respectively [ 39 ]. The differ-
ence in sensitivity between IFI and TTFM in detecting graft 
failure was signifi cant (p = 0.023), and the authors concluded 
that IFI provided better diagnostic accuracy for detection of 
graft failure. Kuroyanagi investigated outcomes in 159 
patients receiving off-pump CABG with 435 grafts and com-
mented that delayed enhancement of one ITA in comparison 
with the other suggested either native competitive fl ow or a 
bypass graft problem [ 37 ].   

18.4     Epicardial Ultrasound 

 High-frequency (6.5–15 MHz) epicardial ultrasound (ECUS) 
helps the surgeons to cope with intraoperative challenges: 
(1) identify the location of target coronary arteries, (2) select 

the optimal anastomotic sites, and (3) assess the quality of 
constructed anastomoses. 

18.4.1     Equipment and Scanning 

 Linear array transducer has a high imaging frequency 
(6.5–15 MHz) for detailed visualization of small coronary 
arteries. The phantom resolution of the probes is in the range 
of 0.10–0.25 mm with approximately 4 cm penetration 
depth. The size of transducers gradually decreased from 
rod-shaped transducers as large as 24*2.5 cm to those as 
small as 3*1 cm (Fig.  18.4 ). Mini-transducers can reach all 
parts of the heart and easily pass through a trocar for endo-
scopic use. The transducer needs to be placed in a sterile 
cover or to be sterilized. The beating heart with a stabiliza-
tion device provides an ideal condition for detailed visual-
ization because it represents the physiologic blood pressure 
and fl ow in the coronary arteries and anastomoses. Without 
stabilization, it is more diffi cult to obtain an accurate imaging 

  Fig. 18.3    Bilateral ITAs were enhanced, but there was a little time lag between the RITA and the LITA. The LITA graft to the left circumfl ex 
coronary artery showed slower blood fl ow than the RITA. ( a – c ): Progress is shown in chronological order: ( a ,  b , and  c )       
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due to motion artifacts. Warm saline and/or sterile gel 
employed on the epicardial surface facilitates contact and 
clear imaging. Assessment of the target vessels and/or anas-
tomosis requires only a few minutes. The indications for use 
of ECUS include a diffi cult to interpret angiogram (includ-
ing chronic total occlusion lesion specifi cally), extensive 
epicardial fat, an intramural vessel, diffuse coronary artery 
disease, and discrepancies between preoperative angio-
graphic and intraoperative fi ndings.

18.4.2        Identifi cation of the Target Coronary 
Artery 

 Identifi cation of vessels covered with thick epicardial fatty 
tissue or myocardium is challenging using visual or palpa-
tion information alone. If detection by visual inspection or 
palpation is impossible, the surgeon usually spends several 
minutes seeking the targets and may also dissect the epicar-
dial or myocardial tissue unnecessarily. Inessential dissec-
tion after heparinization is dangerous and sometimes causes 

uncontrolled bleeding, which hampers anastomosis. These 
technical errors may force conversion from off-pump coro-
nary bypass surgery to cardiopulmonary bypass. ECUS 
requires only a few minutes for visualizing a target vessel 
and minimizes risk and time consumption. When identifying 
the LAD, the underlying ventricular septum and the presence 
of septal perforators serve as remarkable echocardiographic 
markers. Arteries can be easily differentiated from accompa-
nying veins by the presence of calcifi cation and plaque 
(Fig.  18.5 ). Figure  18.6  demonstrated the left anterior 
descending coronary artery embedded in the myocardium 
and located at a depth of 4 mm from the surface. Veins are 
more easily compressed than arteries when applying gentle 
pressure with a transducer (Fig.  18.7 ). ECUS is especially 
useful to assess the sections that cannot be well visualized on 
the angiograms such as chronic total occlusion lesion.

     Several investigators reported their experience to coro-
nary artery visualization by ECUS. Isringhaus used ECUS in 
630 coronary segments in 112 patients and examined the 
vessel diameter, the absence of stenoses, the condition of the 
vessel wall, and the localization of occlusions [ 40 ]. Of these, 
fi fty vessels not visible to the eye (8 %) could be imaged by 
ECUS. Hayakawa and his colleagues assessed 299 target 
vessels during off-pump CABG in 89 consecutive patients 
and found that 12 vessels (4 %) not identifi ed either visually 
or on palpation could be located by ECUS [ 41 ].  

18.4.3     Selection of Optimal Anastomotic Sites 

 The surgeons usually rely on visual information and palpa-
tion to detect the coronary lesions and select the optimal 
anastomotic sites. However, the angiography does not always 
delineate all stenoses or plaque accurately [ 42 ]. Digital pal-
pation is subjective and easily fails to catch soft plaques. 
Furthermore, because septal perforators or side branches 
cannot be conventionally detected before opening the coro-
nary, bleeding through the arteriotomy from these small 
vessels extremely interferes with suturing, especially in off-
pump CABG [ 43 ]. The anastomotic sites often turn out to be 
suboptimal after the artery is opened. ECUS can evaluate the 
quality of the target coronary arteries rapidly and accurately 
and allow deviation to a more optimal suture site [ 44 ]. 
Intraoperative change of anastomotic site from the initial 
conventionally selected sited after ECUS scanning has been 
reported to occur in 24 % of cases [ 40 ,  43 – 45 ].  

18.4.4     Assessment of Anastomosis Quality 

 Intraoperative quality assessment of constructed anastomo-
ses will help to increase graft patency because suboptimal 
anastomoses can be revised before chest closure. ECUS can 

  Fig. 18.4    Epicardial ultrasound mini-transducer ( upper panel ). 
Positioned along the left circumfl ex coronary artery ( lower panel )       
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provide highly detailed images of the anastomotic sites 
(Figs.  18.8  and  18.9 ). In studies reporting on quality assess-
ment by ECUS [ 42 – 57 ], approximated 2 % of distal anasto-
moses were revised based on abnormal fi ndings including 
misplaced sutures, thrombus, dissection, and calcifi cations. 
Minor irregularities were seen in 5 %. Dissection may be 

detected by ECUS [ 58 ]. Based on studies of ex vivo porcine 
and human hearts, ECUS has high sensitivity (0.98) and 
specifi city (1.00) for the detection of anastomotic errors, 
which was signifi cantly higher than those obtained from 
the gold standard angiography (sensitivity 0.75, specifi city 
0.81) [ 59 ].

  Fig. 18.6    ECUS demonstrated 
the left anterior descending 
coronary artery embedded at a 
depth of 4 mm from the surface       
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  Fig. 18.5    ECUS demonstrates 
the LAD with calcifi cation and 
accompanying acoustic shadow       
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18.4.5         Comments 

 It is plausible that a number of anastomosis irregularities iden-
tifi ed on postoperative angiography are actually related to selec-
tion of suboptimal anastomotic sites, rather than to suture errors. 

ECUS is a promising multipurpose intraoperative diagnostic 
tool that is likely to benefi t patients undergoing CABG but 
requires larger patient studies to determine what kind of ECUS 
fi ndings will predict a graft stenosis or occlusion at follow-up 
period and justify intraoperative anastomosis revision.      
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  Fig. 18.7    Differentiation 
between artery and vein. ( a ): 
normal condition, ( b ): under 
gentle pressure with a transducer       
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  Fig. 18.8    Epicardial ultrasound image of a patent right internal thoracic artery grafting (RITA) to left anterior descending artery (LAD): longitudinal 
image ( upper panel ) with corresponding transverse image ( lower panel )       
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      Stroke 

           Yoshitaka     Okamura    

    Abstract  

  Strokes after coronary artery bypass surgery are among the most devastating 
complications. 

 Because strokes can worsen early/late postoperative mortality and can also infl uence 
quality of life, the prevention of postoperative strokes is essential. 

 Neurological defi cits can develop both intraoperatively and postoperatively. Strokes are 
categorized into two types based on the timing of occurrence: early and delayed. Early 
strokes occur immediately after surgery, and delayed strokes occur after uneventful recov-
ery from general anesthesia. Recent advances in surgical techniques, including OPCAB 
surgery, have contributed to reducing the rate of early strokes, but more than half of postop-
erative strokes are considered to be of the delayed type; therefore, postoperative manage-
ment also plays an important role in reducing the prevalence of postoperative strokes   .  

  Keywords  

  Stroke, OPCAB  
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19.1         Background 

 Neurological disorders after coronary artery bypass surgery 
are among the most devastating complications as they affect 
postoperative quality of life and also increase the mortality 
rate by tenfold [ 1 ]. 

 Several reports have described risk factors for neurologi-
cal disorders after coronary artery bypass surgery. Advanced 
age, hypertension, past history of cerebral infarction, carotid 
artery lesions, ascending aortic lesions, ascending aortic 

manipulation, left ventricular venting, postoperative atrial 
fi brillation, hypercoagulability, and low output after surgery 
were documented as risk factors for stroke after coronary 
surgery in the 2011 ACCF/AHA Guideline for Coronary 
Artery Bypass Graft Surgery [ 1 ]. 

 Recent developments in surgical techniques to avoid or 
minimize aortic manipulation have contributed to a decrease 
in early neurological complications by reducing the preva-
lence of macro- and microembolisms. In this regard, OPCAB 
surgery, especially aortic no-touch OPCAB, has been con-
sidered among the best techniques for preventing early-type 
strokes. 

 In contrast, delayed strokes occur independently of surgery. 
Hypotension, hypercoagulability, and atrial fi brillation are 
believed to cause delayed strokes, so postoperative manage-
ment plays an important role in reducing this type of stroke.  

mailto:y-ok@wakayama-med.ac.jp
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19.2     Etiology 

 The etiology of stroke after coronary bypass surgery is com-
plicated and multifactorial. Systemic infl ammatory 
response, cerebral hypoperfusion, and cerebral embolism 
induced by aortic manipulation have been associated with 
postoperative stroke [ 2 ]. In coronary surgery with cardio-
pulmonary bypass (CPB), rapid changes in body tempera-
ture, rapid reduction in hematocrit, and loss of pulsatile fl ow 
induced by CPB have been associated with postoperative 
neurological defi cits [ 3 ].  

19.3     Types of Strokes 

 There are two types of classifi cation for postoperative 
strokes. 

 One is classifi cation based on the timing of the stroke 
(early and delayed types) [ 2 ]. 

 Early strokes involve neurological defi cits occurring 
immediately after recovery from general anesthesia, and 
delayed-type strokes involve defi cits after uneventful recov-
ery from general anesthesia. 

 The other type of classifi cation is based on the severity of 
the neurological defi cit (Type 1 and Type 2) [ 4 ]. Type 1 
strokes involve neurological defi cits caused by focal injury 
or stupor or coma at discharge, and Type 2 strokes involve 
deterioration in intellectual function, memory defi cits, or 
seizures.  

19.4     Incidence 

 The incidence of postoperative stroke ranges from 0 to 
4.4 %, depending on the patients’ characteristics and the 
diagnostic criteria [ 5 ,  6 ]. 

 The incidence of postoperative strokes is believed to be 
lower in OPCAB surgery than in conventional coronary 
artery bypass grafting (CCAB). 

 An annual report from the Japanese Association for 
Coronary Surgery indicated that the incidence of the stroke 
in all coronary artery bypass surgeries was 1.05 % in 2012. 
With regard to each different procedure, the stroke rate was 
lowest in OPCAB, with a rate of 0.81 %, whereas the rate of 
stroke in CCAB with cardiac arrest was 1.19 % and that in 
on-pump beating CABG was 1.62 %. The rate of stroke in 
surgery with conversion from OPCAB to CCAB was the 
highest, reaching 3.24 %.  

19.5     Use of Epiaortic Ultrasound Scanning 

 From a surgical point of view, the properties of the ascending 
aorta are highly important. The properties of the ascending 
aorta should be evaluated, and a strategy should be devised 
regarding whether to manipulate the ascending aorta. 
Computed tomography is the most informative method for 
evaluating the ascending aorta preoperatively. 

 In a recent study, use of epiaortic ultrasound scanning was 
considered to be reasonable for evaluating the presence, 
location, and severity of atherosclerosis of the ascending 
aorta. In patients at high risk for arteriosclerosis, epiaortic 
ultrasound scanning contributed to reduction of postopera-
tive strokes resulting from micro- or macroembolization 
from the ascending aorta.  

19.6     Microembolic Signals in CABG 

 Transcranial Doppler monitoring has revealed microem-
bolic signals (MSEs) during cardiac surgery with 
CPB. Braekken et al. [ 7 ] reported cerebral microembolic 
signals in all patients who underwent cardiac surgery with 
CPB. Furthermore, these MSEs also occurred during the 
postoperative phase as a result of intraoperative aortic 
manipulation [ 8 ]. OPCAB has the possibility of diminishing 
these MSEs, and it can reduce the rate of postoperative 
stroke [ 9 ].  

19.7     Merits of OPCAB 

 The merits of OPCAB are less blood loss, less need for trans-
fusion, lower incidence of postoperative strokes, and less 
renal dysfunction after surgery [ 10 ]. Stabilizing the hemody-
namics results in the securing of cerebral perfusion. The 
incidence of atrial fi brillation after OPCAB was reported to 
be the lowest, and because atrial fi brillation is one of the 
major causes of postoperative strokes, OPCAB is considered 
the best procedure.  

19.8     Surgical Strategy to Reduce Strokes 

 In OPCAB surgery, the postoperative stroke rate was lower 
than that in CCAB, as mentioned above. Additional surgical 
techniques should minimize or avoid aortic manipulation to 
reduce the rate of stroke. 
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 Aortic cannulation, cardioplegia-venting catheter inser-
tion, aortic clamping, and proximal anastomosis of the free 
graft are essential procedures for the ascending aorta in coro-
nary surgery with CPB. However, each of these procedures 
incurs the possibility of a stroke developing through macro- 
or microembolism. 

 OPCAB does not require aortic cannulation or cardiople-
gic catheter insertion. Furthermore, recent advancements in 
proximal anastomotic devices have rendered side clamping 
of the ascending aorta unnecessary during proximal anasto-
mosis in OPCAB surgery. These clampless techniques have 
contributed to reducing the rate of stroke after coronary sur-
gery [ 11 ,  12 ]. Wilhelm et al. reported that the incidence of 
stroke after the side-clampless technique was 0.8 %. An 
additional technique is the aortic no-touch technique, which 
can be effective in patients with unfavorable ascending 
aortas. 

 To prepare for aortic no-touch strategies, I-composite 
and Y-composite grafting are also useful procedures. 
I-composite grafting and Y-composite grafting are tech-
niques used to avoid restriction of the graft fashion in aortic 
no-touch surgery. I-composite grafts, Y-composite grafts, 
and the sequential grafting technique enable revasculariza-
tion of multiple vessels in limited grafts and limited anasto-
motic sites in the ascending aorta. 

 The incidence of stroke and the short-term mortality rate 
were lower with these aortic no-touch techniques, and the 
patency and long-term survival were also found to be excel-
lent in previous reports [ 10 ,  12 ,  13 ].  

19.9     OPCAB to ONCAB Conversion 

 OPCAB is associated with a lower risk of postoperative 
stroke rate than conventional CABG. However, OPCAB 
patients who were converted to conventional CABG unex-
pectedly had a higher incidence of postoperative stroke 
than non-converted patients (conversion, 2.02 %; without 
conversion, 0.96 %). Unexpected conversion should be 
avoided, and if the opportunity to convert to CCAB arises, 
the conversion should be performed while the hemodynam-
ics are stable [ 14 ].  

19.10     Postoperative Atrial Fibrillation 

 The effectiveness of postoperative AF management was 
also documented in the ACCF/AHA Guidelines [ 1 ].    Atrial 
fi brillation is associated with a substantially increased risk 

of morbidity and mortality, and postoperative AF is associ-
ated with a 3 to 4 fold increased risk of embolic stroke. 
The usefulness of amiodarone and  β  blocker to maintain 
sinus rhythm and to treat atrial fi brillation have already 
been mentioned, especially  β  blocker use is strongly rec-
ommended in the ACCF/AHA Guidelines for management 
of postoperative AF [ 1 ].  

19.11     Hypercoagulability After OPCAB 

 In coronary surgery with CPB, clotting disorders and platelet 
dysfunction are major problems after surgery. In contrast to 
the bleeding tendency with CCAB, increased procoagulant 
activity after surgery is the major concern with OPCAB sur-
gery. Increased procoagulant activity was fi rst reported in 
1999 by Mariani et al., who showed that increased levels of 
prothrombin factors 1 and 2 and decreased levels of factor 7 
induced procoagulant activity. Thus, a prophylactic pharma-
cological regimen is necessary in OPCAB management.  

19.12     Team Approach 

 In the 2011 AHA/ACC Guidelines, a team approach, consist-
ing of a cardiac surgeon, cardiologist, vascular surgeon, and 
neurologist, was recommended for patients with  signifi cant 
carotid lesions for whom coronary artery surgery is planned.  

19.13     In My Opinion 

 Advances in techniques and devices, such as the off-pump 
technique, aortic no-touch technique, and proximal anasto-
motic devices, have contributed to a reduction in postopera-
tive strokes. Minimizing or avoiding ascending aortic 
manipulation is the key to preventing strokes but is not the 
only factor. Strokes occur not only during surgery but also 
after postoperative hospitalization. Image of various cause of 
stroke are shown in Fig.  19.1 .

   Atrial fi brillation, hypotension, hypercoagulability, and 
other factors can cause strokes after surgery. Addressing 
postoperative management is the most important point for 
decreasing the rate of postoperative stroke. 

 Strokes can occur at any time in patients with multiple 
coronary risk factors. The 5-year results of the SYNTAX 
trial indicated a spontaneous increase in the stroke rate over 
time, with rates of 2.2 % at 1 year, 3.4 % at 3 years, and 
3.7 % at 5 years after surgical treatment [ 15 ].     
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      Patient Management OPCAB 

           Mitsuaki     Sadahiro    

    Abstract  

  Patient management is important particularly in OPCAB from the standpoint of a hyperco-
agulability state and an occasional complication of AF after surgery. 

 Hypercoagulability state after OPCAB could potentially jeopardize early graft patency, 
as well as induce pulmonary infarction associated with deep vein thrombosis, and stroke, 
especially in atrial fi brillation. Accordingly, several institutions have tried an aggressive 
anticoagulation strategy with a continuous postoperative heparin administration for 2–5 
days after surgery and early use of aspirin or clopidogrel in addition to aspirin. Furthermore, 
warfarin is administered by the majority of surgeons controlling INR at around 2.0, when 
vein grafts are selected for coronary revascularization. 

 In order to prevent AF after OPCAB, several trials and studies were performed in Japan 
focusing on the effi cacy of perioperative beta-blocker administration, including intravenous 
landiolol hydrochloride treatment. 

 Annual alternation of CABG patients demonstrated that the percentage of the elderly 
aged over 80 years gradually increased from 5 % in 2000 to 11 % in 2012, in Japan. 
Postoperative care for elderly patients, prevention of respiratory complications, wound 
healing and infection, and mental confusion and delirium have come to be important.  

  Keyword  

  OPCAB   •   Anticoagulation   •   Atrial fi brillation   •   Elderly patient   •   Stroke   •   Landiolol  

20.1         Perioperative Anticoagulation 
Management in OPCAB Patients 

 Thrombocytopenia and platelet dysfunction have been docu-
mented in patients undergoing on-pump surgery and have 
been associated with many factors, including hemodilution, 
mechanical disruption, adhesion to extracorporeal circuit 
surface, sequestration in organs, thrombin generation, and 
heparin/protamine use [ 1 ]. These platelet count decreases, 

and platelet function abnormalities are implicated by many 
bleeding complications during the postoperative period. 

 In contrary to on-pump surgery, off-pump coronary artery 
bypass (OPCAB) does not use an extracorporeal circuit, thus 
avoiding these platelet functional problems, and could rela-
tively “preserve hemostasis.” Only a limited number of stud-
ies focus on hemostatic changes during OPCAB [ 2 ,  3 ]. Some 
authors described a reduction in postoperative blood loss fol-
lowing OPCAB and speculated different patterns of acti-
vated coagulation-fi brinolysis as compared to on-pump 
procedures [ 3 ]. 

 Concerns have been raised regarding possible OPCAB- 
associated procoagulant activity and consequently a higher 
risk of perioperative venous thrombosis and early graft 
occlusion. 
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 In addition, other concerns have been raised regarding 
OPCAB-induced “hypercoagulability state,” which is asso-
ciated with surgery-related systemic infl ammatory response 
and warm regional myocardial ischemia/reperfusion during 
distal anastomosis [ 4 – 6 ]. 

 Animal studies have demonstrated an induction of throm-
bin production during periods of warm ischemia as little as 
15 min [ 7 ,  8 ], and Kon et al. [ 9 ] illustrated enhanced regional 
coagulability after OPCAB in their pilot study. 

 This hypercoagulability state after OPCAB could poten-
tially jeopardize early graft patency, as well as induce pul-
monary infarction associated with deep vein thrombosis and 
stroke by thromboembolization from the heart, especially in 
atrial fi brillation. Accordingly, an aggressive anticoagulation 
strategy would be important during the postoperative period 
after OPCAB. Perioperative anticoagulation strategies as 
well as periprocedural and long-term antiplatelet therapy are 
critical in CABG patients. Standard protocols have been 
clearly defi ned for cardiac operations performed with CPB, 
whereas no such strategy has been clearly identifi ed for 
OPCAB procedures to date. 

 Although the policy of perioperative anticoagulation 
management may differ quite signifi cantly among institu-
tions in Western countries as well as in Japan, consensus of 
anticoagulation strategies accepted among most of Japanese 
surgeons is demonstrated as follows. 

20.1.1     Heparin Administration 

 Suitable dose of heparin administered intraoperatively and 
the need to antagonize the heparin with protamine at the end 
of the procedure are potential avenues for further research in 
Japan. There seems to be a trend toward a lower dose of hep-
arinization as compared with standard heparin dose adminis-
tered in on-pump CABG. 

 An initial heparin dose ranges between 100 and 200 unit/kg.
In some institutions, administration of heparin with a 
10 cc bolus injection or a half dose of the routine on-pump 
full dosage is an alternative method. However, at no 

 institution would the same heparin dosage as the on-pump 
full dosage be administered. Activated clotting time (ACT) is 
routinely measured every 30 or 60 min, and additional hepa-
rin is given to maintain the ACT level at above 200 s. At the 
end of the OPCAB procedure, reversal of heparin with a 
protamine ratio of 1:1 or 1:2 is performed by the majority of 
surgeons. 

 Some institutions in Japan have a policy to continue post-
operative heparin administration for 2–5 days after surgery 
until oral warfarin becomes effective by monitoring INR 
over 1.5–2.0. This protocol is employed in all cases routinely 
or in cases with chronic atrial fi brillation and a risk of early 
graft occlusion because of severe atherosclerotic narrow 
 coronary artery. Moreover, many institutions would accept 
the strategy of restarting heparin in the postoperative period 
to prevent thromboembolic stroke when atrial fi brillation 
happens in patients. Okabayashi et al. [ 10 ] reported that 
cerebrovascular accidents occurred in 1.9 % of OPCAB 
patients. All accidents took place within 7 days postopera-
tively, especially in the period without heparin usage. From 
the point of view, it is recommended that postoperative hepa-
rin infusion was continued during 7 days. If stroke events 
had not been experienced in these period and total incidence 
of cerebrovascular accidents had been reduced to 0.5 % 
(Table  20.1 ).

20.1.2        Oral Antiplatelet Therapy 

 The current practice of perioperative antiplatelet therapy also 
differs widely between institutions. The early use of aspirin is 
adopted by the majority of surgeons for OPCAB patients. Some 
institutions prefer to use clopidogrel in addition to aspirin espe-
cially for patients with complex sclerotic or narrow coronary or 
anastomosed grafts and previous percutaneous coronary inter-
vention (PCI) using drug-eluting stents. Furthermore, warfarin 
is administered by the majority of surgeons controlling INR at 
around 2.0, when vein grafts are selected for coronary revascu-
larization. This approach may be justifi ed, as platelet dysfunc-
tion caused by CPB is obviously absent in OPCAB patients. 

   Table 20.1    Cerebrovascular accidents during OPCAB   

 OPCAB  OPCAB 

 Postoperative heparin (−)  Postoperative heparin (+) 

  N  = 412   N  = 193 

 Total CVA  8 (1.9 %)  1 (0.5 %) 
 Intraoperative  0  0 
 Incidence of CVA 
 Postoperative  8  1 
 Incidence of CVA 

  Incidence of cerebrovascular disorder was 1.9 %, which was seen mostly during the postoperative period. After postoperative heparin was started, 
the incidence was reduced to 0.5 % 
  CVA  cerebrovascular accident 
 Reproduced from the Ref. [ 11 ]  
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Very few surgeons administer clopidogrel before surgery on the 
day of the OPCAB procedure. 

 Clopidogrel exposure prior to on-pump CABG is well 
known to increase the risk of postoperative bleeding, the 
need for perioperative transfusion, and the incidence of re- 
exploration. Conversely, clopidogrel administration follow-
ing on-pump CABG is superior to aspirin in the end point of 
myocardial infarction, stroke, or graft patency [ 11 ]. In addi-
tion, most recent data demonstrate that early postoperative 
administration of clopidogrel is safe after OPCAB [ 12 ]. 

 To date, no Japanese survey regarding strategical antico-
agulation management during OPCAB has been performed, 
although Englberger et al. [ 13 ] conducted a European survey 
study to determine anticoagulation strategies in OPCAB 
using a questionnaire survey among 750 European cardio-
thoracic surgeons. A total of 325 (43.7 %) questionnaires 
were returned and analyzed. Perioperative protocols for 
administration of antiplatelets differed among the respon-
dent surgeons, similar to those among surgeons in Japan. 
Intraoperative heparin dosage ranged between 70 and 300 
unit/kg, and 60 % of the respondents preferred a low-dose 
regimen (150 or 100 unit/kg). Correspondingly, the lowest 
ACT during surgery was accepted to be 200 s by 24 %, 250 s 
by 18 %, and 300 s by 26 % of the surgeons. Protamine was 
used by 91 % of the respondents, while 52 % performed a 1:1 
reversal. Perioperative protocols for administration of anti-
platelets also differed signifi cantly among the surgeons. Oral 
aspirin was given after surgery in 76 % of OPCAB patients, 
but 30 % of them started from the preoperative period. 
Clopidogrel was selected in 15 % of patients, and in half of 
them, clopidogrel was added to aspirin administration. 

 A survey of such, regarding these anticoagulation strate-
gies in OPCAB, is necessary in Japan, where OPCAB is pre-
dominantly  performed in many institutions .   

20.2     Postoperative Atrial Fibrillation (AF) 
Management for OPCAB Patients 

 Atrial fi brillation (AF) is one of the most common complica-
tions after OPCAB and is associated with an increased risk 
of stroke and longer hospital stay. Hosokawa et al. [ 14 ] retro-
spectively reviewed 296 consecutive patients who underwent 
OPCAB. The incidence of AF was 32 % of all patients. In 
order to examine the predictors of AF after OPCAB, a step-
wise multivariate analysis was performed demonstrating 
increasing age (odds ratio 1.44 per 10-year increase; 95 % 
confi dence interval 1.06–1.95), intraoperative core body 
temperature (odds ratio 1.64; 95 % confi dence interval 1.05–
2.56), average cardiac index in the ICU (odds ratio 0.37; 
95 % confi dence interval 0.19–0.71), and intraoperative fl uid 
balance (odds ratio 0.96 per 100-ml increase; 95 % confi -
dence interval 0.93–0.99) as independent predictors for the 
development of AF. 

 In order to prevent AF after OPCAB, several trials and 
studies were performed in Japan focusing on the effi cacy of 
perioperative beta-blocker administration. Fujii et al. [ 15 ] con-
ducted a randomized prospective trial to determine the effi -
cacy of intravenous landiolol administration in the early period 
after OPCAB followed by treatment with carvedilol for pre-
vention of AF. Seventy consecutive patients were enrolled in 
the study. Patients in the treatment group received landiolol 
intravenously (5 μg/kg/min) in the ICU immediately after sur-
gery until oral carvedilol was administered. All patients 
received oral carvedilol (2.5 mg–5 mg/day) after extubation, 
and this treatment was continued even after discharge. 
Postoperative AF occurred in 4 (11.1 %) of the 36 patients in 
the landiolol group and in 11 (32.3 %) of the 34 patients in the 
control group, indicating that development of AF was signifi -
cantly inhibited by landiolol treatment ( p  = 0.042). 

 Wakamatsu et al. [ 16 ] reported that intraoperative low- 
dose infusion of landiolol hydrochloride (4.7+/−4.3 micro-
gram/kg/min) decreased the incidence of postoperative AF 
from 37.8 to 18.6 % after OPCAB. In that study, no side 
effects, such as profound hypotension or bradycardia, were 
noticed during the infusion of landiolol hydrochloride. 

 Beside oral tablet administration with beta-blocking 
action, anti-arrhythmic drugs and preoperative statin prepa-
ration were emerging as promising treatments to prevent 
AF. Ito et al. [ 17 ] assessed the effi cacy of treatment with the 
anti-arrhythmic drug propafenone hydrochloride, which was 
administered in the early postoperative period. Seventy-eight 
patients undergoing isolated OPCAB were divided into 2 
groups: a propafenone hydrochloride group (P Group) and a 
control group (C Group). The patients in the P Group were 
given propafenone hydrochloride (150–450 mg/day orally) 
for 10 days from the day of surgery. The incidence of AF was 
35 % in the C Group and 12 % in the P Group ( p  = 0.0337). 
Multiple logistic regression analysis showed that propafe-
none hydrochloride was the sole factor that prevented the 
development of AF after OPCAB (odds ratio 0.207; 95 % 
confi dence interval 0.053–0.804;  p  = 0.0229). 

 Kinoshita et al. [ 18 ] assessed the preventive effect of pre-
operative statin treatment on the development of AF after 
elective isolated OPCAB. Among 584 patients, 364 received 
statin at least 5 days before surgery while 220 patients 
received no statin. They identifi ed 195 propensity score- 
matched pairs. AF occurred in 14.4 % of patients in the statin 
group and in 24.6 % of patients in the no-statin group 
( p  = 0.01). Multivariate logistic regression, including poten-
tial univariate predictors, identifi ed statin treatment (odds 
ratio 0.49; 95 % confi dence interval 0.22–0.81;  p  = 0.01), age 
(odds ratio 1.33 per 10-year increase; 95 % confi dence inter-
val 1.04–1.69;  p  = 0.02), and transfusion (odds ratio 2.21; 
95 % confi dence interval 1.38–3.55;  p  = 0.01) as independent 
predictors of postoperative AF. 

 Currently, many surgeons understand that postoperative 
episodes of AF are strongly related to the occurrence of 
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stroke complications after OPCAB. A consensus to start 
anticoagulation therapy with heparin infusion or warfarin 
administration when AF occurs is needed to prevent severe 
brain complications.  

20.3     Elderly Patient Management 
in OPCAB 

 With the progressive aging of the Japanese as well as Western 
populations, the age group defi ned as “elderly” has gradually 
increased from >65 years to >80 years. The increasing age of 
the elderly in the Japanese and Western populations has led 
to a larger number of patients undergoing coronary surgery. 
Annual survey conducted by the Japanese Association for 

Coronary Artery Surgery reported the age distribution of 
9,252 patients who received CABG in 2012 (79.6 % male, 
20.4 % female). Of the total number of cases, 1,009 (11 % of 
total – 9.2 % of total males and 17.5 % of total females) were 
of patients aged over 80 years (Fig.  20.1 ). Annual alternation 
of CABG patients also demonstrated that the percentage of 
the elderly aged over 80 years gradually increased from 5 % 
in 2000 to 11 % in 2012, showing that the rate doubled over 
a 10-year period (Fig.  20.2 ).

    This aging surgical population has relatively greater prev-
alence of cerebrovascular disease, left ventricular dysfunc-
tion, diabetes mellitus, chronic obstructive pulmonary 
disease, renal impairment, and peripheral arterial disease; 
therefore, poor surgical results were expected [ 19 – 21 ]. 
However, a study by Tanaka et al. demonstrated acceptable 
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results in octogenarians regarding mortality and morbidity 
[ 22 ]. The authors compared perioperative outcomes between 
patients aged 80 years and older ( n  = 15) and those aged 
70–79 years ( n  = 64). More octogenarians had congestive 
heart failure (40 % vs 9 %) and underwent off-pump CABG 
more frequently (80 % vs 42 %). However, there were no 
mediastinitis, stroke, or operative deaths, but higher minor 
wound complications (20 % vs 3 %,  p  = 0.01) in the 
octogenarians. 

 For postoperative care of elderly patients, prevention of 
respiratory complications, especially ventilator-associated or 
aspiration pneumonia, is important. Preoperative respiratory 
training, postoperative fast track, early consultancy to respi-
ratory rehabilitation, and daily care for oral hygiene are 
essential in elective cases. More attention is necessary for 
wound healing and infection, mental confusion, and delirium 
in older patients.     
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      Redo Operation 

           Yuji     Maruyama      and     Masami     Ochi   

    Abstract  

  Redo coronary artery bypass grafting (CABG) has been associated with higher mortality 
and morbidity when compared with fi rst-time CABG. The problems related to redo CABG 
include (1) sternal reentry, (2) injury to patent grafts or the heart during dissection, (3) ath-
eromatous embolization from diseased vein grafts, (4) inadequate myocardial protection, 
(5) quality and availability of conduits, and (6) incomplete revascularization. In addition, 
the demographics of patients undergoing redo CABG have changed, including an increas-
ing number of patients with patent arterial grafts and higher risk profi les. As off-pump coro-
nary artery bypass grafting (OPCAB) has evolved over the past two decades, the off-pump 
procedure has been applied to redo coronary surgery. Several reports demonstrated that 
redo OPCAB reduced mortality and the incidence of perioperative myocardial infarction, 
cerebrovascular accident, and other complications. However, there is some evidence that 
redo OPCAB patients receive fewer distal grafts with less complete revascularization than 
redo conventional CABG patients. Alternative approaches to avoid repeat median sternot-
omy, such as (1) left anterior small thoracotomy (LAST), (2) left lateral thoracotomy, (3) 
the transdiaphragmatic approach, and (4) combination of the left thoracotomy and transdia-
phragmatic approach, may reduce risks attributable to dissection of the heart and manipula-
tion of patent or diseased grafts. This technique is a promising option for selective 
reoperative patients who have patent grafts and who are not candidates for conventional 
coronary reoperations.  

  Keywords  

  Redo CABG   •   Redo off-pump CABG   •   Alternative approach   •   Left thoracotomy   • 
  Transdiaphragmatic approach  

21.1         Problems Associated with Redo 
Conventional CABG 

 Redo coronary artery bypass grafting (CABG) is associated 
with higher mortality and morbidity when compared with 
fi rst-time CABG, with a three- to fi vefold increase in opera-
tive mortality in most series of reoperation [ 1 – 5 ]. Reoperative 
procedures provide several technical challenges that distin-
guish them from primary operations. In addition, patients 
undergoing redo CABG are likely to have worse ejection 
fraction, a history of previous myocardial infarction, and severe 
and diffuse coronary artery disease with more comorbidities, 
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which increases the risk of complications [ 4 ,  5 ]. The prob-
lems related to redo CABG include (1) sternal reentry, (2) 
injury to patent grafts or the heart during dissection, (3) 
embolization of atheromatous debris caused by manipulation 
of diseased vein grafts, (4) inadequate myocardial protec-
tion, (5) quality and availability of conduits, and (6) incom-
plete revascularization. 

 Perioperative myocardial infarction and dysfunction 
 contribute signifi cantly to the increased risk of redo CABG 
[ 6 ]. In a series of 1,500 coronary reoperations at the Cleveland 
Clinic, most deaths (74 %) were related to myocardial dys-
function [ 1 ]. In a review from the Toronto General Hospital, 
Yau and colleagues compared the outcome of primary CABG 
with redo CABG and found that the incidences of periopera-
tive myocardial infarction (3.7 % vs. 7.4 %), low-output 
 syndrome (9.0 % vs. 24.0 %), and death (2.4 % vs. 6.8 %) 
were signifi cantly increased in patients undergoing reopera-
tion [ 4 ]. Inability to adequately protect the heart during redo 
CABG is attributed to three major factors, including 
(1) injury to patent grafts, (2) atheromatous embolization 
from diseased vein grafts, and (3) inadequate myocardial 
protection. To be consistently successful, coronary reopera-
tion must be designed to avoid these causes of myocardial 
infarction. 

21.1.1     Injury to Patent Grafts 

 Injury to a patent left internal thoracic artery (LITA) graft 
connected to the left anterior descending coronary artery 
(LAD) at reoperation can have catastrophic consequences, 
although the presence of a LITA graft may not be an inde-
pendent predictor of morbidity and mortality at reoperation 
[ 7 ,  8 ]. Dissection and control of the LITA graft can be chal-
lenging and hazardous, with some investigators reporting 
injury to the LITA graft in 16–38 % of coronary reoperations 
[ 9 ,  10 ]. With advanced technique and increased experience 
with reoperative coronary procedures, the prevalence of 
injury to the LITA graft has been reduced to 5 %; however, 
40 % of patients who suffered an injury to the LITA graft 
sustained perioperative myocardial infarction [ 11 ]. To pre-
vent injury to the LITA graft, it is important to place the 
LITA graft in the adequate location at the time of the primary 
surgery [ 12 ]. Specifi cally, the LITA graft should be routed 
into the pericardium slit divided vertically and should lie in a 
posterior position, just anterior to the phrenic nerve and lat-
eral to the pulmonary artery.  

21.1.2     Atheromatous Embolization 
from Diseased Vein Grafts 

 Atheromatous debris caused by manipulation of diseased 
saphenous vein (SV) grafts may embolize into the coronary 

circulation [ 6 ]. Keon and colleagues reported a 2.3 % inci-
dence of fatal perioperative myocardial infarction caused by 
manipulation of diseased but patent SV grafts at reoperation 
in their autopsy series [ 13 ]. Various strategies have been 
applied to reoperation with diseased SV grafts in order to 
decrease the possibility of distal atheroembolism. Grondin 
and colleagues introduced a new technique including 
 minimal dissection and prompt ligation of diseased SV grafts 
at the start of cardiopulmonary bypass (CPB) to a small 
number of patients and reduced perioperative myocardial 
infarction (0/6 vs. 5/12) and mortality (0/6 vs. 3/12) when 
compared with the standard technique [ 14 ]. On the contrary, 
LITA to LAD grafting with interruption of the old SV grafts 
was an independent predictor of postoperative hypoperfu-
sion in 387 consecutive patients undergoing redo CABG 
with a stenotic SV graft to a totally obstructed LAD [ 15 ]. 
Ligation of diseased but patent grafts is associated with its 
own risks of embolization and devascularization of viable 
myocardium. The strategy of adding an internal thoracic 
artery (ITA) graft to the LAD and leaving a stenotic SV graft 
intact at reoperation is associated with a low risk of periop-
erative myocardial infarction [ 16 ]. In addition, the late clini-
cal results are favorable, and repeat angiography indicates 
that serious competitive fl ow from the stenotic SV graft is 
uncommon in follow-up study [ 16 ]. A patent atherosclerotic 
SV graft may be best managed by a “no-touch” technique.  

21.1.3     Inadequate Myocardial Protection 

 Myocardial distribution of antegrade cardioplegia is unpre-
dictable in redo CABG patients. Antegrade cardioplegia 
may not be effective for areas of myocardium that are per-
fused by patent LITA grafts, unless either the LITA is 
clamped or moderate systemic hypothermia is induced [ 6 ]. 
However, clamping patent in situ arterial grafts can enhance 
the risk of injury to these patent grafts, and moderate to deep 
hypothermic arrest can prolong the overall CPB time and 
create hematological abnormalities and tissue edema [ 4 ]. 
Inadequate myocardial protection is the main cause of fail-
ure to wean patients off CPB. Retrograde cardioplegia 
through the coronary sinus provides better myocardial pro-
tection distal to the sites of coronary artery disease [ 17 ], and 
the use of retrograde cardioplegia is recommended for 
patients with a patent LITA graft [ 7 ]. In addition, retrograde 
cardioplegia may reduce the risk of atheromatous emboliza-
tion from diseased vein grafts [ 18 ]; therefore, retrograde 
cardioplegia has been proposed as a method of decreasing 
the risk of redo CABG [ 19 ,  20 ]. Lytle and colleagues found 
that patent ITA and atherosclerotic vein grafts did not appear 
to be factors specifi cally in increasing the risk of reopera-
tion, which was attributed to the use of retrograde cardiople-
gia and increased surgical experience [ 7 ]. In a review from 
the Toronto General Hospital, the use of retrograde cardio-
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plegia was more frequent in reoperative patients with ste-
nosed grafts and was associated with improved survival; 
they concluded that failure to use retrograde cardioplegia 
was the strongest independent predictor of mortality [ 18 ]. 
However, previous studies have demonstrated that isolated 
retrograde cardioplegia may result in inadequate myocardial 
perfusion, which contributes to increased myocardial lactate 
production, increased creatine kinase MB release, and 
decreased adenosine triphosphate levels compared with 
antegrade cardioplegia [ 17 ]. Furthermore, adequate place-
ment of a coronary sinus cannula often requires extensive 
mobilization of the right atrium and surrounding tissue 
including diseased vein grafts to the right coronary artery 
(RCA) [ 6 ]. Therefore, the optimal myocardial protection 
strategy for redo CABG may be retrograde cardioplegia 
combined with antegrade perfusion of new vein grafts, in 
particular to the RCA [ 17 ,  18 ].   

21.2     Changing Profi les of Patients 
Undergoing Redo CABG 

21.2.1     Prevalence of Redo CABG 

 Previous studies have noted an increase in the prevalence of 
patients referred for redo CABG [ 21 ,  22 ], but this prevalence 
has reached a plateau [ 4 ]. More recently, the proportion of 
redo CABG has decreased [ 23 ]. This decrease is related to 
several factors. 

 First, use of the LITA-LAD grafting decreases the likeli-
hood of death, cardiac events, and reoperation when com-
pared with the strategy of using only vein grafts, and 
LITA-LAD grafting has become a standard procedure for 
primary CABG [ 24 ]. In addition, the positive effect of bilat-
eral ITA grafts has been confi rmed [ 25 ]. Furthermore, mul-
tiple arterial grafts using bilateral ITA grafts and other 
arterial conduits, such as the radial artery (RA) and the right 
gastroepiploic artery (GEA), may improve long-term free-
dom from reintervention [ 26 ,  27 ]. 

 Second, percutaneous coronary intervention (PCI) rep-
resents an alternative treatment for postoperative patients 
[ 28 ]. Recently, the introduction of drug-eluting stent 
(DES) has shown promising results in selected de novo 
native coronary artery lesions [ 29 ]. When compared with 
bare-metal stent (BMS) implantation, DES implantation 
in SV graft lesions appears safe with favorable and 
improved short-term outcomes [ 30 ]; however, the benefi t 
of DES implantation is not apparent in terms of midterm 
outcomes [ 31 ]. PCI in diseased SV grafts carries a signifi -
cant risk of major adverse clinical event (predominantly 
myocardial infarction) or reduced antegrade fl ow (the no-
refl ow phenomenon). Use of the distal protection device 
during stenting of stenotic vein grafts is associated with a 
highly signifi cant reduction in major adverse events when 

compared with stenting over a conventional angioplasty 
guidewire [ 32 ]. 

 Third, aggressive use of antiplatelet agents [ 33 ], which 
improve the patency of vein grafts, and lipid-lowering agents 
[ 34 ], which reduce the progression of atherosclerosis of vein 
grafts, may be reasons for the decrease in the numbers of 
reoperations.  

21.2.2     Angiographic Indications 
for Redo CABG 

 Redo CABG surgery may be required as a result of graft fail-
ure, progression of native coronary atherosclerosis, or a 
combination of these factors [ 4 ,  5 ,  35 ]. Of these three indica-
tions, vein graft disease is by far the most common [ 4 ,  5 ]. 
According to a study that assessed angiographic indications 
for reoperation among different periods, the number of 
patients reoperated for early graft failure decreased, and 
patients reoperated for isolated progression of native coro-
nary atherosclerosis increased in the later period [ 35 ]. That 
study also demonstrated an increasing number of patients 
with patent arterial grafts and a history of previous success-
ful PCI as well as an extended time between primary CABG 
and redo CABG in the later period [ 35 ]. These phenomena 
may be attributed to the routine use of the ITA during the 
primary operation, development of PCI techniques, and the 
application of optimal medical treatment following primary 
CABG, as described above. It should be emphasized that the 
number of patients with patent ITA grafts has increased 
recently, because the presence of a patent LITA-LAD graft 
creates specifi c risks, including the possibility of intraopera-
tive injury to the graft and potential diffi culties with myocar-
dial protection [ 11 ].  

21.2.3     Increased Risk Profi les of Patients 
Undergoing Redo CABG 

 The risk profi le of patients undergoing redo CABG is more 
complicated than that of patients undergoing primary CABG 
[ 4 ,  5 ,  23 ]. Hypertension, dyslipidemia, insulin-dependent 
diabetes, history of smoking, and renal insuffi ciency are all 
more frequent in reoperative patients [ 5 ]. Patients undergo-
ing a reoperation are more likely to be male; to have left 
ventricular dysfunction, peripheral vascular disease, and 
worse symptoms; and to require an urgent operation than 
patients undergoing a primary operation [ 4 ,  23 ]. The 
increased mortality and morbidity of redo CABG appears to 
be related to the higher risk profi le of redo CABG patients 
[ 23 ]. As in primary CABG [ 36 ,  37 ], the demographics of 
patients undergoing redo CABG have changed over time [ 4 , 
 21 ,  22 ,  35 ]. Recently, patients undergoing reoperation are 
more likely to be older and to have worse left ventricular 
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function, more extensive coronary atherosclerosis, and pat-
ent arterial grafts. Although the number of patients with 
high-risk profi les has increased, both morbidity and mortal-
ity remain relatively constant, which is likely a result of 
increased experience and advanced techniques, including 
perioperative management and myocardial protection.   

21.3     Application of Off-Pump Procedure 
to Redo CABG 

 Off-pump coronary artery bypass grafting (OPCAB) has 
been increasingly adopted in an attempt to reduce mortality 
and morbidity that may be attributable to aortic manipula-
tion, global myocardial ischemia, and systemic infl amma-
tory response associated with CPB [ 38 ]. High-risk patients 
for whom CPB is likely to be deleterious may benefi t from 
OPCAB. Although prior small randomized controlled trials 
enrolling predominantly low-risk patients have failed to 
show a mortality benefi t for OPCAB [ 39 ], OPCAB is associ-
ated with lower operative mortality than conventional CABG 
for high-risk patients at primary operations [ 40 ,  41 ]. As 
OPCAB has evolved over the past two decades, the off-pump 
procedure has been applied to redo coronary surgery. The 
2004 International Society for Minimally Invasive 
Cardiothoracic Surgery (ISMICS) consensus conference on 
OPCAB versus conventional CABG (CCAB) concluded that 
OPCAB should be considered to reduce mortality and peri-
operative morbidity in high-risk patients including those 
with EuroSCORE greater than 5, age >75 years, diabetes, 
renal failure, left ventricular dysfunction, and left main dis-
ease and those “undergoing reoperation” [ 42 ]. 

21.3.1     Advantages of Redo OPCAB 

 Several reports indicated that redo CABG without CPB sig-
nifi cantly reduced morbidity and mortality when compared 
with redo CABG with CPB [ 43 – 50 ]. Allen and colleagues 
fi rst reported that single-vessel redo OPCAB of the LAD 
with the LITA using a limited anterior thoracotomy reduced 
the incidence of atrial fi brillation (AF), time to extubation, 
transfusion requirements, and length of hospital stay without 
a signifi cant reduction of mortality, perioperative cerebro-
vascular accident (CVA), and/or myocardial infarction when 
compared with single-vessel redo CCAB [ 43 ]. Stamou and 
colleagues confi rmed that single-vessel redo OPCAB was 
associated with lower perioperative morbidity and mortality 
(1 % vs. 10 %) than single-vessel redo CCAB in a single 
institution study [ 44 ]. A subsequent report using data from 
the New York State database demonstrated that stroke (0 % 
vs. 3.8 %), cardiovascular complications (4.8 % vs. 15.8 %), 
and other major complications (1.9 % vs. 10.4 %) were 

 signifi cantly reduced in redo OPCAB patients when com-
pared with redo CCAB patients [ 45 ]. 

 More recently, the superiority of OPCAB in multivessel 
redo CABG was also confi rmed [ 46 – 50 ]. In a propensity- 
matched comparison of reoperative OPCAB (132 patients) 
versus CCAB (639 patients), Morris and colleagues reported 
a signifi cant reduction in overall postoperative complica-
tions, AF, blood transfusion, and length of hospital stay [ 46 ]. 
Mishra and colleagues compared 332 patients undergoing 
redo OPCAB with 206 patients undergoing redo CCAB in a 
10-year study and found a reduction in need for prolonged 
ventilation, inotropic support, and length of hospital stay in 
the redo OPCAB group [ 47 ]. In these two large studies, there 
was a non-statistically signifi cant trend toward reductions in 
mortality, perioperative CVA, and myocardial infarction in 
favor of redo OPCAB [ 46 ,  47 ]. Schutz and colleagues dem-
onstrated that redo OPCAB resulted in decreased cardiac- 
specifi c enzyme release, reduced requirement of inotropes, 
and comparable clinical outcome in the early postoperative 
period [ 48 ]. Interestingly, Vohra and colleagues reported that 
actuarial survival (95 ± 3.2 % vs. 87 ± 5.5 %) and event-free 
survival (78 ± 7.2 % vs. 71 ± 8.0 %) at 5 years were compa-
rable between redo OPCAB and redo CCAB groups, irre-
spective of OPCAB patients receiving fewer grafts (2.0 ± 0.6 
vs. 3.0 ± 0.8) [ 49 ]. Usta and colleagues found that the shorter 
operation time, less blood loss, fewer perioperative myocar-
dial infarctions, and the higher rate of total arterial revascu-
larization were the signifi cantly benefi cial differences in the 
redo OPCAB group and that actuarial survival at 3 years was 
higher in the redo OPCAB group vs. in the redo CCAB 
group (81 ± 12 % vs. 63 ± 9 %) [ 50 ]. 

 The advantage of redo OPCAB is avoidance of global 
ischemia induced by aortic cross-clamping and cardioplegic 
arrest under CPB, which can minimize the need for extensive 
dissection around the heart and avoid manipulation of the 
patent graft or diseased vein graft. These benefi ts can avoid 
the problems associated with redo CABG, including (1) 
injury to patent grafts, (2) atheromatous embolization from 
diseased vein grafts, and (3) inadequate myocardial protec-
tion. Further, these benefi ts may explain the reduction in 
mortality, perioperative myocardial infarction, CVA, and 
other complications. Hence, off-pump procedures may be 
feasible and practical for patients undergoing reoperative 
coronary surgery.  

21.3.2     Disadvantages of Redo OPCAB 

 Although the off-pump procedure offers some advantages in 
the setting of redo CABG, redo OPCAB is criticized by 
many investigators for issues involving complete revascular-
ization, graft patency, and long-term outcomes [ 51 – 53 ]. As 
in primary CABG, complete revascularization is the main 
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goal of redo CABG. Previous studies have demonstrated that 
incomplete revascularization negatively affects long-term 
outcomes after primary operations [ 54 ]. 

 Di Mauro and colleagues found that redo OPCAB patients 
had a higher percentage of incomplete revascularization than 
redo CCAB patients (35.3 % vs. 6.4 %) and that incomplete 
revascularization was an independent predictor of cardiac 
death and cardiac events at 5 years [ 51 ]. In the study by 
Czerny and colleagues, minimal tissue dissection and target 
vessel revascularization without CPB did not add signifi cant 
benefi t with regard to perioperative morbidity and mortality 
[ 52 ]. In addition, redo OPCAB patients received fewer distal 
grafts (1.3 ± 0.5 vs. 2.8 ± 0.9) with a lower percentage of 
complete revascularization (27 % vs. 92 %) than redo CCAB 
patients and had a higher rate of recurrence of angina and 
higher use of nitrates during 5-year follow-up periods. They 
concluded that the unsatisfactory relief of symptoms did not 
seem to justify the use of an off-pump procedure in redo 
CABG. Tugtekin and colleagues reported that mortality 
(2.9 % vs. 3.8 %) and perioperative myocardial infarction 
(2.9 % vs. 2.5 %) were comparable between redo OPCAB 
and redo CCAB groups [ 53 ]. They emphasized that these 
results might be attributed to short cross-clamp time 
(38.9 ± 16 min), since a prolonged cross-clamp time in redo 
CABG had been pointed out as a predictor of mortality in 
previous studies [ 2 ,  55 ]. They also used the inversed index 
for completeness of revascularization (iICOR, preoperative 
planned/performed anastomoses) to compare redo OPCAB 
with redo CCAB and found that iICOR was higher in redo 
OPCAB than in redo CCAB (1.7 vs. 1.0); this resulted in a 
higher incidence of recurrent angina in redo OPCAB during 
follow-up periods. Interestingly, actuarial survival at 5 years 
was comparable between OPCAB and CCAB groups. These 
studies also suggest that redo OPCAB patients receive fewer 
distal grafts with less complete revascularization than redo 
CCAB patients. Off-pump procedure in redo CABG might 
be limited due to incomplete revascularization and might be 
offered exclusively to high-risk patients with complete revas-
cularization using CPB. If complete revascularization can be 
achieved in most reoperative patients, then off-pump proce-
dure could be a standard technique in redo CABG. 

 One of the other important drawbacks of off-pump proce-
dure is the hemodynamic deterioration that can occur during 
manipulation of the heart, resulting in acute conversion to 
CPB support with a subsequent increased risk of mortality 
and serious complications [ 56 ,  57 ]. Acute conversion from 
off-pump to on-pump procedure in redo CABG has not been 
discussed previously. Morris and colleagues demonstrated 
that 16.7 % (22/132) of patients were converted from off- 
pump to on-pump for hemodynamic instability, severe adhe-
sions, or graft injury in reoperations and that conversion did 
not reduce the benefi t of OPCAB [ 46 ]. Great care must be 
taken when dissecting the dense adhesions around the heart 

and patent grafts, as the rate of acute conversion in reopera-
tions may be higher than that in primary operations 
 (1.1–3.1 %), and these risks of acute conversion are diffi cult 
to quantify preoperatively [ 56 ,  57 ]. In situations associated 
with increased risk during a repeat median sternotomy, ves-
sels for arterial and venous access for CPB should be exposed 
prior to sternal reentry. The axillary artery is an important 
alternative cannulation site, because atherosclerotic disease 
is usually not present in that vessel and its cannulation allows 
antegrade perfusion. As an alternative technique in reopera-
tions, on-pump beating CABG may be a good choice for 
high-risk patients with unstable hemodynamic conditions 
[ 58 ]. The advantages of this strategy are avoidance of aortic 
cross-clamping and cardioplegic arrest and reduction of the 
risks of hemodynamic deterioration and acute conversion to 
CPB support.  

21.3.3     Repeat Median Sternotomy 
in Redo OPCAB  

 Standard off-pump techniques are used for redo OPCAB 
using repeat median sternotomy. These include the use of a 
suction stabilizer and heart positioner, vascular loops for 
proximal target vessel occlusion, and CO 2  blowers for vessel 
visualization. Maneuvers to optimize intraoperative hemo-
dynamics and right ventricular performance, especially dur-
ing displacement of the heart, are routinely employed, 
including Trendelenburg position, tilting the table, and ade-
quate volume loading. Both the LAD and RCA could be 
grafted without much displacement of the heart. For expo-
sure of the left circumfl ex coronary artery (LCx), deep peri-
cardial traction sutures are placed to pull the heart vertically. 
A vertical right pericardiotomy is performed to herniate the 
heart to the right chest cavity under the sternum, as required. 
The use of vasopressors and inotropes is avoided whenever 
feasible. 

 An oscillating saw is used to divide the sternum for repeat 
median sternotomy. Leaving the sternal wires in place behind 
the sternum might help; however, this is not necessarily safe, 
as the SV grafts or right ventricle can get stuck behind the 
sternum between the wires [ 3 ]. Lifting the edges of the ster-
num and careful dissection of the posterior table of the ster-
num under direct vision can help avoid surgical disaster. All 
bypass grafts except for the ITA should be prepared prior to 
sternal reentry. In redo CCAB patients, initial exposure of 
the ascending aorta and right atrium is needed for cannula-
tion to establish CPB; by contrast, this is not necessarily 
needed in redo OPCAB patients. The bilateral ITAs are used 
as infl ow sources whenever possible to avoid manipulation 
of the ascending aorta for proximal anastomosis, because 
approaching the ascending aorta is frequently a signifi cant 
challenge in reoperative surgery. When the RA or SV graft is 

21 Redo Operation



168

anastomosed to the ascending aorta, a proximal anastomosis 
device should be applied. This allows a sutured free graft to 
be placed onto the ascending aorta without the necessity for 
extensive dissection and partial clamping. When beating 
heart surgery (with or without CPB) is planned, a “no-touch” 
technique should be employed for all patent grafts. In most 
cases, it is safest to fi nd the correct dissection plane at the 
level of the diaphragm and then continue around the right 
atrium to the aorta. This technique may be dangerous in situ-
ations where a diseased vein graft to the RCA lies over the 
right atrium, because manipulation of diseased vein grafts 
can cause embolization of atherosclerotic debris into coro-
nary arteries. It is best to employ a “no-touch” technique 
with such grafts. One of the most diffi cult points is to dissect 
and control a patent LITA graft in redo CCAB, whereas an 
off-pump procedure makes it possible to leave a patent LITA 
graft in place and to dissect the left side of the heart safely. 
Heparin (100 U/kg) is administrated to maintain the 
 activating clotting time at longer than 250 s during anasto-
mosis and is reversed by protamine at the end of the 
procedure.   

21.4     Alternative Approach to Avoid Repeat 
Median Sternotomy 

 Alternative approaches to avoid repeat median sternotomy, 
such as (1) left anterior small thoracotomy (LAST), (2) left 
lateral thoracotomy, (3) the transdiaphragmatic approach, 
and (4) combination of the left thoracotomy and transdia-
phragmatic approach, may reduce risks attributable to dis-
section of the heart and manipulation of patent or diseased 
grafts in selected patients [ 43 ,  59 – 72 ]. The risk of cata-
strophic hemorrhage at sternal reentry is estimated at 
0.5–1 %, with an associated mortality of 21 % [ 73 ]. The risk 
of injury to a patent ITA graft is 5 %, and this event is associ-
ated with a mortality of 9 % and myocardial infarction of 
40 % [ 11 ]. Situations associated with increased risk during 
resternotomy include (1) a patent right ITA (RITA) graft that 
runs across a midline to the LAD, (2) a patent LITA graft that 
curls under the sternum, and (3) right ventricular or aortic 
enlargement beneath the sternum. An alternative approach 
should also be considered in cases with prior mediastinitis or 
radiation treatment, calcifi cation of the ascending aorta, and 
presence of a tracheostomy. In addition, this approach could 
eliminate morbidity associated with CPB. It is likely that the 
benefi ts of avoiding CPB are greatest in patients with 
increased age, diffuse atherosclerosis, and other serious 
comorbidities. Patients requiring redo CABG generally have 
higher risk profi les, and they may derive particular benefi ts 
from off-pump techniques. Thus, an alternative approach to 
avoid repeat median sternotomy without CPB is an ideal pro-
cedure for selected reoperative patients, particularly in those 
with patent grafts and higher risk profi les, in terms of avoid-

ing an extensive dissection and the use of CPB. It is impor-
tant to keep dissection limited; more extensive dissection 
results in troublesome venous bleeding and reduces the natu-
ral stabilization provided by adhesions. 

 One of the important drawbacks of redo OPCAB is 
incomplete revascularization, which is further magnifi ed 
when using an alternative approach to avoid resternotomy. 
Complete revascularization should be the goal in redo opera-
tions as well as in primary operations. Although it is possible 
that selected patients may benefi t from incomplete revascu-
larization with bypass only of the “culprit” vessel, there are 
insuffi cient data to determine which patients might be in this 
category. Thus, this approach should be reserved for only 
selected patients. However, target vessel revascularization 
via an alternative approach integrated with PCI may offer 
multivessel revascularization with minimal morbidity in 
high-risk patients. This hybrid procedure, which was pro-
posed by Angelini and colleagues, combines LITA-LAD 
grafting through a LAST approach with staged PCI of ste-
notic non-LAD vessels [ 74 ]. This integrated approach has 
tremendous appeal by offsetting the invasiveness of redo 
CCAB but retaining the benefi ts of LITA-LAD grafting. This 
procedure is a practical alternative for patients with multi-
vessel disease who are not candidates for conventional coro-
nary reoperations. 

 Another disadvantage of redo CABG is the lack of avail-
able bypass conduit that is also magnifi ed further in this 
alternative approach because of the impossibility of RITA 
use. The ascending aorta also cannot be used as an infl ow 
source in this alternative approach. Preoperative angiogra-
phy of the ITA and GEA is essential when these vessels are 
used. Venous ultrasound studies can be used to assess the 
presence of SV segments [ 75 ]. Volume rendering computed 
tomography (CT) without contrast medium clearly demon-
strates the three-dimensional mapping of the SV and may be 
helpful in redo CABG to characterize the remaining SV [ 76 ]. 
Arterial ultrasound studies can assess the RA and inferior 
epigastric artery (IEA). Use of the RA in redo CABG allows 
additional conduit choice, reduces donor site and sternal 
infections, and may avoid further vein graft failure [ 77 ]. 

21.4.1     Left Anterior Small Thoracotomy (LAST) 

 As the minimally invasive direct coronary artery bypass 
(MIDCAB) procedure, performed with a LAST approach 
and without CPB, has gained acceptance, this procedure is 
applied to redo coronary operations [ 43 ,  61 – 63 ]. This alter-
native approach seems to be an ideal procedure for redo 
CABG only if the LAD needs to be revascularized and if the 
LITA has not been used previously. In addition, reoperative 
patients who have single or multivessel disease but who are 
considered to be too high risk for CPB are also candidates 
for MIDCAB via a LAST approach. If the LITA is not avail-
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able, a segment of the SV can be anastomosed to the left 
subclavian artery (LSCA) and routed in a transthoracic path 
to the LAD. 

 The chest is opened in the fourth or occasionally fi fth 
intercostal incision. The techniques are similar to those of 
primary operations via a LAST approach [ 61 ]. Identifi cation 
of the LAD is often easy in a redo MIDCAB procedure via a 
LAST approach because the LAD almost always has been 
bypassed previously and because the SV graft acts as a guide. 
Pericardial adhesions are typically dense beneath the ster-
num, and therefore approaching the LAD through LAST is 
usually not particularly diffi cult.  

21.4.2     Left Lateral Thoracotomy 

 Redo OPCAB via a left lateral thoracotomy is indicated for 
selective reoperative patients who present with the need for 
isolated revascularization of the LCx system [ 64 – 68 ]. This 
approach is of particular benefi t in patients with accessible 
targets for whom resternotomy or CPB presents particular 
hazards, especially in patients with patent ITA grafts. 

 After double-lumen endotracheal intubation, a trans-
esophageal echocardiographic probe is inserted to assess the 
descending thoracic aorta for atheromatous changes and 
overall cardiac function. Preoperative chest CT and intraop-
erative epiaortic ultrasound are also useful to evaluate the 
descending thoracic aorta as a site for proximal anastomosis 
[ 64 ,  65 ]. When the descending thoracic aorta is heavily cal-
cifi ed with atheromatous changes, there is an obvious risk of 
dissection or distal embolism due to partial clamping. In 
such cases, the LSCA is used as an infl ow source and is pre-
pared with the patient in a supine position. Otherwise, proxi-
mal anastomosis devices are extremely useful, because these 
devices can obviate the need for partial clamping for proxi-
mal anastomosis [ 66 ]. An external defi brillator is placed on 
the patient before draping for subsequent defi brillation, as 
necessary. The patient is fi rst positioned supine for harvest-
ing of all conduits, exposure of femoral vessels for possible 
peripheral CPB cannulation, and placement of femoral arte-
rial line for intra-aortic balloon pump (IABP) backup, if 
deemed necessary. Then, the patient is repositioned in a right 
lateral decubitus position with the pelvis externally rotated to 
allow access to the femoral vessels for CPB cannulation. The 
left lung is defl ated, and an incision is made in the fi fth or 
sixth intercostal space. The thoracotomy is generally 
extended a few centimeters anteriorly or posteriorly as nec-
essary to gain exposure of the target vessels and the infl ow 
sources. The lung is dissected free, and the inferior pulmo-
nary ligament is incised. The pericardium is opened poste-
rior to the phrenic nerve. In the presence of a patent 
LITA-LAD graft, the anteromedial aspect of the lung is dis-
sected from the pericardium only enough to locate the LCx 
target. In such situations, the LITA graft is usually not 

encountered. Establishing the optimal length of free graft 
(SV or RA graft) may be particularly problematic. If these 
grafts are too long, they may kink, whereas if left too short, 
they may be stretched by respiratory excursions of the left 
lower lobe of the lung [ 67 ]. The grafts should lie in a gentle 
loop under the mobilized inferior pulmonary ligament. The 
lungs are infl ated to ensure that the free graft is not stretched 
before chest closure.  

21.4.3     Transdiaphragmatic Approach 

 Off-pump procedure via a transdiaphragmatic approach 
using the in situ skeletonized GEA graft is useful in selective 
patients who present with the need for isolated revasculariza-
tion of the RCA system at reoperations as well as primary 
operations [ 63 ,  69 – 71 ]. This approach is of particular benefi t 
in reoperative patients with accessible targets for whom 
resternotomy or CPB presents particular hazards, especially 
in patients with patent ITA grafts. 

 As in situ arterial grafts, the GEA is secondary to the ITA, 
and the excellent long-term patency rate of the skeletonized 
GEA has been confi rmed recently [ 78 ]. Preoperative GEA 
angiography is essential, because the luminal diameter and 
length are not consistent in the GEA, unlike the ITA; hence, 
this often causes a limited fl ow reserve [ 79 ]. When the GEA 
has already been excised or is too small to serve as an effec-
tive graft, the GEA is cut proximally and can be extended 
with the RA or SV grafts, or the gastroduodenal or common 
hepatic artery is used as an infl ow source [ 70 ,  71 ]. 

 To complete this procedure via a transdiaphragmatic 
approach, it is important to ensure a comfortable operative 
fi eld. The patient is positioned supine, and a pillow is placed 
between the patient’s back at the level of the liver and the 
operating table. A 10–15 cm incision is made in the upper 
abdominal midline extending along the previous sternotomy 
incision to allow access to the lower 3 cm of the sternum 
with excision of the xiphoid process and the lower part of the 
sternum as necessary. A Kent’s retractor is then positioned at 
the left and right costal arches, and this is pulled in a cranial 
direction to create a large gap between the liver and the dia-
phragm. The diaphragm is divided vertically to expose the 
inferior wall of the heart, and the edges of the diaphragm are 
then retracted using stay sutures. Usually, it is easy to follow 
the previous graft leading to the branches of the RCA. After 
the target vessel is then stabilized, the subsequent procedure 
is performed in a usual manner.  

21.4.4     Combination of the Left Thoracotomy 
and Transdiaphragmatic Approach 

 Target vessel revascularization through an alternative approach 
to avoid repeat median sternotomy is very useful in selective 
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reoperative patients; however, incomplete revascularization 
remains one of the problems in redo CABG. The distal 
branches of the RCA can be exposed by careful dissection 
even in left lateral thoracotomy. When left thoracotomy is 
combined with the transdiaphragmatic approach in redo 
OPCAB, all territories of the coronary artery, including the 
posterior descending artery (PDA) of the RCA, can be 
approached to avoid manipulation of patent or diseased grafts 
and dissection of the heart [ 71 ,  72 ]. Shennib and  colleagues 
demonstrated that fi ve patients underwent redo multivessel 
OPCAB with this combined approach and that the SV or RA 
grafts (one is connected to the PDA and the other is connected 
to the LCx branch) are pulled into the left chest and are anas-
tomosed to the descending thoracic artery under partial clamp-
ing [ 72 ]. Takahashi and colleagues reported that 79 patients 
underwent redo OPCAB through an alternative approach to 
avoid resternotomy without major complications over 15 years 
and that 13 patients (16 %) underwent redo multivessel 
OPCAB with this combined approach [ 71 ]. This procedure is 
technically simpler and carries potentially fewer risks than a 
resternotomy in the presence of patent grafts to the LAD terri-
tory or when resternotomy is contraindicated for other rea-
sons. This technique could be an attractive option for selected 
patients with patent grafts who require multivessel redo 
CABG.   

21.5     Redo OPCAB in Our Institute 

 Thirty-seven patients who underwent redo OPCAB at Nippon 
Medical School Hospital from March 1997 to December 
2009 were examined. During the same period, four patients 

underwent redo CCAB via repeat median sternotomy. Redo 
CCAB was performed in early periods (until 2002) when our 
off-pump protocol had just been started. Patients’ preopera-
tive characteristics are listed in Table  21.1 . The group of 
patients consisted of 24 men and 13 women with a mean age 
of 71.6 ± 8.1 (range, 50–88) years. All patients underwent 
their fi rst reoperation. The mean duration between primary 
CABG and redo CABG was 10.1 ± 7.5 (range, 0.1–32.7) years. 
Twenty-two patients (59 %) had diabetes mellitus, 23 patients 
(62 %) had prior myocardial infarction, fi ve patients (14 %) 
had decreased cardiac function with an ejection fraction of 
less than 35 %, fi ve patients (14 %) had renal dysfunction, 
four patients (11 %) underwent emergent or urgent operation, 
and 15 patients (41 %) had a history of PCI. The type of pre-
vious operation was CCAB in 34 patients, OPCAB via 
median sternotomy in two patients, and OPCAB via LAST in 
one patient. The mean number of distal anastomoses at pri-
mary operation was 2.4 ± 0.9 (range, 1–4), and grafts used at 
primary operation were LITA in 25 patients, RITA in four 
patients, GEA in one patient, RA in three patients, and SV in 
41 patients (Table  21.2 ). Twenty-fi ve patients (68 %) had at 
least one patent graft, and 16 patients (48 %) had a patent 
ITA-LAD graft. Reasons for reoperation included de novo 
coronary lesions in four (11 %) patients, graft failure in 18 
(49 %) patients, and de novo coronary lesions plus graft fail-
ure in 15 (40 %) patients.

    The approaches used to access the target coronary arteries 
were (1) repeat median sternotomy in ten (27 %) patients, (2) 
left thoracotomy in 11 (30 %) patients, (3) the transdiaphrag-
matic approach in seven (19 %) patients, and (4) combination 
of the left thoracotomy and transdiaphragmatic approach in 
nine (24 %) patients (Table  21.3 ). The relationship of each 

 Characteristics  Value 

 Male/female  24/13 
 Mean age (years)  71.6 ± 8.1 
 Diabetes mellitus  22 (59 %) 
 Dyslipidemia  23 (62 %) 
 Hypertension  34 (92 %) 
 Smoking  20 (54 %) 
 Cerebrovascular accident  5 (14 %) 
 Renal dysfunction  5 (14 %) 
 Low ejection fraction  5 (14 %) 
 Prior myocardial infarction  23 (62 %) 
 Previous PCI  15 (41 %) 
 Preoperative use of IABP  5 (14 %) 
 Emergent/urgent operation  4 (11 %) 
 Presence of a patent graft  25 (68 %) 
 Presence of a patent ITA-LAD graft  16 (43 %) 

   CABG  coronary artery bypass grafting,  PCI  percutaneous coronary intervention,  IABP  intra-
aortic balloon pump,  ITA  internal thoracic artery,  LAD  left anterior descending artery  

  Table 21.1    Preoperative 
characteristics of patients 
undergoing redo CABG  
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approach and target vessels is described in Fig.  21.1 . Left 
thoracotomy was used for revascularization of the left coro-
nary artery and distal branches of the RCA, and the transdia-
phragmatic approach was used for revascularization of the 

RCA. Target vessels in all territories could be revascularized 
by combination of the left thoracotomy and transdiaphrag-
matic approach. Twenty-seven patients (73 %) avoided repeat 
median sternotomy in redo OPCAB. In 25 patients who had at 

    Table 21.2    Graft selection in primary CABG and redo CABG   

 LITA  RITA  GEA  RA  SV  IEA 

 Previous CABG  25  4  1  3  41  – 
  Patent  (16)  (3)  (0)  (1)  (8)  – 
  Stenosis  (2)  (0)  (0)  (0)  (3)  – 
  Occlusion  (7)  (1)  (1)  (2)  (30)  – 
 Redo CABG  9  8  20  16  12  1 

   CABG  coronary artery bypass grafting,  LITA  left internal thoracic artery,  RITA  right internal thoracic artery,  GEA  right gastroepiploic artery,  RA  
radial artery,  SV  saphenous vein,  IEA  inferior epigastric artery  

(A) Repeat median sternotomy: 10 pts (B) Left thoracotomy: 11 pts

(C) Trans-diaphragmatic approach: 7 pts (D) Combination of left thoracotomy and 
trans-diaphragmatic approach: 9 pts

LAD

LCx

RCA

total

14

8

7

29

2.9/patient

LAD

LCx

RCA

total

0

0

7

7

1.0/patient

LAD

LCx

RCA

total

8

7

2

17

1.5/patient

LAD

LCx

RCA

total

6

6

5

17

1.9/patient

  Fig. 21.1    The relationship of each approach and target vessels is 
described. ( b ) Left thoracotomy is used for revascularization of the LCA 
and distal branches of the RCA, and ( c ) transdiaphragmatic approach is 
used for revascularization of the RCA. Target vessels in all territories are 
revascularized by ( d ) combination of left thoracotomy and transdiaphrag-

matic approach. The mean number of distal anastomoses is 2.9 in ( a ) 
repeat median sternotomy, 1.5 in ( b ) left thoracotomy, 1.0 in ( c ) transdia-
phragmatic approach, and 1.9 in ( d ) combination of left thoracotomy and 
transdiaphragmatic approach.  LCA  left coronary artery,  RCA  right coro-
nary artery,  LAD  left anterior descending artery,  LCx  left circumfl ex artery       

 Approach  Value 

 Repeat median sternotomy  10 (27 %) 
 Avoiding repeat median sternotomy  27 (73 %) 
  Left thoracotomy  11 (30 %) 
  Transdiaphragmatic approach  7 (19 %) 
  Combination of left thoracotomy and transdiaphragmatic approach  9 (24 %) 

  Table 21.3    Approach to the 
heart in reoperative patients  
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least one patent graft, 22 patients (88 %) avoided resternotomy. 
The mean number of distal anastomoses at redo operation was 
1.9 ± 1.1 (1–5), and grafts used at redo operation were LITA in 
nine patients, RITA in eight patients, GEA in 20 patients, RA 
in 16 patients, SV in 12 patients, and IEA in one patient 
(Table  21.2 ). Total arterial revascularization was completed in 
25 patients (68 %). The number of distal anastomoses in each 
territory was 28 in LAD, 21 in LCx, and 21 in RCA. The rela-
tionship of target vessels and infl ow sources is listed in 
Table  21.4 . The GEA, LSCA, and descending thoracic aorta 
played an important role as infl ow sources for revasculariza-
tion to the LCx and RCA in redo OPCAB via an alternative 
approach. Complete revascularization was achieved in 27 
patients (73 %), and when combined with staged PCI, com-
plete revascularization was achieved in 29 patients (78 %). In 
a later period (when off- pump procedure was applied in all 
elective primary cases after 2002), complete revascularization 
was achieved in 23 of 26 patients (88 %).

     One patient (3 %; age, 85 years) died due to sepsis. Injury 
of the right ventricle requiring repair was observed in one 
patient (3 %) who needed conversion to CPB support with-
out cardioplegic arrest. No perioperative myocardial infarc-
tion occurred, and only one patient (3 %) needed prolonged 
ventilation (>48 h) postoperatively. Twenty patients (54 %) 
underwent postoperative angiography, and all grafts were 
found to be patent. 

 In our experience, an off-pump procedure in redo CABG 
can be performed with a low perioperative morbidity and 
mortality and satisfactory graft patency. An alternative 
approach to avoid repeat median sternotomy is a promising 
option for selected patients who have patent grafts and higher 
risk profi les for resternotomy or CPB.     
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      Combined Surgery (TAA, AAA, 
or Cancer) Concomitant or Staged 
Surgeries? 

           Shinya     Takase       and     Hitoshi     Yokoyama    

    Abstract  

  The leading cause of death is still malignant neoplasm, but in Japan the risk of death from 
cardiovascular disorder is very nearly as great. Many cardiologists and cardiovascular sur-
geons have encountered patients who had these two diseases simultaneously since Japan 
became a country with the longest average life expectancy in the world. In such situations, 
the plan of treatment until attaining fi nal cure is troublesome, especially if the patients 
require multiple surgeries to achieve the fi nal stage. 

 The important factor to be considered is time. Theoretically, simultaneous surgeries 
seem to be ideal. However, this plan is sometimes too invasive when one of such surgeries 
is a heart surgery or an aortic surgery with extracorporeal circulation or circulatory arrest. 

 In addition, once a two-stage operation is planned for a patient, it is still diffi cult to 
decide which procedure should be done fi rst, although the decision depends which of the 
two diseases is more life threatening. 

 At this time, less invasive procedures have been developed and are available for any type 
of surgery. Off-pump coronary artery surgery (OPCAB) is also a less invasive method for 
patients with coronary artery heart disease. In this chapter, we discuss how to treat patients 
who have coronary artery disease (CAD) combined with malignant neoplasm, thoracic aor-
tic disease, or abdominal aortic disease.  

  Keywords  

  Off-pump coronary artery bypass surgery   •   Simultaneous surgeries   •   Staged surgery   • 
  Noncardiac surgery  

22.1         Considerations Regarding Lesser 
Invasiveness of Off-Pump Coronary 
Bypass Surgery (OPCAB) 

 To decide whether a patient requires percutaneous or surgi-
cal coronary intervention, or medical therapy (oral adminis-
tration), we can refer to several guidelines from the AHA/
ACC [ 1 ] or the Japanese Society of Cardiology [ 2 ].    Those 
guidelines outline strategies for patients who have both heart 
disease and noncardiac disease simultaneously. OPCAB 
may be recommended if the patient requires surgical coro-
nary intervention combined with noncardiac surgery because 
of its lesser invasiveness, described as follows. Compared 
with conventional coronary artery bypass surgery using 

 22
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extracorporeal circulation, OPCAB surgery provides a 
shorter ICU stay, bed rest, and hospital stay, a shorter period 
of time between the procedure and food intake, and reduced 
requirements for blood transfusion [ 3 ]. In addition, as shown 
by several infl ammatory markers in laboratory data, OCPAB 
is less infl ammatory than coronary artery bypass graft sur-
gery (CABG) using extracorporeal circulation [ 4 ]. As 
another point of view, use of extracorporeal circulation sup-
presses the immune system [ 5 – 8 ]. 

 Minimal invasiveness is a key to bridging the fi rst-stage 
operation to the second stage. Or, we may be able to choose 
a simultaneous operation. Unfortunately, there are no stan-
dards or guidelines to lead us to decide between the “simul-
taneous” or “staged” operation. Ultimately we would apply 
either choice to an individual patient after cardiologists, car-
diovascular surgeons, and related expert physicians had 
 discussed the case together, seeking the most appropriate 
approach for an individual patient.  

22.2     Consideration for the Patient 
with Combined Coronary Artery 
Disease and Noncoronary Heart 
Disease or Thoracic Aortic Disease 

 Coronary artery bypass surgery should be performed simul-
taneously when the patient requires open chest surgery for 
both noncoronary and coronary disease (Class I–IIb, 
Evidence Level B or C) [ 2 ]. 

 Is there a case in which it is better to perform off-pump 
coronary artery surgery?  

22.3     Valve Surgery and Intracardiac 
Procedure 

 There is no evidence that OPCAB is superior to CABG under 
cardiac arrest in valve surgery and intracardiac procedures, 
because, under aortic and mitral insuffi ciencies, OPCAB, 
which requires lifting the heart, may cause exacerbation of 
regurgitation but also perhaps stenosis, resulting in collapse 
of the circulation during beating of the heart. Primarily, in 
such cases, ventricular function in the patient is low and the 
heart volume is large, so that it would be somewhat diffi cult 
to tilt the heart properly to perform the OPCAB procedure. 
For these reasons, selection of OPCAB may be limited to 
only anastomosis between the intrathoracic artery and left 
descending coronary artery (LAD) and diagonal arteries, 
with slight lifting, to shorten the time of extracorporeal cir-
culation and cardiac arrest. Subsequently, on beating or 
arrest using the extracorporeal circuit, CABG would be com-
pleted with other procedures in general.  

22.4     Thoracic Aortic Disorder 

 Patients who have thoracic aortic disease concomitant with 
CAD have increased in the current era, especially with the 
aging of the population in Japan. Some reports describe that 
the combined surgery of total arch replacement and CABG 
was 15–30 % [ 9 ,  10 ]. However, the mortality rate of simulta-
neous surgery of total arch replacement and CABG was 
14–55 %, which was worse than that of total arch replace-
ment, which was only 7–24 % [ 9 ,  11 – 13 ]. This simultaneous 
surgery has been considered inevitable, with prolonged myo-
cardial ischemia and cardiopulmonary bypass (CPB) time, 
which are signifi cant risk factors for adverse outcome in aor-
tic arch surgery [ 10 ]. On the other hand, as myocardial 
infarction is a main factor of early and late mortality, there-
fore CABG is essential to improve the overall results 
[ 14 – 16 ]. 

 The shortening of CPB time and arrest time is one mea-
sure that can be applied to improve the outcome. We have 
introduced OPCAB into simultaneous CABG and total arch 
replacement (TAR) operations. Our procedure is illustrated 
in Fig.  22.1  [ 17 ]. Briefl y, distal anastomoses are completed 
before starting CPB in OPCAB fashion. Then, total arch 
replacement is advanced under CPB, selective antegrade 
cerebral perfusion, and circulatory arrest using the open- 
distal method, as antegrade cardioplegic solution is also 
administered through the preattached coronary artery bypass 
grafts. Before declamping and rewarming, the proximal 
graft–ascending aorta (or prosthetic graft) anastomosis was 
performed. Applying this novel procedure for the simultane-
ous procedure and compared with solo TAR and conven-
tional procedure, CPB time and myocardial ischemic time 
were signifi cantly shortened. Early outcome in the OPCAB 
and TAR group tend to be similar to the solo TAR group 
(Table  22.1 ) [ 18 ]. Our procedure could be more effective if 
multiple bypass grafting is required.

    As a more advanced technique, we have applied OPCAB 
and total debranching transluminal endovascular aortic 
repair (TEVAR) to avoid using CPB and cardiac arrest for 
high-risk patients. Theoretically this procedure is reason-
able, but its early and long-term outcomes are still 
controversial.  

22.5     Abdominal Aortic Disorder 

 Severe correctable CAD was identifi ed in 34 % of patients 
with abdominal aortic disease [ 19 ,  20 ]. CAD is the leading 
cause of postoperative death following abdominal aortic 
aneurysm (AAA) repair [ 21 ]. The 5-year mortality rate of 
myocardial infarction in patients who had preoperative 
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  Fig. 22.1    Time course in the combined procedure of coronary artery 
revascularization and aortic arch aneurysm ( AAR ). ( a)  Coronary artery 
bypass grafting ( CABG ) on the arrested heart and AAR. ( b)  Off-pump 

coronary artery bypass ( OPCAB ) and AAR. Note the periods of 
cardiopulmonary bypass ( CPB ) and aortic cross-clamping (myocardial 
ischemia time) are shorter in  b  than in  a        

   Table 22.1    Demographics, intraoperative data, and early outcome of patients who underwent coronary revascularization and total arch replace-
ment for atherosclerotic aortic arch aneurysm   

 Solo TAR ( n  = 18)  OPCAB ( n  = 18)  CCAB ( n  = 14) 

 Demography 
   Age (years)  72 (58–79)  70 (62–80)  71 (64–79) 
   Gender (M/F)  15/3  17/1  11/3 
   Diseased coronary artery  0  *  1.5 (1–3)  1.5 (1–3) 
   Hypertension  17 (94 %)  18 (100 %)  13 (93 %) 
   Left ventricular hypertrophy  7 (39 %)  11 (62 %)  10 (71 %) 
   Old cerebral infarction  12 (67 %)  *  5 (28 %)  3 (21 %) 
 Intraoperative data 
   CPB time (min)  206 ± 33  *  239 ± 35  *  306 ± 61 
   >300 min  0  1 (6 %)  *  7 (50 %) 
   Myocardial ischemic time (min)  125 ± 30  133 ± 24  *  180 ± 48 
   >180 min  1 (6 %)  0  *  5 (36 %) 
 Early outcome 
   Perioperative myocardial infarction  1 (6 %)  0  2 (14 %) 
   Stroke  1 (6 %)  0  2 (14 %) 
   Prolonged (>48 h) intubation  6 (33 %)  6 (33 %)  *  11 (79 %) 
   In-hospital death  1 (6 %)  1 (6 %)  3 (21 %) 

  Solo TAR group: patients underwent TAR without coronary revascularization; OPCAB group: distal coronary artery anastomosis was constructed 
on the beating heart before cardiopulmonary bypass (CPB); CCAB group: distal coronary artery anastomosis was constructed on CPB. Data are 
expressed as mean ± standard deviation. Parentheses represent the value range, unless otherwise stated 
  TAR  total arch replacement,  OPCAB  off-pump coronary artery bypass,  CCAB  conventional coronary artery bypass,  CPB  cardiopulmonary bypass 
 * P <0.01 difference between the two groups, analyzed by Mann–Whitney  U  test or chi-square test  
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 evidence of heart disease is four times higher than that in 
patients without CAD [ 22 ]. Therefore, cardiac evaluation 
and coronary revascularization have been recommended, if 
indicated, to be carried out before AAA repair [ 23 – 26 ]. 
Generally, CAD is treated fi rst, followed by AAA repair, and 
improvements in CABG and percutaneous coronary inter-
vention (PCI) before AAA operation have clearly decreased 
both early and late mortality [ 27 ,  28 ]. Single-vessel CAD 
can be treated by PCI, and some two-vessel diseases may be 
treated in accordance with guidelines of the treatment for 
stable ischemic coronary disease. However, there are some 
considerable issues after PCI. PCI requires repeated treat-
ment more often than does CABG in early and long-term 
observations [ 29 ,  30 ]. In addition, if a drug-eluting stent or 
even a bare metal stent is implanted in the coronary artery, 
the patient requires heavy anticoagulation therapy for 
3 months or more. In this situation, the patients have to wait 
for a long time, may experience heavy postoperative bleed-
ing, and may require transfusion and re-exploration. In con-
trast, conventional CABG surgery with CPB also requires 
patients to wait until they recover. The duration varies 
depending on each individual patient. In general, after using 
CPB, the waiting time would be 3 weeks or more. One report 
says 6 weeks are needed for complete recovery after using 
CPB [ 31 ]. For all these reasons, OPCAB can shorten the 
waiting time for the second stage. Another reason is that 
major open chest or abdominal surgery could accelerate the 
enlargement of the aortic aneurysm. In addition, surgery 
using CPB may have a direct impact on aortic aneurysm dila-
tion, causing further wall weakening and decreasing tensile 
strength, because CPB itself induces various infl ammatory 
responses. 

 However, when a patient has some symptoms of AAA 
or when the AAA is critically enlarged, simultaneous sur-
gery should be planned. OPCAB is superior to conven-
tional CABG [ 32 ,  33 ] in simultaneous surgery with AAA 
repair. However, in cases of asymptomatic AAA and CAD, 
whether a simultaneous operation is better than a staged 
operation is controversial, and many surgeons are con-
cerned over wound infection, including mediastinitis, 
bleeding, and prolonged ventilation-induced pneumonia, 
excepting the cost–benefi t ratio of medical care. In not 
only simultaneous operation of CABG and AAA repair but 
also the other types of simultaneous surgeries, the outcome 
depends on the surgeon’s skill. 

 In addition, currently, endovascular aortic replacement 
(EVAR) is widely available, although indication for EVAR 
is strict in terms of the morphology. The combination 
strategy of OPCAB and EVAR will soon be commonly 
adopted.  

22.6     Coronary Artery Disease Combined 
with Cancer 

22.6.1     Consideration for CAD Combined 
with Cancer 

 A one-stage operation is ideal for patients who have severe 
CAD and life-threatening cancer. The application of simulta-
neous procedures for both disorders has several advantages. 
It eliminates various complications related to performing two 
procedures that both require total anesthesia, and it prevents 
the disease progression of untreated lesions. Furthermore, 
the anxieties of patients with two life- threatening conditions 
are resolved at the same time. 

 However, the occurrence of infectious complications such 
as mediastinitis remains a major disadvantage of simultane-
ous procedures. 

 Therefore, a therapeutic dilemma remains for patients 
with concomitant occurrence of severe CAD and cancer.   

22.7     Consideration in Application 
of Extracorporeal Circulation (CPB) 
to Patients with Cancer 

22.7.1     Does CPB Induce Dissemination? 

 We have to consider the possibility of dissemination of cancer 
cells when we directly aspirate blood from cancer lesions in 
cases such as cardiovascular tumors or lung cancer. Because 
not all cancer cells in the suctioned blood can be removed by 
the fi lter in CPB, hematogenous dissemination may occur. 
Moreover, even when dissemination or metastasis is detected, 
it is diffi cult to distinguish whether it is hematogenous by 
suction or from other causes such as lymph node metastasis 
or direct invasion. In addition, the metastasis may be induced 
by suppression of the immune system by CPB, as already 
mentioned. So far, no evidence has been reported that CPB 
defi nitely accelerates the progression of isolated cancer [ 34 ].   

22.8     Which Treatment Is First for Cancer or 
CAD, or Simultaneous Operation? 

 As mentioned earlier, simultaneous operations should be 
considered primarily. However, therapeutic priority should 
be judged with precise assessments of the severity and 
urgency of both cancer and CAD, and then simultaneous or 
staged procedures should be selected. 
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 With cardiologists, cardiovascular surgeons, general sur-
geons, and related expertise persons, the decision must be 
made in accordance with the patient’s wishes.  

22.9     In a Staged Operation 

 In general, any kinds of interventions for CAD are performed 
before noncardiac procedures, even in a simultaneous 
operation. 

 The interval between the fi rst- and second-stage proce-
dures depends on the invasiveness of the procedure, neces-
sity of posttreatment, and severity of complications should 
they occur. OPCAB needs only a one-stage operation or 
2 weeks before the second-stage procedure [ 35 ]. CABG with 
CPB need a longer interval of 2–6 weeks. In addition, 
although the report is not recent [ 31 ], Crawford et al. reported 
that a second operation performed within 30 days after open 
heart surgery with CPB induced higher mortality than that 
performed after 30 days. The shorter interval, the better in 
CAD combined with cancer. However, if the patient’s condi-
tion does not allow us to wait for even 2 weeks, then simul-
taneous procedures should be applied. 

 As another condition of simultaneous procedure, 
Watanabe reported that it was successful in cases which a 
part of the noncardiac surgery was completed within 3 or 4 h 
in time, with about 500 ml bleeding [ 36 ]. From reports of 
simultaneous operations of both CABG and pneumonec-
tomy, this procedure was successfully performed, or suc-
cessful only in cases in which the procedures were performed, 
only if CABGs were successfully done. Simultaneous 
OPCAB combined with the operation for gastric cancer 
could be successfully performed in our institution. 

 Acceptable indications of the simultaneous procedure 
were (1) general condition is good enough, (2) cardiac func-
tion is good, (3) no major comorbidities exist, (4) OPCAB 
can be performed, in addition to (5) less invasive noncardiac 
surgery such as a short-duration operation. For the patients 
with other conditions, a staged procedure could be suitable.  

22.10     Which Is Suitable for Such Patients, 
PCI or CABG? 

 Basically, the choice of intervention was decided according 
to the guideline [ 2 ]. For a patient with CAD and cancer, we 
have to consider the following factors.

    1.    Short life expectancy   
   2.    Worsened general condition, including bleeding tendency 

and inability to tolerate invasiveness of surgery   
   3.    Longer posttreatment with heavy anticoagulants is 

acceptable when PCI is selected.    

  PCI, especially using a drug-eluting stent (DES), requires 
more than two different kinds of anticoagulants for a longer 
period, 3 or more months. However, just after PCI, a general 
operation for noncardiac surgery probably induces bleeding. 
Strict anticoagulant therapy is also required in PCI using a 
bare metal stent (BMS) and POBA (primary balloon angio-
plasty), as well takase 8, to prevent subacute occlusion of the 
stent, which is a potentially lethal complication. 

 On the other hand, CABG as the fi rst-stage operation may 
force the patient to wait for a long time to be able to tolerate 
the second-stage operation. To shorten the interval, OPCAB 
is better than conventional CABG with CPB. Anticoagulants 
are required in OPCAB as well as in CABG, but it is possible 
that anticoagulants in OPCAB must be stopped to reduce the 
risk of bleeding in the second stage. 

 Again, in the foregoing conditions, a proper procedure 
should be selected. Whether PCI or CABG is better should 
be discussed with expert physicians and co-medical staff.  

22.11     Graft Selection in CABG 

 Bypass conduit should be selected as usual. However, the 
gastroepiploic artery (GEA) is not appropriate if the patient 
is to have surgery on the upper portion of the abdomen. Even 
if the GEA is selected, however, it is possible that gastrec-
tomy can be safely performed, in my experience. 

 Selection of the internal mammary artery (ITA) should be 
acceptable when the patient must wait for pneumonectomy, 
but the abortion if necessary should be performed carefully. 

 Revascularization in CABG should be performed as com-
pletely as possible. However, if CABG itself is at high risk, 
incomplete revascularization may be acceptable to reduce 
surgical risk. 

 Off-pump coronary artery bypass surgery is a better solu-
tion if simultaneous procedures were to be applied to such a 
patient. Or, even in a staged operation, OPCAB reduces the 
risk of the use of extracorporeal circulation as in conven-
tional on-pump CABG. As a result, OPCAB shortens the 
interval between the fi rst and the next stage. In general, 
OPCAB should be selected when a patient requires simulta-
neous or staged operations.     
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      Difficult Heart 

           Tomoaki     Suzuki      and     Tohru     Asai    

    Abstract  

  Most randomized trials comparing off-pump CABG to on-pump CABG have reported 
equivalent clinical outcomes. However, these trials are often underpowered to fi nd signifi -
cant differences between the groups because most of these trials enrolled relatively low-risk 
patients. Most surgeons tend to avoid performing beating heart surgery in high-risk patients 
such as enlarged poor left ventricular function and acute coronary syndrome because of 
technical diffi culty and risk of acute conversion to on-pump surgery. Real advantages of 
off-pump surgery are especially derived from these high-risk patients. In this chapter, clini-
cal outcomes of OPCAB for these high-risk patients and technical knacks to perform a safe 
OPCAB for these diffi cult cases are presented according to my experiences.  

  Keywords  

  Conversion   •   Hemodynamic compromise   •   Low left ventricular function   •   Acute coronary 
syndrome  

23.1         Enlarged Heart, Poor Left Ventricular 
Function 

 OPCAB was initially used in selected groups of patients, but 
it is now being used in more and more diffi cult situation, and 
many groups have reported good results in high-risk patients, 
including patients with poor LV function. Off-pump coro-
nary artery bypass, however, is not yet considered the gold 
standard by many coronary surgeons. Furthermore, espe-
cially in high-risk patients, most surgeons are reluctant to use 
beating heart operations. Therefore, patients with unstable 
hemodynamics and low left ventricular ejection fraction are 
frequently cited as contraindications to beating heart inter-
ventions. The major reasons given are the diffi culties for 
optimal coronary artery exposure in cases of low ejection 
fraction associated with enlarged ventricles and hemody-

namic instability or severe rhythm disturbances during dis-
placement of the heart. 

 Severe left ventricular dysfunction has been reported as 
an independent predictor of operative mortality in patients 
undergoing coronary artery bypass grafting [ 1 – 4 ]. However, 
the long-term benefi ts of coronary artery bypass grafting 
operation compared with medical therapy are more pro-
nounced in patients with reduced left ventricular function 
[ 5 ]. In an ischemic heart or critically impaired left ventricle, 
any hemodynamic instability may lead to increased compli-
cation or death. Hausmann and coworkers [ 6 ] reported an 
operative mortality of 7.1 % in a series of 514 patients with 
EF ranging from 10 to 30 %. Bouchart and colleagues [ 7 ] 
reported an in-hospital mortality of 7 % in a series of 141 
patients with poor LV dysfunction. In some previous studies, 
the incidence of in-hospital mortality was reported as rang-
ing from 4.7 to 15.0 % in these groups [ 6 – 9 ]. For patients 
with congestive heart failure, mortality is directly related to 
the severity of their ventricular systolic dysfunction. 

 There have been several controversies surrounding the 
choice of the optimal surgical strategy in patients with 
reduced ejection fraction. Many surgeons prefer using CPB 
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because hemodynamic instability, hypotension induced by 
ventricular arrhythmias, or cardiac arrests are frequent prob-
lems encountered in this specifi c group of patients. CABG 
using CPB has been safe due to recent development in myo-
cardial protection techniques, and in majority of patients its 
damaging effect on myocardium is minimal and reversible, 
but patients with LV dysfunction have very poor reserve, and 
even slight damage to myocardium may have signifi cant 
consequences. 

 Good midterm surgical results reported with OPCAB sur-
gery were associated with an increased popularity of this 
revascularization technique, especially in this category of 
high-risk patients with poor LV function. Hemodynamic 
deterioration is the greatest concern during displacement of 
the heart in OPCAB surgery. A good hemodynamic monitor-
ing and more attention to minor details during OPCAB are 
very important in this group of patients. TEE gives us good 
information about the wall motion and chamber fi lling of the 
left ventricle, and the heart can be displaced in a direction so 
that there is minimal compression of the right ventricular 
outfl ow tract and minimal hemodynamic compromise. Poor 
LV function is sometimes an exclusion criterion for the 
OPCAB approach because of the technical diffi culty of 
safely displacing the heart under condition of hemodynamic 
stability. Displacement of the beating heart may be well tol-
erated with good LV function, but hemodynamic compro-
mise occurs more often in patients with severe LV 
dysfunction, making it diffi cult to achieve complete revascu-
larization in these patients using the OPCAB technique. 
However, several pioneer surgeons have challenged to adopt 
beating heart technique to these high-risk patients. Multiple 
single-center reports have been published detailing outcomes 
of OPCAB for patients with a low EF. Ascione and cowork-
ers [ 4 ] reported an operative mortality of 7 % in a series of 74 
OPCAB patients with EF <30 %. Arom and colleagues [ 10 ] 
found an operative mortality of 2 % in their series of 45 
OPCAB patients with low EF (<30 %). Shennib and cowork-
ers [ 11 ] compared the clinical outcome of OPCAB and con-
ventional CABG in patients with poor LV function (EF 
<35 %) and reported that operative mortality was lower in 
the former group (3.2 % vs. 10.9 %). However, there were 
fewer distal anastomoses per patient (2.8 vs. 3.9) in the 
OPCAB group. Recently, Keeling and coworkers [ 12 ] 
reported a large and propensity-matched OPCAB trial. They 
analyzed the effect of off-pump versus on-pump coronary 
revascularization in patients with low ejection fraction with 
propensity score matching technique. They showed that 
patients undergoing scheduled OPCAB were older, more fre-
quently female than those who underwent ONCAB. OPCAB 
was associated with a signifi cant lower adjusted risk of death, 
stroke, major adverse cardiac events, and prolonged intuba-
tion, and postoperative transfusion rates were signifi cantly 
lower in the OPCAB group. 

 We have performed OPCAB surgery in all CABG cases 
with no exclusion criteria since 2001 [ 13 ]. Our technical 
knack for the safe exposure of the heart is shown. After mid-
line pericardiotomy, the left side of pericardium is incised 
from the apex to the back of the pericardial sac to the anterior 
of the phrenic nerve, in order that it must not be injured. The 
other pericardiotomy is at the level of the left atrial append-
age. The right side of the pericardium is incised longitudi-
nally around the superior vena cava. This maneuver prevents 
the SVC from being compressed by the pericardium and pre-
vents disruption of venous return when the heart is lifted. 
Hemodynamic compromise during displacement of the heart 
is likely to be caused by inadequate ventricular fi lling due to 
disturbance of venous return. The incised left side of the 
pericardium is pulled up and retracted over the sternal retrac-
tor. The right side of the pericardium should be free for easy 
rotation of the heart into the free space beneath the right ster-
num. We also use two deep pericardial sutures which are put 
in the bottom of the pericardium beside the IVC and left 
lower pulmonary vein. The most important point for com-
fortable surgical view without disturbing the beating heart is 
that the cardiac base is rotated right-side down and left-side 
up and to move the center of gravity of the heart toward the 
right [ 14 ]. 

 Revascularization on the branches of the circumfl ex and 
right coronary systems require a more vertical displacement 
that is even more pronounced in the posterolateral system. 
Hemodynamic instability was minimized with the patient in 
a Trendelenburg position, which creates bilateral fi lling pres-
sures to reach adequate level. The most important is the pres-
ence of a dedicated cardiac anesthesiologist constantly 
vigilant of hemodynamic and progress of the operation who 
can alert the surgeon of the need to return the verticalized 
heart to a more physiological position and to rapidly create a 
proximal anastomosis or to insert a shunt for hemodynami-
cally compromising ischemia. The experienced off-pump 
anesthesiologist is adept at using inotropes and pressors as 
necessary based on hemodynamics and continuous TEE 
evaluation of the degree of mitral regurgitation and can antic-
ipate the next step in the operation and adjust vasoactive 
drips and bed positioning as necessary to ensure a smooth 
operation. 

 In actuality, a skilled OPCAB surgeon does not feel dif-
fi culty in case of enlarged heart or LV dysfunction. The 
change of ventricular fi lling volume during displacement of 
the heart has only a marginal effect on enlarged heart. A con-
centric hypertrophic heart is more irritably affected by 
change of fi lling volume. Enlarged ventricular chamber does 
play a buffer action against the change of fi lling volume that 
makes a little impact for hemodynamic stability. Furthermore, 
regional motion of the ventricular wall of an enlarged heart is 
smaller than normal heart that facilitates for surgeons further 
comfortable coronary artery anastomosis. Mitral regurgitation 
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during displacement of the heart sometime becomes a 
problem in OPCAB surgery. When increases in the PAP and 
the CVP are observed, a TEE examination of the mitral valve 
can be very helpful in the diagnosis. A tethering mitral valve 
of enlarged heart often causes mitral regurgitation when the 
heart is forced to lift up and compress. However, in almost all 
cases of enlarged heart, acute position-related mitral regurgi-
tation may be resolved with appropriate repositioning. 

 When comfort with OPCAB technique grew, data began 
to emerge citing the potential benefi ts of avoidance of CPB 
for high-risk subgroup. We feel that the greatest benefi ts 
derived from avoidance of extracorporeal circulation will 
become manifest not in low-risk individuals, but in patients 
with signifi cant comorbidities, but this remains unproven.  

23.2     Acute Coronary Syndrome 

 Several large series of surgical intervention for an acute 
myocardial infarction (AMI) were reported in the beginning 
of the 1970s. In the early days of coronary artery bypass 
grafting (CABG), surgical intervention within the fi rst 
months of an acute myocardial infarction was associated 
with increased mortality rate. Early reports suggested that 
emergency CABG for AMI was associated with a high oper-
ative mortality rate, ranging from 9 % to as high as 60 % 
[ 15 – 17 ]. More recently, with improved anesthetic and surgi-
cal techniques, supportive pharmacologic therapy, and myo-
cardial preservation, the perioperative mortality rate 
associated with emergency CABG in selected patients with 
AMI has fallen markedly [ 18 ]. 

 Patients with evolving acute coronary syndrome defi ned 
as continuum from unstable angina to non-ST-segment ele-
vation MI to ST-segment elevation MI display a high-risk 
entry in CABG surgery. Perioperative mortality is increased 
severalfold compared with patients with stable angina, and it 
may be advisable to delay surgical intervention whenever 
possible. However, in the presence of refractory symptoms, 
hemodynamic alterations, or in STEMI patients, emergency 
surgical therapy within the fi rst hours is indicated. Current 
indication [ 19 ,  20 ] for emergency CABG surgery in ASC 
patients is limited to those presenting with evolving myocar-
dial ischemia refractory to optimal medical therapy, presence 
of left main stenosis (≧50 %) and 3-vessel disease, ongoing 
ischemia despite successful or failed PCI, complicated PCI, 
cardiogenic shock accompanied by complex coronary anat-
omy, or life-threatening ventricular arrhythmias thought to 
be caused by myocardial ischemia. Patients that meet these 
indications are relatively rare. An aggressive surgical 
approach, when appropriate, has been shown to be the supe-
rior approach for patients presenting with moderate- to high- 
risk ACS and is recommended by US and European 
guidelines for treating these patients. 

 It is generally thought that the outcome in these patients 
may depend on factors such as the timing of the operation, 
left ventricular function, the presence of collateral, and 
hemodynamic instability. The optimal timing of operation 
after AMI remains undecided. Several articles [ 21 ,  22 ] advo-
cating surgical revascularization within 6 h of AMI have 
shown improved hospital mortality rates (3.8 % vs. 8 %) and 
improved 10-year mortality rates (8.2 % vs. 21 %) in patients 
who underwent operation within 6 h, as compared with those 
patients whose operation was delayed longer than 6 h after 
an AMI. Berg and associates [ 21 ] reported a hospital mortal-
ity rate of 5.5 % and 1-year mortality rate of 6.3 %. 

 The patients with unstable hemodynamics possibly and 
more likely are treated with CCAB rather than with 
OPCAB. Application of OPCAB technique to the ACS 
patients undergoing emergency surgical revascularization 
remains controversial. First of all, high-risk complex cases 
(such as emergency cases) should not be attempted with 
OPCAB until the surgeon’s skill has reached a plateau on the 
learning curve. In recent years, further efforts were made to 
identify high-risk subgroup that may benefi t more from off- 
pump strategies. In actively ischemic patients, some specu-
late that off-pump CABG might reduce the extent of 
myocardial damage, perhaps through the avoidance of isch-
emic arrest and reperfusion injury, earlier revascularization 
of the culprit lesion, attenuation of the no-fl ow phenomenon, 
and reduction of myocardial edema. These included elective 
patients with poor LV function, enlarged heart, recent myo-
cardial infarction, and unstable angina, but clinical results 
were also inconsistent. Although the adverse effects of CPB 
are minor and reversible in most patients, these effects may 
be of major importance, irreversible, and even fatal in high- 
risk patients. CPB and cardioplegic arrest may further dam-
age the already jeopardized myocardium. It is therefore 
reasonable to assume that avoiding CPB may be advanta-
geous for certain subgroup of patients, especially those with 
risk condition for conventional CABG. These patients have 
sustained a recent myocardial infarction within 24 h or have 
ongoing myocardial ischemia resulting in hemodynamic 
instability and are classically thought to benefi t from the pro-
tection afforded by cardioplegic arrest, which reduces meta-
bolic demand and resuscitates the ischemic myocardium. 
However, avoiding the infl ammatory reactions incited by 
cardiopulmonary bypass and global ischemia of cardioplegic 
arrest may be of equal or greater benefi t to the already injured 
myocardium. Several retrospective studies have indicated 
that these high-risk patients may benefi t most from avoiding 
cardiopulmonary bypass and its associated infl ammatory 
response. 

 Operative mortality for these patients using conventional 
arrested heart CABG techniques was high (1.6–32 %) and 
strongly depends on the preoperative hemodynamics condi-
tion. Creswell et al. [ 22 ] indicated a mortality rate of patients 
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operated within 6 h after onset of AMI symptoms of 9.1 %. 
They suggested that the optimal timing is at least 2 weeks 
after AMI. In their study, mortality rates of patients who 
underwent operation within this 2 weeks was 6.5 % com-
pared with 2.9 % in patients who underwent operation 
between 2 and 6 weeks after AMI. Every and associates [ 19 ] 
reported that in their 1,299 AMI patients who underwent 
CABG, there was no difference in hospital mortality rates of 
patients who underwent operation during the fi rst 24 h after 
admission compared with those who underwent operation 
during their hospital course. In a multicenter analysis of 
2,099 patients who underwent conventional CABG within 
24 h after AMI, hospital mortality was 14 %. Tomasco et al. 
[ 23 ] indicated a similar mortality rate of 13.4 % for patients 
operated within 24 h after AMI. A retrospective analysis 
describing the outcomes of 12,988 unselected patients with 
ACS demonstrated that early CABG was an independent 
predictor of lower mortality [ 24 ]. Serge et al. found a remark-
ably lower mortality rate of 1.6 % for this subset of patients. 

 On the other hand, there are very little in the literature that 
presented the clinical results of off-pump CABG in the ACS 
cases. Locker and colleagues demonstrated that timing in 
itself is not a signifi cant predictor of early mortality in off- 
pump CABG, but it is a signifi cant predictor in patients 
undergoing operation with CPB. Rastan and colleagues dem-
onstrated that beating heart techniques implemented during 
active ischemia reduced in-hospital adverse outcome mea-
sures such as transfusion requirements, extensive inotropic 
support, prolonged ventilation time, intensive care unit stay, 
and in-hospital stroke rate [ 25 ]. Fattouch and colleagues 
reported that off-pump surgery reduced early mortality and 
morbidity in patients with ST-segment elevation myocardial 
infarction in respect to the conventional procedure and 
showed better results than on-pump surgery in patients who 
underwent surgery within 6 h from the onset of symptoms 
and in patients with cardiogenic shock [ 26 ]. In the on-pump 
group, the incidence of early death in patients presenting 
with or without shock was 27 % and 3.7 %; however, in the 
off-pump group, the incidence of early death in patients pre-
senting with or without preoperative shock was 7.5 % and 
0 %, respectively. They said that preoperative cardiogenic 
shock increases early mortality after CABG in patients with 
AMI, specifi cally in those undergoing on-pump surgery. 
Parikh and colleagues reported that in-hospital mortality and 
the composite outcome of death, myocardial infarction, con-
gestive heart failure, or cardiogenic shock were similar 
between NSTEMI patients undergoing early versus late 
CABG [ 27 ]. Biancari and colleagues [ 28 ] showed that off- 
pump CABG might reduce ischemic injury to the myocar-
dium and suggested some early benefi t for the OPCAB 
technique for patients presenting with active ischemia and 
unstable angina. Moscarelli and coworkers [ 29 ] reported a 
meta-analysis of OPCAB outcomes in patients with ACS 

that included one randomized and eight retrospective stud-
ies. They concluded that OPCAB may have a benefi cial 
effect on 30-day mortality in hemodynamically stable 
patients undergoing emergency revascularization; there is a 
lack of high-quality data with clearly defi ned patient 
demographics. 

 Anesthesia management of OPCAB is challenging 
because of hemodynamic deterioration during anastomo-
ses, and the hemodynamic dysfunction that occurs during 
OPCAB has been postulated to be induced by the effect of 
displacement of the heart and the unavoidable pressure 
applied to the heart, which affect both ventricular func-
tions and coronary artery fl ow. The anesthesiologist’s 
approach and their interaction and cooperation with the 
surgeon during OPCAB greatly contribute to optimize the 
results of OPCAB. 

 In OPCAB surgery, especially in ACS case, the most 
severe complication is hemodynamic compromise, which 
can occur during displacement of the heart to expose the tar-
get vessels. The vertical displacement of the heart induced a 
reduction in cardiac output and stroke volume that were pri-
marily caused by impaired diastolic expansion of the right 
ventricle. Use of a mechanical stabilizer may further decrease 
cardiac output secondary to direct ventricular compression 
with reduced stroke volume. In the setting of OPCAB proce-
dure, preoperative IABP therapy improves cardiac perfor-
mance and facilitates access to the target vessels while 
maintaining hemodynamic stability, even in high-risk 
patients [ 30 ]. The effect of IABP support, such as the reduc-
tion of ventricular afterload, improvement of diastolic coro-
nary perfusion, and enhancement of subendocardial 
perfusion, is very benefi cial to the displaced heart in main-
taining hemodynamic stability during OPCAB. Delayed use 
of IABP was associated with increased mortality, whereas 
the prevalence of perioperative myocardial infarction and in-
hospital mortality were signifi cantly lower among patients 
for whom IABP support was initiated preoperatively. 
Therefore, IABP therapy should be performed preopera-
tively in selected high- risk patients with defi nite indications. 
Common indications for preoperative IABP placement 
before OPCAB were severe left main coronary artery dis-
ease, unstable angina, left ventricular dysfunction, recent 
acute myocardial infarction, and congestive heart failure. 

 The TEE during OPCAB may present valuable informa-
tion, such as wall motion abnormality, mitral regurgitation, 
and chamber volume. When increases in the PAP and the 
CVP are observed, a TEE examination of the mitral valve 
can be very helpful in the diagnosis. Positional mitral regur-
gitation is frequently observed and is a major factor of the 
hemodynamic instability that occurs during posterior- and 
lateral-wall revascularization during OPCAB procedure. 
Acute position-related mitral regurgitation may be resolved 
with appropriate repositioning. 
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 In ACS case, one of the important factors is the sequence 
of grafting that is individualized based upon the patient’s 
coronary artery disease pattern. In patients with severe left 
main coronary artery stenosis, the LAD is grafted fi rst. 
Collateralized vessels should be grafted fi rst before collater-
alizing vessels. Generally, culprit coronary artery should be 
reconstructed after the other easily accessible target is 
grafted. In ACS cases, experienced OPCAB surgeons should 
promptly decide the sequence of grafting according to acces-
sibility of the target coronary artery, ease of grafting such as 
calcifi cation and size of coronary artery, or instability of the 
fl ow of the target vessels. 

 Finally, the precious application of OPCAB procedure for 
ACS is unclear. There is insuffi cient evidence to determine 
the effect of OPCAB technique for ACS cases. There is cur-
rently insuffi cient evidence to determine the effect of 
OPCAB technique for ACS patients. However, we think that 
OPCAB will play its special role in ACS status in the future.     
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      Difficult Coronary OPCAB Made 
in Japan 

           Takeshi     Kinoshita      and     Tohru     Asai   

    Abstract  

  Three aspects should be considered when discussing a diffi cult coronary for CABG. First is 
when the vessel is invisible. Coronary arteries sometimes run an intramyocardial course or 
are covered with extensive epicardial adipose tissue, making its identifi cation and subse-
quent revascularization diffi cult and leading to complications such as bleeding from sur-
rounding tissues, penetration into the right ventricle, formation of hematoma, and failure to 
fi nd the artery in the end. Second is when vessel itself is point at issue. This includes dif-
fusely sclerotic, calcifi ed, or small vessels. Third is when multiple stents are placed in the 
vessel. The purpose of this chapter is to share the tips and pitfalls in dealing with these 
challenging situations on the beating heart.  

  Keywords  

  Invisible vessels   •   Diffusely sclerotic   •   Calcifi ed   •   Small vessels   •   Stented coronary 
arteries  

24.1         Diffi cult Coronary Artery 

 The issues of off-pump CABG remain technical diffi culty 
and learning curve required for the surgeons. This fact is 
clearly evidenced by the Randomized On/Off Bypass 
(ROOBY) trial, showing reduced graft number resulting in 
incomplete revascularization and reduced graft patency at 
1 year in the off-pump group [ 1 ]. Notable feature of the study 
includes the relative lack of experience of the surgeons par-
ticularly with off-pump technique (20 cases to be eligible). 
Although the CABG Off- or On-Pump Revascularization 
(CORONARY) trial [ 2 ] is limited to surgeons with more 
extensive off-pump experience, there were fewer grafts and 
more early repeat revascularizations in the off-pump group. 
On the other hand, experienced off-pump surgeons have 
showed similar graft patency, cardiac outcomes, and com-
pleteness of revascularization [ 3 ]. The important message 

from these studies is not just that off-pump CABG is worse 
than on-pump CABG but that for successful off-pump 
CABG, not only experience but also appropriate skills and 
surgical strategy are necessary. 

24.1.1     What Is Diffi cult Coronary Artery? 

 Three aspects should be considered when discussing a 
diffi cult coronary for CABG. First is when the vessel is 
invisible: vessels running intramyocardially or covered 
with extensive fatty fi brous tissue. Second is when vessel 
itself is point at issue: diffusely sclerotic, calcifi ed, or 
small vessels. Third is when multiple stents are placed in 
the vessel.  

24.1.2     What Are the Pitfalls Specifi c 
for Off- Pump CABG? 

 Off-pump CABG required unique skill sets and different 
strategies compared with on-pump CABG. Among technical 
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elements, the following three factors are critically important 
for successful results:

    1.    Control of backfl ow bleeding from coronary arteriotomy 
during anastomosis   

   2.    Complete stabilization of anastomotic sites especially on 
more deeply located vessels   

   3.    Adequate exposure of operative fi eld       

24.2     Invisible Coronary Arteries 

 The coronary arteries usually run along a surface of the heart 
and may be easily identifi ed. However, in some cases, they 
run an intramyocardial course or are covered with extensive 
epicardial adipose tissue, making its identifi cation and sub-
sequent revascularization diffi cult. Routine dissection of 
estimated location of the vessels based on visual inspection 
and digital palpitation seems to be the easiest way, but can 
lead to complications such as bleeding from surrounding tis-
sues, penetration into the right ventricle, formation of hema-
toma, and failure to fi nd the artery in the end. 

24.2.1     How to Overcome the Challenging 
Situations 

 Coronary angiography is the standard method to examine the 
anatomy of the coronary system. Careful examination of the 
angiography, especially using oblique views, often provides a 
useful clue as to location of the vessel. In contrast to the fl exu-
ous course of the superfi cial vessels, the intramyocardial por-
tion of the vessels dives at acute angle into the myocardium 
and usually looks straight. The intramyocardial LAD has 
been reported to be usually located to the right of the great 
cardiac vein [ 4 ]. A small part of the vessel sometimes rises to 
the surface of the heart. It may be a landmark to seek other 
part of the vessel or can be an anastomotic site. When the ves-
sel is covered with subepicardial fat tissue, it often pulls the 
epicardium making a small wrinkle. Meticulous examination 
of the surface of the heart can sometimes be suffi cient to 
detect the artery. The following fi ve techniques for determin-
ing hidden vessels have been proposed.  

24.2.2     Retrograde Passage of Vascular Probe 
Through a Distal Arteriotomy [ 5 ,  6 ] 

 This technique involves retrograde insertion of an atraumatic 
vascular probe through a distal coronary arteriotomy. An 
incision of 1.0–1.5 mm long vertical to the long axis of the 
vessel is performed at the fi nest part of the visible LAD 

 (usually the most distal, near to the apex). Then, a fi ne atrau-
matic vascular probe is gently inserted intraluminally and 
advanced proximally until a suitable site for anastomosis. 
This technique may allow the approximation of the quality 
of the vessel wall and the exact course by palpation and 
visual guidance. The overlying tissues (fat and/or myocar-
dium) were dissected, and the artery is opened longitudinally 
over the probe tip. In case of off-pump CABG, keeping the 
probe inside the artery until completion of the anastomosis 
will help de-air and prevent excessive bleeding from the dis-
tal arteriotomy. This also certifi es the good quality of the 
anastomosis. The distal arteriotomy is usually closed with 
one or two interrupted 8–0 stitches, placed vertical to the 
incision. The disadvantage of this technique includes a risk 
of arterial perforation and intimal damage while advancing 
the probe. Furthermore, it might not always possible to 
advance the probe retrogradely because of small coronary 
artery, calcifi ed stenotic lesions, or tortuous course.  

24.2.3     Retrograde Dissection of Tissue 
Overlying the Vessel [ 7 ,  8 ] 

 After the target vessel is localized, its proximal is exposed by 
proximally incising the muscle and adipose tissue using 
Potts scissors. The lower scissor blade should be kept on the 
anterior surface of the artery to prevent the injury of the diag-
onal branches and entering into the right ventricular cavity. 
Excess use of electric cautery for controlling hemorrhage 
from surrounding tissue should be avoided because it may 
cause thermal injury to the underlying coronary artery. Each 
edge is then sutured in a running fashion with 6–0 or 5–0 
Prolene. The limitation of this method is that it requires large 
dissection under heparinization causing massive bleeding 
and prolonged ischemic period.  

24.2.4     High-Frequency Epicardial Ultrasound 

 High-frequency epicardial ultrasound is a versatile technol-
ogy and helps the surgeons identify the location of target 
coronary arteries, select the optimal anastomotic sites, and 
assess the quality of constructed anastomoses (refer to the 
ECUS section).  

24.2.5     Intraoperative Cineangiography [ 9 ] 

 After placing a radiopaque marker for mapping the anterior 
surface of the heart, 10 ml of radiopaque agent is infused 
through the antegrade cardioplegia cannula and a cineangio-
graphic image is obtained from a perpendicular angle using 
a portable C-arm cineangiographic system. This cineangio-
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graphic image can be used to locate the LAD.    The limita-
tions include requirement of a hybrid operating room and use 
only in patients who are on pump with cross-clamped aorta. 
Also, it should be used with caution in patients with kidney 
failure or contrast intolerance.  

24.2.6     Elevation of LAD with Elastic Tape [ 10 ] 

 A blunt-ended needle with mounted elastic tape is put deeply 
into the myocardium under the coronary vessels and comes 
out on the opposite side. Intramyocardial vessels are elevated 
by the tape under tension, which makes it easier to dissect 
the myocardium over the LAD. This technique has a risk of 
injuring LAD and its branches and penetration into the right 
ventricle cavity.   

24.3     Diffusely Stenotic, Calcifi ed, or Small 
Vessels 

 The increased number of patients with more advanced ath-
erosclerotic coronary disease has been referred to CABG 
due to rapid aging of the population and an increased prev-
alence of hypertension, diabetes, chronic kidney disease, 
or hyperlipidemia. 

24.3.1     How to Overcome the Challenging 
Situations 

 The diffusely diseased vessels are the challenge for cardiac sur-
geons. The most critical points are to fi nd the best possible arte-
riotomy sites before operation and during the procedure and to 
create an operative fi eld in which the surgeon can make an 
anastomosis comfortably. During the procedure, the target ves-
sel should be evaluated throughout its distal portion. Not only 
the endoluminal diameter of the vessel but the thickness, calci-
fi cation, and other qualities of the vessel should be carefully 
evaluated. The site with decent endoluminal diameter and the 
vessel wall with the best quality should be chosen. 

 Careful examination of coronary angiography provides 
a lot of information including vessel size, irregular wall, 
stenoses, and location of calcifi cation, but it does not 
always delineate the quality of vascular wall. Total occlu-
sion and subtotal occlusion of coronary arteries are some-
times associated with poor fi lling of or absence of its 
distal portions. 

 Digital palpation is useful to assess wall stiffness, but it’s 
subjective and easily fails to catch soft plaques. Suboptimal 
selection of arteriotomy site unexceptionally put the sur-
geons in a very diffi cult situation, especially when dealing 
with such a diffi cult coronary. 

 High-frequency epicardial ultrasound (ECUS) provides 
detailed imaging of the local anatomy including vessel size, 
vascular wall quality, and relationship between vessels, myo-
cardium, and overlying fat tissue. This assessment is fully 
conducted prior to making the arteriotomy. Septal perfora-
tors or side branches cannot be conventionally detected 
before opening the coronary, and bleeding through the arte-
riotomy from these small vessels extremely interferes with 
suturing in off-pump CABG. ECUS can clearly delineate 
vessels of less than 1 mm in diameter (refer to the ECUS 
section). 

 Intracoronary shunt provides a bloodless fi eld, the for-
ward fl ow in the shunt helps prevent ischemia and facilitates 
precision in constructing the anastomosis by staying the ves-
sel in its natural shape and protecting the back wall of the 
artery, and gentle traction on the string of the shunt presents 
the margins of the arteriotomy well [ 11 – 16 ]. Appropriate- 
size shunt provides space between the shunt and the edge of 
the vessel that facilitates suturing. Surgeons should keep in 
mind that the vessel quality does not always allow the inser-
tion of the intraluminal shunt tube. However, the intralumi-
nal shunt tube of small size (1.2 mm) should be available 
whenever it is necessary. A pitfall of off-pump revasculariza-
tion is blood in the fi eld making anastomosis inaccurate, 
rather than the heart movement. Therefore, the intracoronary 
shunt, no matter how small it is, and the carbon dioxide 
blower are of paramount importance. Precise suturing until 
1 mm target vessel with fi ne arterial grafting should be able 
to be constructed.    Although some surgeons may claim that 
quick insertion into the small coronary artery and position-
ing through a limited arteriotomy is diffi cult and time con-
suming, several useful techniques of introducing shunts can 
help them solve the problem [ 17 ,  18 ]. 

 In current OPCAB practice, we always assess blood fl ow 
through the graft intraoperatively. The transit-time fl owme-
try and the fl uorescence study are two common modalities. 
When surgeons observe any unexpected fi ndings in these 
assessments, they should not hesitate to revise the anastomo-
sis. Once the excellent anastomosis is constructed especially 
with arterial grafts of good quality, long-term patency is 
mostly guaranteed. The detail of transit-time fl owmetry and 
the fl uorescence study has been reported previously and may 
be seen in video on the Internet [ 19 ].  

24.3.2     Case Presentation 

 A 69-year-old diabetic man with progressive dyspnea admit-
ted in the diagnosis of congestive heart failure. He had poorly 
controlled diabetes complicated by retinopathy and dyslipid-
emia. Hemoglobin A1c level was 11.6 % at admission. The 
cardiac catheterization revealed severe triple-vessel coronary 
artery disease with depressed left ventricular function 
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(ejection fraction 44 %) (Figs.  24.1 ,  24.2 , and  24.3 ). The left 
anterior descending artery (LAD) was totally occluded, and 
its distal portion was not fi lled through antegrade or retro-

grade collaterals. The circumfl ex and right coronary arteries 
were also tightly stenotic and the distal portions were diffusely 
diseased vessels. The patient was referred to us for CABG.

        Under general anesthesia, the left and right internal tho-
racic arteries and the right gastroepiploic artery were har-
vested in the skeletonized fashion and wrapped with 
papaverine-soaked sponge and divided, and PDE III inhibi-
tor was instilled within it. The LAD was carefully identifi ed 
by close inspection of the anterior wall and found to be dif-
fusely sclerotic small vessel. The target site was chosen for 
the best arterial wall quality. Marginal branches of the cir-
cumfl ex and the posterior descending artery were also found 
to be diffusely diseased. These were only 1.0–1.5 mm ves-
sels and not favorable but possible for grafting. 

 The LAD was opened fi rst. Internal lumen was 1.5 mm. 
End-to-side anastomosis was constructed using the pedicled 
RITA with a 7–0 polypropylene running suture. The pedicled 
LITA was used as a sequential graft to revascularize the two 
obtuse marginal branches. Both were 1.5 mm in diameter with 
a mildly diseased wall. The fi rst marginal branch was grafted 
in side-to-side diamond fashion. Lastly, the GEA was used as 
a sequential graft to revascularize the posterior descending 
artery and the distal portion of the circumfl ex. Both anastomo-
ses were constructed using 7–0 polypropylene running sutures. 
The PDA was grafted in side-to-side parallel fashion. 

 He recovered and discharged home uneventfully. 
Coronary angiography performed at 1 week after surgery 
demonstrated widely patent coronary anastomoses with 
excellent fl ow and distal runoff (Figs.  24.4 ,  24.5 , and  24.6 ) 
and markedly improved the left ventricular function.

  Fig. 24.1    The preoperative left coronary angiogram clearly demon-
strated severe diffuse coronary artery disease. The LAD was totally 
occluded and its distal portion was not fi lled via any collaterals. The 
circumfl ex artery was tightly stenotic and the distal portions were dif-
fusely diseased       

  Fig. 24.2    The left coronary arteriogram (left anterior oblique with cra-
nial angulation) revealed severe diffuse atherosclerosis of whole left 
coronary artery system. Total occlusion of the proximal LAD, severe 
diffuse stenoses in diagonal, proximal circumfl ex, and three marginal 
branches were noted       

  Fig. 24.3    The right coronary artery had multiple severe eccentric ste-
noses at its mid portion, its distal portion, and the proximal portion of 
PDA       
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24.4           Stented Coronary Arteries 

 The stented coronary arteries are currently observed in more 
than 40 % of CABG candidates in our practice. With advent 
of the drug-eluting stent (DES), percutaneous coronary inter-
vention (PCI) has been widely used for coronary revascular-

ization. However, PCI itself cannot slow down the progressive 
process of coronary atherosclerosis and some patients are 
referred for CABG. These patients are generally more 
elderly, have more advanced and complex disease, and sub-
sequently have smaller-sized target coronary arteries. They 
often have history of MI and are mostly on dual antiplatelet 
therapy (DAPT). 

 We observed specifi c patterns of lesions related to stented 
coronary arteries. First, “abrupt occlusion” is an in-stent lesion 
of the trunk of the stented vessel. This could be caused by stent 
thrombosis or progression of the atherosclerosis. Second, “in-
segment stenosis” sometimes occurs in area outside of stented 
portion, but just close to the stent. It is the most stressed area 
with the heartbeat movement. Third, diffuse long segmental 
stenosis is also common among patients with progressive dis-
ease. Fourth, “candy wrapper stenosis” is often observed, just 
proximal or orifi ce location at branches of the stented coronary 
artery. Cardiologists often call these vessels “jailed” branches 
simply because metal strut of the stent caused jail-like appear-
ance for its branch. These four patterns and progressive new 
atherosclerotic lesions were commonly observed. 

 At the time of the surgical revascularization, the stented 
portions of the coronary arteries are not the best site for the 
anastomosis of bypass conduits. The specifi c problems 
caused by coronary stentings are as follows. We need to make 
arteriotomy more distal and    thinner sized area than that of 
ordinary cases. We occasionally need to make more  number 
of distal anastomoses due to each major branch separately 
having tight “candy wrapper” stenosis. Mild stenosis at the 
in-stent site may preserve some blood fl ow through it; arterial 

  Fig. 24.4    The skeletonized right ITA was grafted to the distal LAD, 
totally occluded vessel. It was patent with septal branches and a diago-
nal branch nicely visualized       

  Fig. 24.5       The postoperative angiogram of the skeletonized left ITA 
graft demonstrated patency for sequentially bypassed the fi rst and the 
second obtuse marginal branches of the circumfl ex artery       

  Fig. 24.6       The postoperative angiogram of the skeletonized RGEA 
graft demonstrated patency for sequentially bypassed the PDA and the 
distal portion of the circumfl ex artery       
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grafting may be unpredictable in terms of long-term patency. 
We generally avoid endarterectomy with the stent removal in 
our practice unless it is necessary. This exposes thrombogenic 
media and infl amed vessel at the site of anastomosis, which 
would certainly increase the risk for early graft occlusion as 
well as native coronary thrombosis. There is no gold standard 
for surgical revascularization for stented coronary artery. 
These patients are treated individually, with special care. 
OPCAB for these patients is technically demanding and tacti-
cally complex even with experienced surgeons. 

24.4.1     Case Presentation 

 A 67-year-old diabetic woman has repeatedly received percu-
taneous coronary intervention for recurrent angina caused by 
repeated in-stent restenoses during the last 2 years (over 15 
times). The latest coronary angiography revealed a total of 
thirteen stents fi lling the proximal to middle portions of the 
three coronary territories (Figs.  24.7 ,  24.8 , and  24.9 ) and in-
stent total occlusion lesions in the middle portion of the LAD 
and the ostium of the right coronary artery. The obtuse mar-
ginal branch was also jailed by a stent (Figs.  24.10 ,  24.11 , and 
 24.12 ).    She successfully underwent off-pump CABG with in 
situ left internal thoracic artery graft to the second diagonal 
branch and the LAD; saphenous vein graft to the fi rst diago-

nal branch, the OM, and the distal circumfl ex artery; and in 
situ gastroepiploic artery graft to the posterior descending 
artery. She recovered uneventfully, was discharged home 
after 2 weeks, and was followed in the outpatient clinic.

  Fig. 24.7    The preoperative left coronary angiogram (left anterior 
oblique with cranial angulation) clearly demonstrated stent-related 
problems. The midportion of LAD showed “abrupt occlusion,” and the 
fi rst and the second diagonal branches had tight stenoses at very proxi-
mal portions. The distal portion of LAD and PDA became visible but 
very thin       

  Fig. 24.8    The preoperative left coronary angiogram (left anterior 
oblique with caudal angulation) revealed that the circumfl ex artery had 
moderate stenosis at the LMCA bifurcating stented area; it was “jailed.” 
The obtuse marginal exhibited another severe “candy wrapper” stenosis       

  Fig. 24.9    This right coronary angiogram demonstrated not only the 
total occlusion at the orifi ce but multiple stunts implanted in all three 
coronary artery systems       
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24.4.2             Comments 

 Beating heart makes it more diffi cult to deal with invisible 
vessels or advanced atherosclerotic coronary arteries. A 
full understanding of pitfalls to be avoided, unique skill 

set, and adequate experience allow the surgeons to com-
pletely manage such a diffi cult situation. The techniques 
should be reproducible, widely available, less invasive, 
and applicable for various types of vessels. Although not 
all operation theaters are equipped with advanced medical 
technologies, both ECUS and intracoronary shunts are 
highly recommended devices, allowing the surgeons to 
make the safest approach to the most appropriate anasto-
motic site by the most direct way and construct secure 
anastomoses.      
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      Off-Pump CABG for Patients 
with End- Stage Renal Failure 

           Masami     Ochi    

    Abstract  

  In recent years, diabetes and hypertension have become common causes of chronic kidney 
disease (CKD), and patients with cardiovascular complications are common. Approximately 
half of the deaths within 1 year of the start of hemodialysis (HD) are due to cardiovascular 
complications. 

 Proactively providing cardiovascular treatment to HD patients is believed to improve 
their survival prognosis. 

 However, HD patients not infrequently have calcifi ed lesions, not only in the coronary 
arteries but also from the aorta to the peripheral arteries beyond the cervical region. As these 
lesions have a tendency to hemorrhage, they are susceptible to infection and pose diffi culties 
in perioperative fl uid management. Surgical mortality after coronary artery bypass grafting 
(CABG) has been reported to exceed 10 % in Europe and the United States [ 1 ,  2 ]. 

 In view of this, the number of patients requiring dialysis is increasing every year; therefore, 
the treatment of coronary artery disease in CKD patients is an important issue. 

 Although some studies have found that the results of percutaneous coronary intervention 
(PCI) and CABG are equivalent in terms of the coronary revascularization of HD 
patients [ 3 ], in general PCI mostly has a lower success rate in HD patients due to the 
presence of severe calcifi cations or diffuse lesions in the coronary arteries.  
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25.1         Characteristics of HD Patients 

 Because HD patients possess many coronary risk factors, 
including advanced age, hypertension, and diabetes, the 
coronary vascular pathology of HD patients is characterized 
not only by diffuse coronary artery lesions extending across 
several branches but also by the progression of atherosclerosis 
as a result of lipid metabolism abnormalities and severe cal-
cifi cation as far as the media. These pathological features 

develop as a result of calcium/phosphorus metabolism 
abnormalities. 

 Marked systemic atherosclerosis is also characteristic of 
HD patients, and calcifi cations and obstructive lesions of the 
aorta, peripheral arteries in the legs, and the carotid arteries 
are frequent additional complications. 

 Left ventricular hypertrophy is also frequently evident in 
HD patients, probably as a result of prolonged hypertension, 
and is one cause of left ventricular failure. Even if left 
ventricular function initially appears to be maintained, 
patients can easily succumb to left heart failure. 

 Long-term follow-up results for HD patients after CABG 
are comparatively poor compared with patients without 
complications. In particular, 5-year survival after CABG in 
HD patients with diabetes is below 50 % [ 4 ,  5 ]. It is impor-
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tant that treatment strategies be established that take into 
account the fact that such patients have a large number of 
risk factors that may affect their prognosis, not only in terms 
of ischemic heart disease but also other conditions, such as 
cerebrovascular disturbance in the context of systemic ath-
erosclerosis and susceptibility to infection associated with 
compromised immune function.  

25.2     On-Pump CABG ( ONCABG ) or Off- Pump 
CABG ( OPCABG ) 

 OPCABG is more frequently performed in Japan than in 
Europe and the United States. This is because of the high rate 
of use of PCI in Japan, meaning that patients who undergo 
CABG are frequently high-risk individuals, and surgeons are 
working in an environment where OPCABG is used proac-
tively with the aim of avoiding perioperative complications. 
In Japan, where 65 % of isolated CABG procedures are per-
formed off pump, OPCABG may be actively used to treat 
high-risk HD patients. 

 Numerous studies have found that OPCABG is advanta-
geous for HD patients from the standpoint of perioperative 
mortality [ 6 – 8 ]; however, there is concern that fewer 
branches can be bypassed in OPCABG, resulting in poorer 
long-term results due to incomplete revascularization. 
According to Dewey et al. [ 9 ], although operative mortality 
in OPCABG is good, long-term survival for nondiabetic 
patients is better when ONCABG is used. The cause of these 
poor long-term results is the fact that the mean number of 
branches bypassed in ONCABG is 3.3, compared with 2.4 in 
OPCABG. In OPCABG it is diffi cult to perform bypasses to 
the circumfl ex branch region, meaning that revascularization 
is incomplete. 

 However, surgeons who are highly skilled at performing 
OPCABG are capable of achieving an equivalent level of 
revascularization to that attainable with ONCABG [ 10 ]. 

 Beckermann’s analysis of the United States Renal Disease 
System (USRDS) database [ 11 ] clearly shows the advan-
tages of performing OPCABG. As OPCABG does not entail 
the risks of excessive fl uid balance and infl ammatory cyto-
kine production that are involved in extracorporeal circula-
tion, it may be a particularly benefi cial surgical procedure for 
high-risk HD patients. 

 Reports from Japanese institutions have also shown the 
usefulness of OPCABG for HD patients [ 12 – 14 ]. 

 The choice between ONCABG and OPCABG when 
performing CABG is made according to the policies of 
individual institutions, but in some cases, it is absolutely 
necessary to perform OPCABG in order to avoid the risks 
of extracorporeal circulation. In institutions that use con-
ventional ONCABG as the basic surgical procedure for 
CABG, it may be diffi cult to use OPCABG only for high-
risk patients, and profi ciency in OPCABG must be acquired. 

 One point that should be noted is that many HD patients 
have poor left heart function, and it is not infrequent to 
encounter cases in which the coronary artery contains both 
strong calcifi ed and weak noncalcifi ed areas, making anasto-
mosis diffi cult. Calcifi cation of the ascending aorta makes 
acute on-pump conversion (an emergency switch to extracor-
poreal circulation should circulatory dynamics break down 
during OPCABG) problematic. In such patients, rather than 
persisting with OPCABG, the switch to ONCABG or on- 
pump beating CABG should be made before on-pump con-
version becomes necessary.  

25.3     Choice of Grafts for HD Patients 

•     Internal thoracic artery (ITA) 
 As there is clear evidence for ITA–left anterior 

descending artery (LAD) grafting, the use of the left inter-
nal thoracic artery (LITA) should at least be recommended 
for HD patients. 

 The use of both the left and right ITAs may produce 
even better results, but since many HD patients also have 
diabetes, in these patients the decision on the use of the 
bilateral ITAs should be made with caution in light of the 
risk of sternal infection and mediastinitis due to the 
patients’ immunocompromised state. Kai et al. [ 12 ] used 
the bilateral ITAs in 76 of 101 HD patients and found that 
the 5-year cardiac event-free rate was better when both 
arteries were used. Nakayama et al. [ 15 ] reported that 
there were no cases of mediastinitis in 25 patients for 
whom the bilateral ITAs were used out of 77 patients who 
were undergoing dialysis. However, should mediastinitis 
once develop due to sternal dehiscence, it makes further 
treatment impossible. The treatment plan should be 
decided after risk analysis has been performed for each 
patient.  

•   Saphenous vein (SV) 
 As little can be expected in terms of the long-term 

prognosis for HD patients after CABG, there is certainly 
logic to using multiple SVs. But as SVs are not necessar-
ily of good quality in HD patients, the risk of postopera-
tive cardiac events resulting from graft occlusion must 
also be borne in mind. Because the ascending aorta is also 
severely calcifi ed in many patients, it is important to use 
an anastomosis assist devices  (PAS-Port   ®   , HEARTSTRING 
III, Enclose   ®   -II ) for the central anastomosis of the SV and 
to select the site of anastomosis with care.  

•   Right gastroepiploic artery (GEA) 
 This artery is more widely used in Japan than in Europe 

and the United States. It is used mainly in the right coro-
nary artery region. Similarly to use of the ITA, no central 
anastomosis is required, and long-term patency is good 
when an anastomosis is made with a highly stenotic coro-
nary artery. 
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 Calcifi cations and stenotic lesions may be present in 
HD patients, in which case there is the possibility that the 
poor properties of the GEA may make its use impossible. 
The GEA cannot be used if the patient uses peritoneal 
dialysis.  

•   Radial artery (RA) 
 The use of the RA is, of course, contraindicated in HD 

patients. Its use is also contraindicated in patients who 
may potentially require dialysis in the future, even if they 
are not already undergoing HD.     

25.4     Graft–Coronary Artery Anastomosis 

 As HD patients very often have severe calcifi cation of the 
ascending aorta, the feasibility of blood transmission and the 
site of the SV central anastomosis must be considered in 
advance. In OPCABG, a blood transmission route must be 
secured for use in the event that on-pump conversion is 
required. 

 The coronary arteries of HD patients are characterized by 
severe calcifi cation from the lateral wall to the fl oor and by 
diffuse lesions. There are few healthy sites for anastomosis. 
The anastomosis site must be carefully determined in the 
process of searching for resectable sections of the arterial 
wall. Even if the arterial wall is uncalcifi ed, it is frequently 
weakened, meaning that a needle must be handled with great 
care.  

25.5     Postoperative Management 

 Because a comparatively large transfusion volume is required 
in OPCABG in order to maintain intraoperative circulatory 
dynamics, continuous hemodiafi ltration (CHDF) is used to 
improve the postoperative fl uid balance in HD patients after 
OPCABG. If no attention is paid to fl uid balance, pulmonary 
congestion may prevent the removal of patients from 
mechanical ventilation. Maintenance dialysis is initiated 
from postoperative day 2, but management should tend 
toward the wet side for 1 week to enable patients to recover 
from the invasiveness of surgery and anesthesia. In elderly 
patients in particular, erring on the dry side runs the risk of 
causing stroke due to paroxysmal atrial fi brillation, as well as 
intestinal ischemia.  

25.6     Conclusions 

 The use of OPCABG reduces the incidence of periopera-
tive complications during CABG for HD patients. When 
treating HD patients, it is important to assess their preop-
erative complications and use the most appropriate proce-
dure for each patient. In recognizing that HD patients 

suffer from a systemic condition, carrying out complete 
revascularization by means of OPCABG may improve 
long-term results.     
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How Do We Teach Off-Pump Surgery 
to the Next Generation?

Kiyoshi Doi and Hitoshi Yaku

Abstract

Comprehensive training of young surgeons is essential nowadays as the complexity of sur-
gical techniques is increasing. This study aims to investigate the current situation of training 
and assessment of procedural skills in performing the off-pump coronary artery bypass. 
Since this procedure is technically more demanding than the conventional on-pump coro-
nary artery bypass, some insist that off-pump surgery be performed only by experienced 
surgeons. However, most trainees believe that off-pump skills are necessary to be acquired 
during training. Experienced surgeons have demonstrated that the off-pump technique can 
be safely taught to trainees with no experience of the on-pump technique. These trainings 
have been performed gradually, where the first step is usually practicing distal anastomoses 
of coronary arteries located in the anterior wall of the heart and the subsequent step involves 
the inferior/lateral wall. At least 80–100 off-pump cases and 2 years of training seem essen-
tial for achieving proficiency. Control charts have been widely used to assess outcomes not 
only in retrospective studies but also for prospective monitoring of training. We also found 
that simulation-based training is currently a prerequisite at all high-reliability organizations, 
and therefore, cardiac surgical faculties plan to incorporate it into their formal curricula.
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26.1  Introduction

Although numerous studies have demonstrated that off- 
pump coronary artery bypass (OPCAB) is the preferred 
strategy for revascularization in most patients, the adoption 
rate of OPCAB varies even among experienced surgeons. 
The main reason for this is the technical difficulty of this 
surgery, wherein a surgeon needs to saw moving vessels in 
pools of blood. On the other hand, in conventional on-pump 

coronary artery bypass (ONCAB), the surgeon works in a 
stable bloodless field.

According to a survey in the United States, 98 % of car-
diothoracic residents had some interest in OPCAB, and 94 % 
of them believed that it is necessary to acquire off-pump 
skills during training [1]. However, the technical challenges 
of OPCAB have raised concerns about possibly worse out-
comes during junior surgeons’ learning curves, and most 
trainees may have experienced only a small number of 
OPCAB cases during training.

Because OPCAB has evolved significantly over the past 
decade, some experienced pioneer surgeons have taught 
their younger colleagues how to perform this technique. 
Additionally, the safety and efficacy of teaching OPCAB to 
trainee surgeons has been reported in several studies [2–4], 
although structured and evidence-based educational pro-
grams have not been indicated.
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The reproducibility of a new technique can only be 
ensured by teaching it to the next generation. A good surgery 
should be easy to learn and teach and thereby be accepted by 
most surgeons [5]. Without training of the next generation of 
surgeons and continuous refinements, new procedures could 
never be proven effective or be widely accepted in clinical 
practice [6]. Thus, it is undoubtedly essential to expose train-
ees to OPCAB techniques, which are an integral part of mod-
ern coronary surgery.

The aim of this article is to review the literature on the 
training and assessment of procedural skills in performing 
the OPCAB technique. We also discuss the future of OPCAB 
training curricula including new technologies such as surgi-
cal simulators.

26.2  Prerequisites for OPCAB Training

26.2.1  Trainee’s Prerequisites

Thus far, there have been no definite qualifications required 
by trainees to start OPCAB training. Studies on the OPCAB 
learning curve have largely been limited to surgeons who are 
proficient in conventional CABG surgery and have focused 
on the safety of conversion from ONCAB to OPCAB [5]. It 
seems appropriate, and probably beneficial, for a junior sur-
geon to be the primary surgeon to experience more than 100 
cases of ONCAB surgery before progressing to OPCAB 
training [6, 7]. However, Caputo et al. demonstrated that 
both OPCAB and ONCAB techniques could be safely taught 
to cardiothoracic residents simultaneously [8]. Further, at 
hospitals where most coronary revascularizations are per-
formed using the OPCAB technique, many residents have 
performed off-pump distal anastomoses before sewing distal 
anastomoses on arrested hearts [9]. As previous studies have 
indicated, cardiothoracic trainees with stronger surgical 
backgrounds were able to grasp the supervising surgeon’s 
instructions quickly and were confident about their profi-
ciency in OPCAB surgery [1, 5]. Nonetheless, any surgeon 
who has adequate experience in establishing and managing 
the cardiopulmonary bypass (CPB) technique is qualified to 
participate in the OPCAB training program [5].

26.2.2  Institutional Prerequisites

Provided that OPCAB procedures are sporadically used by 
teaching institutions, the training programs for these tech-
niques remain unchanged and mainly focus on the ONCAB 
technique. However, if coronary surgery is routinely per-
formed without CPB, it is necessary to modify training as 
well as surgical, anesthesiological, and nursing procedures 
and technology. The proficiency of the teaching supervis-
ing surgical trainer is undoubtedly essential to the success 

of the training program, and the OPCAB training program 
should be limited to institutions that perform a large num-
ber of these operations each year [10]. However, when the 
OPCAB technique has been fully established, it can be 
safely taught to junior surgeons even in an ordinary non-
teaching hospital [4].

26.3  Standardization of OPCAB Training

Any complex surgical procedures can be systematically 
decomposed into multiple components. The clinical training 
phase usually consists of a training program in which the 
steps gradually increase in complexity: the procedure is first 
observed as it is conducted by a senior surgeon; simple pro-
cedure components are then performed by the trainee, fol-
lowed by more technically demanding components; and 
finally the trainee performs the entire procedure [11].

As mentioned before, if OPCAB surgery is to be a stan-
dard procedure, its training program should be easy to teach 
and learn. Therefore, we describe the procedural components 
of the OPCAB technique and discuss the sequence of steps 
as an aspect of a gradual training program.

26.3.1  Acquisition of the Knowledge Required 
for OPCAB

Before practicing the OPCAB procedure as a primary sur-
geon, trainees should serve as the first assistant for an appro-
priate period in order to improve their knowledge of 
OPCAB. They need to learn not only the sequence of the 
procedures but also how to judge the patient’s ability to toler-
ate heart manipulation. Their ability to communicate well 
with the entire operative team is critical as well.

26.3.2  Procedural Components of OPCAB

The OPCAB procedure is simply divided into the exposure, 
stabilization, and anastomosis components (Fig. 26.1). In 
contrast to what is commonly thought, construction of distal 
anastomoses on the beating heart does not always represent 
the most difficult component of the operation. Once ideal 
exposure and stabilization is accomplished, even a junior 
surgeon can perform OPCAB easily.

26.3.2.1  Exposure (Patient and Heart 
Positioning)

Trainees should first become familiar with the technique of 
exposure of the target coronary arteries with simultaneous 
maintenance of adequate hemodynamics. The operating 
table can be rotated to facilitate exposure of the lateral/infe-
rior wall of the heart.

K. Doi and H. Yaku



203

26.3.2.2  Stabilization of the Target Vessels
The next important step is learning the techniques for posi-
tioning the stabilizer so as to eliminate target vessel 
movement.

26.3.2.3  Performing Distal Anastomosis 
on the Beating Heart

This step is further divided into five subcomponents, and the 
trainee needs to learn the proper sequence of these five steps.

 1. Placement of the coronary snare: An elastic suture is 
placed for temporal occlusion of the target coronary 
artery.

 2. Coronary arteriotomy
 3. Insertion of the intracoronary shunt: This step provides a 

bloodless operative field, increases distal perfusion, and 
decreases the likelihood of technical errors.

 4. Use of a CO2 blower: This helps to maintain a bloodless 
operative field and is usually managed by the assistants.

 5. Sewing of the distal anastomosis

26.3.3  Training in a Gradual Manner

According to previous reports, OPCAB training usually 
starts with practicing the performance of distal anastomoses 
of coronary arteries located in the anterior wall of the heart 
and then gradually progresses to distal anastomoses of coro-
nary arteries located in the inferior/lateral wall. This is in 
contrast to ONCAB training, in which anastomoses on the 
entire territory of the heart are simultaneously practiced right 
from the beginning [5, 9].

Initially, all procedures are performed under direct guid-
ance of the supervising surgeon. The trainees later graduate 
to independent performance of OPCAB surgery and finally 

serve as OPCAB surgeons, without any intervention by the 
supervising surgeon.

At the beginning of the training course, the heart-lung 
machine can be on standby as a safety measure.

The manner in which trainees graduate through the train-
ing program is not only indicated in the learning process of 
technical skills but also in patient selection. The trainees are 
usually allocated relatively simple cases when they first 
independently perform surgeries. Once they gain experience, 
they may be allocated high-risk cases, such as patients with 
impaired left ventricular function or unstable hemodynam-
ics. For training, careful patient selection by experienced 
OPCAB surgeons is essential to ensure patient safety and 
good outcomes [9].

Trainees also need to learn crisis management. This 
includes assessment of the hemodynamic condition, correct-
ing hemodynamic instability by discussion with the anesthe-
tist, and conversion to ONCAB if necessary.

26.3.4  Adequate (Required) Training Duration 
and Extent

Proficiency is often linked to operative experience, although 
the number of practice cases required is unclear and appears 
to differ among training systems. In terms of ONCAB proce-
dures, a cardiothoracic resident in the United States requires 
at least 35 cases for accreditation, while in the United 
Kingdom, over 100 cases is the norm [3]. However, no for-
mal training curriculum has identified the exact number of 
procedures and duration of training required for acquisition 
of the skills needed to perform OPCAB.

The entire training process can be divided into three 
stages. During the first stage, trainees serve as the first assis-
tant whereby they obtain knowledge of the OPCAB proce-
dure. In the second stage, they practice OPCAB as the 
primary surgeon under close supervision. The third stage is 
the period in which the trainees perform OPCAB surgery 
without supervision (Fig. 26.2).

As mentioned before, trainees usually start practicing 
distal anastomoses in the anterior wall of the heart, move to 
the inferior/lateral wall, and finally perform multivessel 
anastomoses over the entire territory of the heart. Ricci 
et al. reported that approximately 15–20 OPCAB opera-
tions are generally required before residents can perform 
complete multivessel myocardial revascularization under 
supervision [1].

Chen et al. trained two young cardiac surgeons who had 
no previous coronary surgery experience to be independent 
OPCAB operators [5]. Their training took 24–28 months. 
During the first stage, the two trainees served as the first 
assistant in 300–400 OPCAB procedures. After practicing 
OPCAB under supervision, the trainees started to perform 
the procedure independently. Performance analysis showed 

Exposure

Stabilization of 
target vessel

Distal 
anastomosis

Achieve adequate exposure of target vessel using a
heart positioner.
The operating table can be rotated to help exposure 
of the  lateral / inferior wall of the heart.

Position the stabilizer so as to eliminate  the target 
vessel movement.

Placement of coronary snare.
Coronary arteriotomy.
Insertion of coronary shunt.
Use of a CO 2 blower.
Sewing the distal anastomosis.

Fig. 26.1 Procedural components of OPCAB
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that the trainees reached the proficiency standard after per-
forming 30 surgeries independently.

At the Bristol Heart Institute in the United Kingdom, the 
training period lasts 6 years. At the first stage, trainees assist 
senior surgeons for 40–50 OPCAB procedures. Then they 
move to the second stage. By the end of the third year, train-
ees perform 30–40 surgeries as the primary surgeon under 
direct supervision, and proficiency is obtained after 80–100 
OPCAB operations. In the last 2 years of training, as the 
third stage, the trainees are allowed to perform unsupervised 
operations [10].

26.3.5  Validation of Proficiency

As described before, the OPCAB procedure is technically 
demanding, and trainees face a steep learning curve. 
Although senior surgeons are aware of the importance of 
training young surgeons, they also have an overriding respon-
sibility toward patient safety and good clinical outcomes.

Recently, statistical techniques are increasingly advocated 
as a means of ensuring quality control and reproducible out-
comes. The control chart is one such statistical technique and 
has been used as a performance monitoring tool for surgical 
learning curves. By providing a graphic summary of changes 
in performance with time, control charts can provide alerts 
regarding suboptimal performance [8].

Cumulative sum failure analysis is the most basic control 
chart, and modifications of this tool have been employed in 
several learning curve studies regarding OPCAB surgery [3, 
5, 12]. This chart is obtained by plotting the cumulative sum 
of a specified outcome or failure on the Y-axis versus the 
sequence of cases on the X-axis. An increase in the gradient 

(slope) indicates more frequent failures. Further, acceptable 
and unacceptable failure rate lines can be calculated and 
drawn [13]. If the graph of cumulative failure crosses the 
upper boundary (unacceptable failure rate line), then we con-
clude that the failure rate is unacceptable. If it crosses the 
lower boundary (acceptable failure rate line), we conclude 
that the failure rate is less than or equal to the acceptable rate. 
When a graph remains between these boundaries, the evi-
dence remains inconclusive, and monitoring should continue 
(Fig. 26.3). Thus, the control chart can be used not only for 
retrospective studies but also for prospective monitoring of 
training. When a trainee’s cumulative curve goes beyond the 
alert line, the trainee and supervisor need to look into 
performance- related problems.

A previous study using the control chart method indicated 
that residents’ curves crossed the acceptable boundary after 
100 OPCAB cases [3]. Chen et al. also found that trainees’ 
curves reached a plateau after 30 OPCAB cases and crossed 
the acceptable boundary after 80 OPCAB cases [5].

26.4  OPCAB Training Using Simulators

The traditional model of surgical training has relied on a pro-
cess of protracted exposure to supervised operations, because 
a trainee needs to graduate from simple procedures to com-
plex entire surgical cases to achieve proficiency. However, 
this model is becoming less ideal because of ethical concerns 
and the increasing number of high-risk patients who require 
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Fig. 26.3 Cumulative failure chart. X-axis denotes consecutive cases 
of operation. Y-axis denotes the cumulative sum of a specified outcome 
or failure. If the graph of cumulative failure crosses the upper boundary, 
the performance is concluded to be unacceptable. If it crosses the lower 
boundary, the performance is considered to be acceptable

Stage I

Stage II

Stage III

Trainees serve as the first assistant to obtain
their knowledge of OPCAB procedure.
It may be beneficial for a trainee to be th e
primary surgeon to experience ONCAB surgery
before progressing to OPCAB.

OPCAB training usually starts with practice of
distal anastomosis of coronary arteries located at
the anterior wall, and then gradually moves to
inferior / lateral wall under direct supervision.

Trainees perform OPCAB surgery without direct
supervision.
Trainees are allocated relatively simple cases as
their first independently performed surgeries,
then move to high-risk cases.

Fig. 26.2 Graduated training process
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more complex procedures. Especially in coronary artery 
revascularization, an increasing proportion of patients is 
treated using catheter intervention, and surgeons encounter 
patients with severely calcified small arteries and poor left 
ventricular function. As a result, it is becoming difficult to 
provide suitable OPCAB training opportunities for young 
surgeons.

At present, simulation-based training is a prerequisite for 
all high-reliability organizations such as those in the airline, 
military, and nuclear industries. With regard to cardiac surgi-
cal education, surgical training using a simulator is in the 
nascent stages. Surgeons expect that these surgical simulators 
not only improve trainees’ technical skills but also provide 
opportunities for situational training such as crisis manage-
ment. Further, simulator-based training curricula are expected 
to enable assessment of competence in technical skills.

26.4.1  Currently Reported OPCAB Simulation 
Models

Izzac et al. developed a “beating-heart” coronary artery anas-
tomosis simulator. In their model, a porcine mammary artery 
is mounted on a floating platform, which mimics the pericar-
dial surface. A motor underneath the platform carries pro-
jecting wheels, which intermittently elevate the platform 
with the rotations of the motor. Trainees can practice anasto-
mosis of the mammary artery on the beating platform. The 
authors found that this device was useful in preparing their 
trainees for OPCAB surgery [14] (Fig. 26.4a).

Fann et al. developed a beating-heart model constructed 
of silicone and connected to a controller and external com-
pressor. For anastomosis practice, 2-mm synthetic coronary 
arteries were mounted on the silicone heart. The heart was 

Fig. 26.4 (a) A “beating-heart” coronary artery anastomosis simula-
tor developed by Izzac et al. A porcine mammary artery is mounted on 
a floating platform, which intermittently oscillates with the rotation of 
a motor mimicking the beating heart. (b) A beating-heart model 
reported by Fann et al. It is constructed of silicone and connected to a 
controller and external compressor. Synthetic 2-mm target coronary 

arteries are embedded in the myocardium. (c) “BEAT, YOUCAN” 
system consists of a pink silicone internal mammary artery model and 
coronary artery model embedded in a yellow silicone beating plate. 
(d) The “BEAT, YOUCAN” system was used in an OPCAB anasto-
mosis skill competition organized for young surgeons by a cardiac 
surgical faculty in Japan
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placed in a plastic torso simulating the pericardial well. The 
authors used this model for an educational program. Trainees 
practiced coronary anastomoses, and their skills were evalu-
ated on the basis of the time to completion of anastomosis. 
Their performance was also scored using an objective struc-
tured assessment of technical skill (OSATS) tool. The analy-
sis showed that simulation-based training improved majority 
of the residents’ performance [15] (Fig. 26.4b).

Ito et al. evaluated the utility of the novel OPCAB simula-
tor system “BEAT, YOUCAN” (EBM, Tokyo, Japan). In this 
system, a synthetic coronary artery is mounted on a silicone 
plate, which is attached to an oscillating metal arm. The 
 performance of trainees was analyzed, and the time for com-
pletion of anastomosis and performance score were found to 
improve with practice, although they reached a plateau at 
approximately the 30th anastomosis [16] (Fig. 26.4c). This 
system was also used in an OPCAB anastomosis skill com-
petition organized for young surgeons by a cardiac surgical 
faculty in Japan (Fig. 26.4d).

26.4.2  Development of a Nationwide OPCAB 
Training Program

Simulation-based training provides deliberate and distrib-
uted practice in a less stressful environment and may enable 
gradual training for the development of technical skills. 
Therefore, cardiac surgical communities are planning to 
incorporate the simulation-based learning and assessment 
into formal nationwide training programs. For example, in 
the United States, the Thoracic Surgery Residency Review 
Committee has mandated that all residency programs include 
some form of simulation training, and the American Board 
of Thoracic Surgery has mandated that residents have a mini-
mum of 20 h of simulation training during their residency 
[17].

Given the multitude of cardiac procedures performed 
today such as mitral valve repair and aortic root replacement, 
how do we decide which procedure is required or suitable for 
simulation-based training? Baker et al.’s survey identified 
beating-heart coronary anastomosis to be the most important 
procedure among 54 common cardiac surgical procedures 
[18].

In order to design a simulation-based gradual learning 
curriculum, we need to understand the individual steps that 
comprise the entire surgical procedure and our ability to 
assess the progress of the learner. For this purpose, Cristancho 
et al. proposed performance assessment checklists for 
simulation- based OPCAB training programs [19]. However, 
performance within the operating room depends not only on 
technical skills but also on cognitive integration, judgment, 
and complex interactions among team members. Therefore, 
a good performance score, which is rated using the assess-

ment checklists, may not imply the ability to perform a pro-
cedure independently in the operating room. More work is 
required to demonstrate the correlation between performance 
on the simulator models and that in the operating room. In 
the future, simulation-based training may provide a metric 
by which educators can ensure a definite level of proficiency 
before allowing trainees to safely perform such procedures 
in clinical settings [20]. Once reliable tools are developed 
and universally adopted, assessment using the simulator 
model could be applied to proficiency-based advancement in 
trainees’ surgical careers [21].

26.5  Conclusion

Despite technical difficulties, both junior and senior cardiac 
surgeons perceive OPCAB as an essential procedure and 
believe that not only knowledge but also practical skills 
should be acquired during the training period. Several stud-
ies have demonstrated that OPCAB can be safely taught to 
every junior trainee under the supervision of experienced 
surgeons. Cardiac surgical faculties also recognize the 
importance of OPCAB training and plan to construct a for-
mal training curriculum. Although the use of simulator mod-
els allows trainees to learn the OPCAB procedure under a 
stress-free environment, further studies are required to vali-
date the efficacy and feasibility of this new teaching 
modality.
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      Hybrid Approach (OPCAB+PCI/TAVI/
Debranching TEVAR) 

           Shigeyuki     Tomita      and     Go     Watanabe   

    Abstract  

  Hybrid coronary artery revascularization (HCR) is an alternative therapy that combines 
advantages of coronary artery bypass grafting (CABG) and percutaneous coronary inter-
vention (PCI) in patients with multivessel coronary artery disease. The potential advantages 
of the HCR depend on the proven long-term survival advantage of left internal mammary 
artery (LIMA) to left anterior descending (LAD) without full sternotomy and cardiopulmo-
nary bypass and the benefi ts of PCI with drug-eluting stent (DES) in non-LAD lesion. Over 
the last 10 years, many studies of HCR have reported the feasibility and availability of this 
procedure with lower blood transfusion rates, lower complications, and faster postoperative 
recovery. However, ideal patient population, the timing of both procedure, and long-term 
outcomes including the cost-effectiveness remain unknown. In this chapter, we comment on 
the current HCR procedure including indication, procedure (single or two stages), out-
comes, and future including other hybrid surgeries combined with transcatheter aortic valve 
implantation (TAVI) or thoracic endovascular aortic repair (TEVAR). Moreover, we empha-
size the importance of the close Heart Team for the treatment of the HCR.  

  Keywords  

  Hybrid coronary artery revascularization   •   Coronary artery disease   •   Minimally invasive 
direct coronary artery bypass surgery   •   HCR   •   MIDCAB   •   TAVI   •   TEVAR  
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27.1         Introduction 

 The concept of an integrated hybrid coronary artery revascu-
larization (HCR) appeared fi rst in the mid-1990s [ 1 ] and was 
defi ned as the combination of surgical left internal mammary 
artery (LIMA) to left anterior descending (LAD) grafting 
and percutaneous coronary intervention (PCI) to non-LAD 
coronary lesions in selected patients with multivessel coro-
nary artery disease. The potential advantages of HCR are 
superior long-term patency of LIMA to LAD bypass with 

predominant consensus and the conveniences of PCI [ 2 – 4 ]. 
Of course, the bypass of LIMA to LAD is carried out via left 
mini thoracotomy, so-called minimally invasive direct coro-
nary artery bypass surgery (MIDCAB) [ 5 ]. MIDCAB with-
out a full sternotomy and cardiopulmonary bypass can 
reduce blood transfusion, lengths of intubation, ICU stay, 
and also hospital stay. On the other hand, PCI is an estab-
lished technique with improvements and progress for coro-
nary revascularization, especially the outcomes of PCI 
therapy that have been satisfactory with lower restenosis rate 
of PCI site after the induction of drug-eluting stent (DES) 
[ 6 , 7 ]. Recently, midterm outcomes of larger series of HCR 
have been reported in some literatures. There are some dif-
ferences in operative strategies; however, the results of out-
comes including graft patency, reintervention rates, and 
freedom from major adverse cardiac and cerebral events 
(MACCE) are acceptable [ 2 ,  8 – 12 ]. HCR provides an 
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 alternative option for some clinically high-risk patients with 
multivessel coronary artery disease.  

27.2     Indication of Hybrid Procedure 
and the Role of a Heart Team 

 As suggested in the 2011 American College of Cardiology 
Foundation/American Heart Association Guideline for PCI, 
hybrid revascularization is reasonable in patients with one or 
more of the following ( Level of Evidence: B ): (a) limitations 
to traditional coronary artery bypass grafting (CABG), such 
as heavily calcifi ed proximal aorta or poor target vessels for 
CABG (but amenable to PCI), (b) lack of suitable graft con-
duits, and (c) unfavorable LAD artery for PCI [ 13 ]. 

 The classical indication for HCR is multivessel coronary 
disease including LAD lesion which is favorable for LIMA 
to LAD surgical bypass but unfavorable for PCI with ame-
nable non-LAD lesions. Preoperative high-risk patients with 
malignancy, severe diabetes mellitus, carotid stenosis, or 
cerebral infarction may obtain some benefi ts from the avoid-
ance of cardiopulmonary bypass and full sternotomy. In 
hybrid procedure, LIMA to LAD bypass is performed in 
MIDCAB fashion or robotically endoscopic fashion through 
left thoracic cavity with prolonged single-lung ventilation. 
Therefore, the patients with severe lung disease, small tho-
racic cavity or obesity are contraindicated. In anatomical fac-
tors of indication for HCR, patients have no stenosis of left 
subclavian artery and also LIMA. Hemodynamic instability, 
acute coronary syndrome, and redo surgery are contraindica-
tions for HCR at present. 

 A Heart Team approach is very important to perform 
HCR with feasible outcomes and low complications [ 13 , 14 ]. 
A Heart Team composed of institutionalized interventional 
cardiologists and cardiac surgeons should (1) review the 
patient’s medical condition and coronary anatomy, (2) deter-
mine that PCI and LIMA to LAD bypass are technically fea-
sible and reasonable, (3) discuss revascularization options 
with the patient before a treatment strategy is selected, and 
(4) follow postoperative course including antiplatelet ther-
apy [ 12 ]. The treatment discussion by this interdisciplinary 
team fi nally provides optimal strategies according to the 
individual patient’s anatomy and risk factors.  

27.3     Single-Stage Hybrid Procedure 

27.3.1     Minimally Invasive Coronary Artery 
Bypass 

 All operations are performed under general anesthesia with 
double-lumen tube intubation. The patients are placed in the 
supine position with the left chest elevated by approximately 

20°–30°. External defi brillator patches are placed on patient’s 
chest wall preoperatively. Preoperative enhanced 
3- dimensional computed tomography (3DCT) is very useful 
to know precise anatomical relations of LIMA and LAD 
(Fig.  27.1 ). LIMA is harvested through the left mini thora-
cotomy under direct vision or with the da Vinci surgical sys-
tem (Intuitive Surgical, Sunnyvale, CA, USA). In many 
recent reports, LIMA was harvested endoscopically with the 
da Vinci surgical system. After heparinization (1 mg/kg), the 
pericardium is opened and the LAD is exposed. The distal 
anastomosis of in situ LIMA to LAD grafts is carried out 
using off-pump beating heart techniques. There are two tech-
niques of performing anastomosis: one is a manual anasto-
mosis through small left skin incision, and the other is an 
anastomosis through thoracic ports with the da Vinci surgical 
system. The details of robotically LIMA to LAD anastomo-
sis are described in the next chapter. After anastomosis, it is 
desirable to confi rm all graft fl ows by transit-time Doppler 
assessment. The surgical procedure is ended with skin 
closure.  

27.3.2     Percutaneous Coronary Intervention 

 In single-stage hybrid procedure, the PCI is performed 
immediately after surgical procedure in collaboration with 
the interventional cardiology team. Angiographic patency 

  Fig. 27.1    Preoperative enhanced 3-dimensional computed tomogra-
phy (3DCT) shows the precise course of both internal mammary artery 
and a left anterior descending artery       
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and quality of the LIMA to LAD graft are assessed, and then 
PCI for the non-LAD lesion is performed with either a bare 
metal stent (BMS) or drug-eluting stent (DES). A 300-mg 
loading dose of clopidogrel is administered through a naso-
gastric tube before the PCI procedure. 

 After the procedure, it is recommended that patients of 
DES implantation receive dual antiplatelet therapy with aspi-
rin and clopidogrel for at least 1 year.   

27.4     Single-Stage or Two-Stage Procedure? 

 The indication for single- or two-stage procedure still 
remain controvertial. In the ACC/AHA guideline for PCI, it 
is mentioned that hybrid coronary revascularization may be 
performed in a hybrid suite in one operative setting or as a 
staged procedure. This guideline also recommends that 
bypass surgery before PCI is preferred in the staged 
procedure, because this approach allows the interventional 
cardiologist to (1) verify the patency of the LIMA to LAD 
artery graft before attempting PCI of other vessels and (2) 
minimize the risk of perioperative bleeding that would occur 
if CABG were performed after PCI. The two-stage procedure 
was performed in the initial reports of hybrid procedure, and 
the benefi ts of this procedure are an avoidance of potentially 
postoperative breeding caused by longer operation time and 
administration of antiplatelets as in single-stage approach. 
However, a single-stage procedure has been performed 
widespread in many recent reports because of increasing 
facilities of the integrated hybrid operating rooms. The 
hybrid operation rooms can minimize the transference of 
the patients and also anesthesia time. Recent reports of the 
single-stage procedure described lower bleeding and blood 
requirements despite continuous use of dual aspirin and 
clopidogrel. If a hybrid operating room is set, the single-
stage hybrid procedure is recommended for the advantages 
of maximal availability and minimum risk.  

27.5     Outcomes of Hybrid Procedure 

27.5.1     Midterm Outcomes 

 To date, no randomized control trials involving HCR 
have been published. Several retrospective series with 
midterm follow-up outcomes of HCR have reported sur-
vival rates of 84–93 % at 3–5 years and MACCE- free sur-
vival rates of 75–91 % at 3–5 years of follow-up in 
Table  27.1  [ 8 – 12 ,  15 ].

27.5.2        Hybrid Procedure vs. OPCAB 

 Only three studies which compared HCR with OPCAB 
were reported (Table  27.2 ) [ 8 ,  9 ,  16 ]. In these studies, blood 
transfusion requirements were reduced and intubation time 
and ICU stay were shorter in the HCR groups compared 
with the OPCAB groups. Furthermore, in-hospital MACCE 
rates were lower in the HCR groups. The HCR procedure 
may shorten hospital stay with less postoperative 
complications.

27.5.3        Cost Issues 

 Currently, a few papers discussed the costs of the HCR com-
pared with OPCAB. These papers described the intraoperative 
costs were signifi cantly higher in the HCR than OPCAB due 
to the PCI procedure and longer operative times, and on the 
other hand, postoperative costs were lower than OPCAB due 
to shorter ICU and hospital stay [ 16 ,  17 ]. Especially, operation 
time is longer in the robotically total endoscopic coronary 
artery bypass (TECAB) than standard MIDCAB. Shortening 
of operation time in TECAB will be necessary to reduce the 
whole costs of HCR.  

   Table 27.1    Systematic review of studies evaluating hybrid revascularization   

 Author (reference)  Date   N   Age 
 Follow-up 
(months)  Strategy 

 Surgical 
procedure 

 MACCE- free 
survival (%) 

 Mortality 
(%)  PCI 

 Halkos et al. [ 9 ]  2011  147  64.3 ± 12.8  38.4 (median)  Mainly staged  Endo-ACAB  86  0.7  DES 
 Bonatti et al. [ 10 ]  2012  226  61 (31–90)  Mainly staged  Arrested- 

heart TECAB 
 75.2  0  DES/BMS/PTCA 

 Repossini et al. [ 15 ]  2013  166  65.8 ± 10.3  54 ± 27.6  Staged  MIDCAB  83  1.2  BMS/DES 
 Adams et al. [ 12 ]  2013   96  64 ± 12  65.5 ± 8.4  Simultaneous  Robotic 

MIDCAB 
 NR  0  DES/BMS 

 Shen et al. [ 11 ]  2013  141  62.0 ± 9.9  36 (mean)  Simultaneous  MIDCAB  93.6  DES 

  Unless otherwise indicated, data are expressed as mean ± standard deviation 
  N  number,  MACCE  major adverse cardiac and cerebral events,  Endo-ACAB  endoscopic atraumatic coronary artery bypass,  TECAB  totally endo-
scopic coronary artery bypass,  MIDCAB  minimally invasive direct coronary artery bypass,  DES  drug-eluting stent,  BMS  bare metal stent,  PTCA  
percutaneous transluminal coronary angioplasty,  NR  not reported  
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27.5.4     Limitation 

 Many reports of the HCR were retrospective investigation 
with small number and varied in methods of the HCR. Further 
studies including prospective randomized trials compared 
with PCI or OPCAB are needed to determine the patient 
population which would gain maximum benefi t by taking the 
HCR.   

27.6     The Future of Hybrid Procedure 

27.6.1     OPCAB+TAVI 

 Some cases of coronary artery disease (CAD) are accompa-
nied with severe aortic stenosis (AS), and both diseases are 
similar to their pathophysiological development mecha-
nisms. The 2011 ACCF/AHA Guideline for Coronary Artery 
Bypass Graft Surgery recommends that patients undergoing 
CABG who have at least moderate aortic stenosis should 
have concomitant aortic valve replacement (Class 1) and 
patients undergoing CABG who have mild aortic stenosis 
may be considered for concomitant aortic valve replacement 
when evidence (e.g., moderate–severe leafl et calcifi cation) 
suggests that progression of the aortic stenosis may be rapid 
and the risk of the combined procedure is acceptable (Class 
2b). The number of patients undergoing concomitant CABG 
and aortic valve replacement (AVR) doubled over the last 
decade. However, there are many cases where cardiac sur-
geons hesitate to perform AVR in CABG patients with high 
risks such as low cardiac function, severe aortic calcifi cation, 
carotid stenosis, and previous stroke. On the other hand, 

severe AS in patients with previous CABG troubles surgeons 
in operative indications because of the injury for patent grafts 
and AVR for such patients is associated with high comor-
bidities and mortality compared with isolated AS patients. 
Transcatheter aortic valve implantation (TAVI) has been 
introduced and evolved as an alternative surgical strategy for 
these high-risk patients. The increasing TAVI experiences 
along with device impovements can provide safe and effec-
tive outcomes. 

 Even if there has been such progress, TAVI procedure for 
the patients with coexisting CAD has been worse than the 
patients without CAD. 

 Combination therapy of PCI and TAVI is one of the 
options for concomitant CAD and AS patients and has been 
reported by a few institutions [ 18 ]. However, the patients 
with multivessel CAD or coronary disease lesions that are 
unsuitable for PCI are not the candidate in this treatment. 
Therefore, OPCAB may become another combination ther-
apy for these concomitant patients. 

 The potential advantage of OPCAB is an avoidance of 
using cardiopulmonary bypass which triggers various 
perioperative complications. The patients with concomi-
tant CAD and severe AS who cannot undergo open heart 
AVR with cardiopulmonary bypass may receive a combi-
nation therapy of OPCAB and TAVI. It is an ideal strategy 
that multivessel bypass in OPCAB is performed and after 
that TAVI is deployed in transcatheter approach in either a 
single- or two-stage procedure. Moreover, aorta non-
touch technique is favorable in this procedure because the 
character of ascending aorta is extremely bad in these 
high-risk concomitant patients. OPCAB procedure is also 
useful in the cases that ostium of coronary artery is unfor-

   Table 27.2    Postoperative outcomes: hybrid vs. OPCAB   

 Outcome 

 Halkos et al. [ 9 ]  Hu et al. [ 8 ]  Bachinsky et al. [ 16 ] 

 Hybrid ( n  = 147)  OPCAB ( n  = 588)  Hybrid ( n  = 104)  OPCAB ( n  = 104)  Hybrid ( n  = 25)  OPCAB ( n  = 27) 

 Age (years)  64.3 ± 12.5  64.3 ± 12.8  61.8 ± 10.2  62.4 ± 8.0  63.2 ± 10.5  66.8 ± 10.7 
 Hospital stay (days)  6.6 ± 6.7  6.1 ± 4.7  8.2 ± 2.6*  9.5 ± 4.5*  5.1 ± 2.8*  8.19 ± 5.4* 
 ICU stay (hours)  57.4 ± 145.0  52.7 ± 87.8  34.5 ± 35.6**  55.3 ± 46.4**  28.5 ± 13.9  57.89 ± 84.7 
 Intubation time (hours)  17.0 ± 30.8  22.7 ± 89.5  11.6 ± 6.3*  13.8 ± 6.8*  NR  NR 
 Blood transfusion  52(34.4)**  329(56.0)**  30(28.8)**  54(51.9)**  3(12)**  18(67)** 
 In-hospital MACCE  3(2.0)  12(2.0)  0(0)  0(0)  0(0)  1(4) 
 Death  1(0.7)  5(0.9)  0(0)  0(0)  0(0)  1(4) 
 Stroke  1(0.7)  4(0.7)  0(0)  0(0)  0(0)  0(0) 
 MI  1(0.7)  3(0.5)  0(0)  0(0)  0(0)  0(0) 
 Atrial fi brillation  109(18.5)  29(20.1)  12(11.5)  7(4.8)  4(16)  8(30) 

  All values represent mean ± SD or number (%) 
  CABG  coronary artery bypass,  OPCAB  off-pump coronary artery bypass,  ICU  intensive care unit,  MACCE  major adverse cardiac and cerebral 
events,  MI  myocardial infarction,  N  not reported 
 * P  value < 0.05; ** P  value < 0.005  
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tunately occluded with deployed aortic valve. OPCAB has 
to be performed very carefully in the positioning of cir-
cumfl ex or posterior descending artery anastomosis 
because hemodynamics fails easily in severe AS patients. 
Combination therapy of OPCAB and TAVI which is never 
reported clinically will become a potential strategy in the 
future.  

27.6.2     OPCAB+Debranching TEVAR 

 The coexistence of CAD and aortic aneurysm is common in 
the elderly patients, because arterial sclerosis is a signifi cant 
factor of their development. When the patients with thoracic 
aortic aneurysm (TAA) in operative indication have CAD 
concomitantly, a replacement with prosthetic conduit and 
CABG may be selected and performed simultaneously with 
a few preoperative complications. However, in accordance 
with the localization of aneurysm, coronary lesion, and pre-
operative complications in the patients, surgeons have to 
consider different operative strategies. 

 On the other hand, thoracic endovascular aortic repair 
(TEVAR) for descending aortic disease has become an estab-
lished minimally invasive technique with feasible outcomes. 
Furthermore, the patients with complex arch aneurysm 
including zone 0 or zone 1 have been treated using various 
debranching techniques. Therefore, the combination therapy 
of OPCAB and TEVAR for the treatment of high-risk 
patients with concomitant indicated CAD and TAA is con-
sidered to have advantageous potentials with minimal 
invasiveness. 

 Especially for the patients with both CAD and complex 
arch aneurysm, OPCAB and debranching TEVAR without 
cardiopulmonary bypass is an attractive strategy. 

27.6.2.1     Supra-aortic Debranching Technique 
with OPCAB 

 Endovascular stenting requires a satisfactory landing zone 
that guarantees fi xation and sealing of the proximal part of 
the endograft. Therefore, in complex aortic arch aneurysm 
in zone 0 or zone 1, innominate artery or common left 
carotid artery coverage is required when debranching these 
arteries. Supra-aortic debranching technique is one of the 
options in debranching TEVAR [ 20 ]. In this technique, 
after full sternotomy, debranched graft is sewn to the 
native ascending aorta under side clamping, and distal 
sides of grafts are anastomosed to innominate artery, left 
common carotid artery, and left subclavian artery by cases. 
An endovascular stent graft is deployed via other deb-
ranched limb antegrades or via a retrograde femoral artery. 
This technique may enable simultaneous OPCAB and deb-

ranching TEVAR for patients with concomitant CAD and 
TAA. Advantages of this technique are (1) to avoid cardio-
pulmonary bypass during both procedures, (2) to use bilat-
eral IMA for the conduits with excellent long patency, and 
(3) to perform all procedures through the single wound. 
However, the characters of ascending aorta in such patients 
are sometimes too bad to avoid side clump and also to 
make proximal anastomosis for free grafts. Moreover, 
antegrade deployment of stent graft could cause intimal 
injury or dissection in the ascending aorta. To select this 
technique, the evaluation of detailed characters in major 
vessels using enhanced CT and intraoperative epiaortic 
echogram is necessary.

27.6.2.2        Debranching TEVAR Using 
Extra-anatomical Bypass with OPCAB 

 Debranching TEVAR using extra-anatomical bypass such as 
carotid–carotid bypass or subclavian–subclavian bypass is 
another option for patients with concomitant CAD and 
TAA. In aortic arch aneurysm in zone 1 requiring coverage 
of left common carotid artery and left subclavian artery, 
extra-anatomical bypass is available to maintain blood per-
fusion in these arteries with low invasiveness. Some investi-
gators reported this debranching technique with feasible 
outcomes [ 19 ,  20 ]. By using the debranching technique, 
hybrid procedure combined OPCAB and TEVAR can be 
done. After complete coronary artery revascularization in 
off-pump fashion through full sternotomy, single- or two-
staged debranching TEVAR is performed. The author and 
colleagues had some experience of this hybrid procedure in 
two-staged fashion with excellent clinical results. This 
hybrid procedure is not complicated and can be performed 
safely without perioperative stroke. However, this technique 
has a disadvantage that LIMA is hard to use because the left 
subclavian artery is covered with a stent graft and occluded 
to avoid end leak. When we use in situ LIMA graft to LAD 
in patients with complex disease, a right carotid to left 
carotid to left subclavian artery bypass or a right to left sub-
clavian artery bypass is carried out to get its blood fl ow in 
consecutive TEVAR procedure (Fig.  27.2 ). Author et al. had 
a few experiences with combination of LIMA to LAD 
bypass and this extra-anatomical bypass. However, long-
term blood fl ow of LIMA cannot be guaranteed; therefore, 
the use of LIMA should be considered carefully.

   With aging of the patient in CAD, concomitant disease 
such as AS or TAA has been increasing. This frequent coin-
cidence of cardiac and major vascular disease requires 
careful preoperative evaluation of these patients. 
Cardiovascular surgeons have to select optimal operative 
strategies carefully based on these evaluations. OPCAB has 
been a completely established technique with lower 
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 complications and high patency rate, and TEVAR has 
evolved with technology of devices and improvement of 
surgeon’s skill. Therefore, combination therapy of OPCAB 
and TEVAR may become an alternative hybrid procedure 
for complicated patients.       
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      Robotic Surgery 

           Shigeyuki     Tomita      and     Go     Watanabe   

    Abstract  

  Robotic coronary artery surgery has progressed with the advancements of robotic surgical 
system and the passion of advanced surgeons over the last two decades. Technologies of 
robotic-assisted surgery have been developed to overcome the limitations of the conven-
tional endoscopic surgery. A surgical robot available for cardiac surgery is only the da Vinci 
surgical system (Intuitive Surgical, Inc, Sunnyvale, CA, USA) in the world. 

 The patient’s setting of standard totally endoscopic coronary artery bypass graft 
(TECAB) including a left internal mammary artery (LIMA) to left anterior descending 
artery (LAD) is as follows: (1) general anesthesia with double-lumen tube intubation 
for single-lung ventilation, (2) supine position with the left chest slightly elevated, and (3) 
three ports placed in the third, fi fth, and seventh intercostal spaces to 1 cm medial on the 
anterior axillary line. After a surgical cart is docked to an endoscopic camera and the 
instrument ports, an operation is performed by order of LIMA harvesting, identifi cation of 
LAD after opening of a pericardium, stabilization of a target vessel, and anastomosis of 
LIMA to LAD. 

 Short-term outcomes of TECAB with either beating or arrested heart were acceptable; 
however, mid- to long- term outcomes were reported in few studies. Patient selection is very 
important to perform TECAB with the reduction of operative risk and complications.  

  Keywords  

  Totally endoscopic coronary artery bypass graft   •   da Vinci surgical system   •   TECAB  
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28.1         Introduction 

 Minimally invasive surgery has developed with innovative 
progress in surgical instruments for the last 20 years. In the 
fi eld of the coronary artery bypass grafting (CABG), an 
off- pump CABG (OPCAB) technique without cardiopul-
monary bypass and minimally invasive direct coronary 
artery bypass (MIDCAB) without a full sternotomy have 

been introduced with shorter hospital stay, faster recovery, 
and cosmetic superiority [ 1 – 3 ]. Endoscopic surgeries in 
CABG also have been introduced to exclusively harvest a 
left internal mammary artery (LIMA) in initial period [ 2 , 
 3 ]. Watanabe and colleagues reported the fi rst totally endo-
scopic CABG on a beating heart in 1999 [ 4 ], in which the 
LIMA was totally endoscopically harvested and anasto-
mosed to the left anterior descending artery (LAD) in 
closed chest (Fig.  28.1 ). This conventional endoscopic pro-
cedure without a robotic instrumentation system required 
very advanced skills and some special apparatuses. Robot-
assisted endoscopic surgery has been developed and intro-
duced to overcome the limitations of the conventional 
endoscopic surgery. In the cardiac surgery fi elds, the fi rst 
use of robotic instruments for surgery was in mitral valve 
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surgery. Loulmet and colleagues performed the fi rst successful 
totally endoscopic coronary artery bypass graft (TECAB) 
on the arrested heart using robotic assist system [ 5 ]. In 
2000, Falk and colleagues reported the fi rst TECAB on the 
beating heart using robotic assist system, and subsequently, 
several robotic TECABs using da Vinci surgical system 
(Intuitive Surgical, Inc., Sunnyvale, CA, USA) on the either 
arrested or beating heart were reported to date [ 5 – 13 ]. In 
this chapter, we comment patient’s selection, procedure, 
and outcome of the TECAB.

28.2        Patients’ Selection 

 From the viewpoint of coronary lesions, the patients who 
have signifi cant stenosis or total occlusion in LAD are most 
ideal candidates for single-vessel TECAB. The patients with 
double- or triple-vessel disease in which LAD involved total 
or subtotal occlusion and non-LAD lesions are amenable to 
percutaneous coronary intervention (PCI) can become candi-
dates for double-vessel TECAB or hybrid procedure consist-
ing of TECAB and PCI. A robotic TECAB including internal 
mammary artery (IMA) harvesting and coronary anastomo-
sis is performed with intrathoracic robotic forceps and nee-
dle folder through the instrument ports. Therefore, the 
patients with small thoracic cavity or small space between 
the heart and the sternum which causes interference of for-
ceps are not suitable for this procedure. Moreover, the 
patients with severe lung disease enable prolonged single- 
lung ventilation, or the patients with stenosis of IMA or 
stenosis of ipsilateral subclavian artery are contraindicated. 
The patients with hemodynamic instability, acute coronary 
syndrome, huge left ventricle with aneurysm after myocar-
dial infarction, and redo surgery are also contraindication for 
this procedure. 

 Because the TECAB is an operation to require innovative 
technologies and special operative skills, surgeons have to 
select the eligible patients very carefully.  

28.3     Operative Procedure 

 All operations are performed under general anesthesia with 
double-lumen tube intubation for single-lung ventilation. 
External defi brillator patches are placed on the chest 
preoperatively. 

28.3.1     Patients’ Position 

 In the case of using LIMA or both IMAs, the patients are 
placed in the supine position with the left chest slightly ele-
vated with the lower position of their left arms. When it is 
diffi cult to harvest a right IMA (RIMA) through the left tho-
racic cavity, the patients are placed in the supine position, 
and a RIMA is harvested through the right thoracic cavity 
using a surgical bed rotation toward an opposite side follow-
ing the LIMA harvesting through the left side. 

 In some female patients, it is useful to put the breast medi-
ally by adhesive tapes to make it easy to insert forceps ports.  

28.3.2     Port Placement 

 Optimal port confi guration is very important to perform full- 
length IMA harvesting and consecutively anastomosis of 
LIMA to LAD without the stress of arm collisions. 
Preoperative enhanced three-dimensional computed tomog-
raphy (3DCT) is very useful to know precise anatomical 
relations of the intercostal spaces, LIMA, and LAD. 

 Three about 1.0-cm incisions are made in the third, fi fth, 
and seventh intercostal spaces to 1 or 2 cm medial on the 
anterior axillary line. The places of right and left instrument 
ports can be sifted medially to camera port in some cases. 
After defl ation of the left lung, a camera port is inserted 
through the middle incision, and carbon dioxide insuffl ation 
is initialed to make a space between the sternum and heart. A 
30-degree angle upward camera is inserted fi rstly to examine 
the thoracic cavity, and the left and the right instrument ports 
are inserted into the third and seventh intercostal spaces 
under endoscopic confi rming. The da Vinci surgical cart is 
moved to the surgical bed and docked to the camera and the 
instrument arm ports (Fig.  28.2 .).

28.3.3        IMA Harvesting 

 Techniques of IMA harvesting with robotic instruments are 
desirable to cut small side branches using coagulation of 

  Fig. 28.1    Totally endoscopic coronary artery bypass grafting using 
endoscopic stabilizer without surgical robot       
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low-energy cautery and larger branches using hemoclips in a 
totally skeletonized fashion. Harmonic scalpel has been used 
for IMA harvesting in the skeletonized fashion in Japan, 
however, is still not available in the da Vinci surgical system. 
It is also recommended not to grasp the IMA directly, 
because the grasp force of robotic forceps is strong unex-
pectedly. When enough working space is not obtained, the 
intrathoracic pressure can be as long as the hemodynamics of 
the patient is unaffected, and lifting up the sternum by an 
electrical sternum lifting system is also useful [ 14 ]. Thanks 
to the various techniques mentioned above and the enhanced 
freedom of forceps tips, the full-length IMA from the subcla-
vian artery bifurcation can be harvested comparatively easily 
with shorter learning curve [ 5 ]. When bilateral IMA has to 
be harvested through the left thoracic cavity, it is better to 
harvest RIMA fi rst before LIMA through the fat tissue 
between the sternum and pericardium, because the harvested 
LIMA nearby interferes the forceps manipulation of RIMA 
harvesting.  

28.3.4     LIMA to LAD Anastomosis 

28.3.4.1     Beating Heart TECAB 
 After sysytemic heparinization to achieve an activated clotting 
time of more than 300 s, the pericardium is opened and the 
LAD is exposed. After setting of an operation fi eld is com-
pleted, a stabilizer port is inserted in the subcostal region with 
endoscopic guidance. An EndoWrist stabilizer (Intuitive 
Surgical, Sunnyvale, CA, USA) mounted on the fourth arm of 
the da Vinci surgical system is used to fi x an anastomotic 
region. This suction-type endostabilizer gives the console sur-
geon complete control while offering better exposure and sta-

bilization, and these have led to highly complex endoscopic 
procedures such as triple and quadruple CABG on arrested 
and beating hearts. After the endostabilizer is placed just 
above on the anastomosis site of the LAD, the target coronary 
artery is dissected and occluded with two silastic saddle loops. 

 LIMA to LAD anastomosis techniques have two types: 
(1) intermittent sutures using S18 U-Clips (Medtronic, 
Minneapolis, MN, USA) and (2) running sutures using 7-0 
polypropylene. 

 The intermittent suture technique with U-Clips was 
reported in details by Srivastava and colleagues [ 10 ]. This 
technique is as follows. The distal end of the IMA is partially 
transected leaving toe section attached, and fi ve S18 U-Clips 
are passed outside-into the IMA in the far side (Fig.  28.3 ). 
The LIMA is completely dissected and led it to anastomotic 
site approximately. Previously placed fi ve U-clips in LIMA 
are passed inside out sequentially in the far side of LAD, and 
the LIMA is parachuted down. Three additional U-clips are 
placed in the near side to complete the anastomosis 
(Fig.  28.4 ). Robotically achieved interrupted coronary anas-
tomosis also reduces the possibility of purse-string continu-
ous sutures with manageability and helps to overcome the 
lack of tactile feedback inherent with the da Vinci surgical 
system. However, U-clips are not universally available.

    Another technique with running sutures using 7-0 polypro-
pylene follows standard OPCAB techniques. However, the 
working space is limited in the TECAB; special needle and 
strings which Bonatti and colleagues reported may be useful 
[ 15 ]. After anastomosis and protamine administration, it is 
necessary to confi rm all graft fl ows by transit-time Doppler 
assessment. Whenever all procedures of the TECAB are fi n-
ished, surgeons have to check endoscopically the homeostasis 
of all camera and instrument ports. Bleeding from the ports is 
one cause of the revision for bleeding because intercostal 
artery or veins are injured by the force of robot arm. 

  Fig. 28.2    The camera and the instrument arm ports are docked to a cart 
of a da Vinci surgical system. Three ports of a camera and both instru-
ments are inserted into the third, fi fth, and seventh intercostal spaces       

  Fig. 28.3    The distal end of the IMA is partially transected leaving toe 
section attached, and fi ve S18 U-Clips are passed outside-in to the 
LIMA in the far side       
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 For the safe and precise anastomosis in the beating heart 
TECAB procedure, it is very important to obtain bloodless 
standstill operation fi eld. Moreover, a preparation of cardio-
pulmonary assist is also important for unexpected arrhyth-
mia or hemodynamic instability.  

28.3.4.2     Arrested Heart TECAB 
 Bonatti and colleagues preferentially applied arrested heart 
TECAB with cannulation of the femoral vessels, a balloon- 
tipped device (Cardiovations, Edwards Lifesciences Inc., 
Irvine, CA, USA, or Estech, San Ramon, CA, USA) for aor-
tic endo-occlusion, and anastomosis of the coronary artery 
using running 7-0 polypropylene sutures [ 15 ]. Patient’s posi-
tion and the ports’ setting for an endoscopic camera and 
instruments are almost the same as in the beating heart 
TECAB. When constructing running suture, two-point fi xa-
tion technique of heel and toe may be favorable to prevent a 
thread from getting tangle. Moreover, surgeons have to per-
form enough hemostasis from an anastomotic region, 
because the bleeding from heel is diffi cult to control endo-
scopically after the anastomosis is fi nished.  

28.3.4.3     Alternative Anastomotic Device 
 Balkhy et al. used coronary anastomotic connectors in beat-
ing heart TECAB [ 16 ]. The C-Port Flex-A distal anastomotic 
device (Cardica, Redwood City, CA, USA) was approved for 
use in the USA in 2005 after a multicenter European trial had 
shown >95 % vein graft patency at 6 months [ 17 ]. The C-Port 
device creates an end-to-side anastomosis using multiple 
interrupted stainless steel clips. The fl exible shaft of the 
C-Port device allows its introduction through a port and 

facilitates a truly endoscopic approach to coronary bypass. 
They concluded that the C-Port device leads to a safe and 
reproducible robotic endoscopic single- and multivessel 
coronary bypass under the beating heart with excellent 
short- term and midterm outcomes. This device needs some 
techniques for loading; however, it can be an alternative 
anastomotic method in the future.   

28.3.5     Multivessel Robotic Totally Endoscopic 
Coronary Bypass Grafting 

 With application of robotic technology, single-vessel coronary 
artery bypass grafting procedures of LIMA to LAD were 
performed and reported by many institutions with feasible 
outcomes. Further technical progress in robotic surgery 
has to make multivessel coronary artery bypass grafting 
procedures possible. Some pioneers of TECAB procedures 
reported more than 100 cases of multivessel robotic totally 
endoscopic coronary artery bypass grafting [ 15 ,  18 ]. In 
multivessel TECAB, basic operative setting including 
anesthesia, position of patients, ports’ placement, and 
preparation of cardiopulmonary bypass is the same as in 
single TECAB. The most important thing for the multives-
sel TECAB is to expose and stabilize the target coronary 
artery of either beating or arrested heart. An EndoWrist 
stabilizer mounted on the fourth arm of the da Vinci surgi-
cal system (available in da Vinci S or Si system) is very 
useful in this procedure. Bonatti and colleagues reported 
exposure techniques of the target coronary artery using 
this endostabilizer [ 19 ]. 

 To perform multivessel TECAB, the use of both IMAs is 
indispensable, and Y-composite graft technique with LIMA 
and RIMA or sequential bypass technique is also required. 

 In the beating heart multivessel TECAB, the C-Port 
Flex-A distal anastomotic device mentioned above is avail-
able; however, another fi fth port has to be created for the 
introduction and deployment of the device [ 17 ]. In any case, 
to perform multivessel TECAB, surgeons have to select 
patients very carefully from perioperative patient’s risks and 
coronary lesions and have to raise their skills by training.   

28.4     Outcomes of Robotic Surgery 

28.4.1     Intraoperative Outcomes 

 In comparison with standard OPCAB, TECAB procedure is 
accompanied with various complications. Intraoperative 
exclusion criteria of TECAB are (1) pleural adhesion, (2) 
intramyocardial left anterior descending artery (LAD), (3) 

  Fig. 28.4    A total of eight U-Clips are placed to complete the anasto-
mosis using an EndoWrist stabilizer (Intuitive Surgical, Sunnyvale, 
CA, USA)       
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inadequate working space, and (4) severely calcifi ed 
LAD. The most common causes for exclusion in both beat-
ing heart TECAB and arrested heart TECAB were intramyo-
cardial LAD and an inadequate working space. In the case of 
intramyocardial LAD, a small skin incision on the intercos-
tals’ space has to be made to fi nd out LAD. Using epicardial 
echo is available to fi nd intramyocardial LAD. In some 
cases, operators mistake a diagonal branch for LAD. To 
avoid such a mistake, it is important to open the pericardium 
longitudinally from the pulmonary artery to the apex and to 
mark the target artery by a clip on the surrounding epicardial 
tissue. Inadequate working space limits a mobile range of 
robot forceps; therefore, TECAB procedure has to be con-
verted to MIDCAB. 

 In beating heart TECAB, the most common causes for 
conversion to minithoracotomy are (1) injury of the LAD, 
(2) hemodynamic instability, (3) intolerance to single-lung 
ventilation, (4) bleeding from epicardium or anastomotic 
lesion, and (5) inadequate stabilization of the heart. On-pump 
beating anastomosis with cardiopulmonary support through 
femoral artery and vein is very safe and available in the case 
of hemodynamic instability. Authors experienced one con-
version case of bleeding from epicardium which was caused 
by suction of heart stabilizer. A conversion rate was 4–24 % 
in the reported literatures [ 7 – 13 ]. 

 On the other hand, majority of conversions in arrested 
heart TECAB are due to the diffi culty with the cardiopulmo-
nary bypass circuit including endoaortic balloon rupture 
or severe iliofemoral artery disease preventing guidewire 
placement.  

28.4.2     Short-Term Outcomes 

 There are some reports about short-term outcomes over the 
past 10 years (Table  28.1 ). Incidence of conversion to larger 
thoracic incision, stroke, mortality, and myocardial infarc-
tion after operation were similar to both beating and arrested 
heart TECABs [ 7 – 13 ].

   This value does not have inferiority in comparison with 
values which Japanese Association for Coronary Artery 
Surgery reported in 2013. Revision for bleeding rate was 
higher in the arrested heart TECAB group. These results 
may be infl uenced by using a cardiopulmonary bypass with 
prolonged operation time. 

 Operation time was signifi cantly longer in multivessel 
TECAB than in single-vessel TECAB. 

 Bonatti and colleagues reported that double-vessel 
TECAB required a longer operative time (median 375 min) 
compared with singe-vessel TECAB (median 240 min) [ 19 ]. 

   Table 28.1    Outcomes of TECAB with beating or arrested heart   

 Paper and year 
(reference)  n  Conversion 

 Revision for 
bleeding (%) 

 Mortality 
(%) 

 Stroke 
(%) 

 MI 
(%) 

 New- onset 
AF (%) 

 Reintervention 
rate (%) 

 Hospital 
length of 
stay (day) 

 Beating heart TECAB 
 Srivastava 2012 [ 18 ]  164  0 (0 %)  2.4  0.6  0.6  0.6  7.9  2.4  NR 
 Dhawan 2012 [ 13 ]  106  4 (3.8 %)  3.8  3.8  1.9  NR  16.0  2.8  5.2 ± 3.1 
 Gao 2011 [ 12 ]  60  2 (3.3 %)  1.7  NR  NR  NR  NR  0.0  5.0 ± 1.5 
 Jegaden 2011 [ 11 ]  78  19 (24 %)  8.5  1.7  0.0  3.4  NR  10.2  5.5 ± 1.6 
 Balkhy 2011 [ 16 ]  120  3 (2.5 %)  1.6  0.8  0.8  0.8  NR  0.0  3.3 ± 2.2 
 Srivastava 2010 [ 10 ]  241  27 (11 %)  0.9  0.0  0.5  0.0  10.3  1.4  NR 
 de Canniere 2007 [ 9 ]  111  37 (33 %)  NR  2.2  NR  1.2  NR  4.1  NR 
 Weighted mean  880 a   92 a  (10 %)  2.6  1.2  0.7  0.8  10.7  2.6 
 Arrested heart TECAB 
 Bonatti 2012 [ 19 ] 
Single vessel 

 334  31 (9.3 %)  6.3  0.3  1.8  0.0  15.0  NR  6.0 

 Bonatti 2012 [ 19 ] 
Double vessel 

 150  31 (21.7 %)  4.7  2.0  0.7  2.0  13.8  NR  6.0 

 de Canniere 2007 [ 9 ]  117  27 (23 %)  NR  1.1  NR  1.1  NR  2.2  NR 
 Argenziano 2006 [ 8 ]  98  5 (5.1 %)  3.5  0.0  0.0  1.2  1.2  4.7  5.1 ± 3.4 
 Dogan 2002 [ 7 ]  45  10 (22.2 %)  5.7  NR  2.2  2.2  NR  NR  8.6 ± 2.7 b  
 Weighted mean  744 a   104 a  (14.0 %)  5.8  0.9  1.2  1.8  5.1  3.5 

   TECAB  totally endoscopic coronary artery bypass graft,  MI  myocardial infarction,  AF  atrial fi brillation 
  a  total 
  b  for their one-vessel patients  
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 Srivastava and colleagues had a similar report including 
longer operation time in multivessel TECAB [ 18 ]. In the 
cosmetic outcome, TECAB is a very satisfying procedure for 
the patient (Fig.  28.5 ).

28.4.3        Mid to Long-Term Outcomes 

 A few studies reported the mid- to long-term outcomes for 
greater than 1 year (range 3–8 years) with 94.5 % survival 
rate. Bonatti and colleagues reported the largest and most 
reliable mid- to long-term data in robotic TECAB [ 15 ]. In 
intraoperative outcomes, compared with the single-vessel 
procedure, double-vessel TECAB required a longer opera-
tive time (median 375 min vs. 240 min;  P  < .001) and had an 
increased conversion rate to a larger thoracic incision (20.7 % 
vs. 9.3 %;  P  < .001). In postoperative outcomes, hospital stay 
of 6 days and mortality were comparable in both single- and 
double-vessel TECAB groups. Cumulative survival of 95.8 
and 93.9 %, freedom from major adverse cardiac and cere-
bral events of 83.1 and 73.5 %, and freedom from angina of 
91.1 and 85.1 % at 5 years were similar after double- and 
single-vessel TECAB. These long-term outcomes are com-
parable to standard CABG [ 20 ]. In this way, there are few 
reports of long-term outcomes in TECAB procedure, and 
therefore, it is necessary to accumulate a case whether there 
is reproducibility for data of few reports.   

28.5     Future of Robotic Surgery 

 Over the last two decades, robotic coronary surgery has 
progressed with the evolution of robotic surgical system and 
the passion of advanced surgeons. With their efforts and    
idea, the third-generation da Vinci surgical system is able to 

cope with multivessel coronary artery bypass. However, 
there are some problems to impregnate this robotic operative 
procedure. The fi rst point is that there are any evidences with 
excellent outcomes based on a randomized control trial with 
standard OPCAB which has been performed to 60 % of all 
CABG in JAPAN. Therefore, advanced surgeons must accu-
mulate cases of TECAB with lower operative complications 
and acceptable outcomes. The second point is that a learning 
curve is present to perform TECAB, and special and rigorous 
training with experienced surgeons is necessary to master 
robotic surgical skills. Implementation of a training program 
taken in some institutions is very important to spread this 
operative procedure worldwide [ 21 ]. On that account, it may 
be necessary to select a limited institution with many candi-
dates for TECAB. The TECAB is not a completely estab-
lished operative procedure and, therefore, has to be primarily 
performed by an entire surgical team which took training. 
The third point is that there are no strict criteria for patient 
selection. The criteria are the same in most institutions in 
single-vessel TECAB; however, there are no criteria in the 
multivessel TECAB. Following this, hybrid procedure com-
bining single-vessel TECAB of LIMA to LAD and PCI is an 
ideal alternative coronary revascularization therapy. In the 
future, the criteria for multivessel TECAB have to be made 
with accumulations of those cases. 

 To create a further elegant operation with shorter operat-
ing time and improvement of patient outcomes, new techni-
cal developments including miniaturized instruments or new 
small anastomotic devices are required.     
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      OPCAB Combined Regenerative 
Surgery 

           Shigeyuki     Tomita      and     Go     Watanabe   

    Abstract  

  Patients with chorionic ischemic heart disease including irreversible myocardial damage 
cannot be completely restored by conventional coronary artery revascularization including 
coronary artery bypass grafting (CABG) or percutaneous coronary intervention (PCI). 

 Cell transplantation therapy for these patients has advantageous potential to improve left 
ventricle function with preventing ventricular remodeling and contractility of ventricle 
reduction. A number of animal studies have shown that intramyocardial cell transplantation 
in ischemic cardiomyopathy is associated with an improvement in ventricle function and 
consequently several clinical trials have evaluated clinical effectiveness of these therapies. 

 Various type of cell and methods have been used for intramyocardial cell transplantation; 
however, cell types with clinical utilization are bone marrow stem cell and skeletal myoblast. 

 Especially, intramyocardial bone marrow stem cell transplantation combined with 
CABG is a safe and available procedure with evidence of improving the left ventricle 
function in patients with chorionic ischemic heart disease. Furthermore, using off-pump 
CABG (OPCAB) technique may reduce intra- and postoperative complications in patients 
who have low cardiac function caused by prior myocardial infarction. Although the selection 
of patients is carefully treated, this combination therapy of cell transplantation and OPCAB 
can be advantageous option for ischemic heart disease.  

  Keywords  

  OPCAB   •   Bone marrow stem cell   •   Myoblast   •   CD34 +   
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29.1         Introduction 

 Myocardial infarction (MI) is associated with an irreversible 
loss of cardiomyocytes which leads to progress of ventricu-
lar remodeling with enlargement and reduced contractility of 
the ventricle. Coronary artery revascularization including 
coronary artery bypass grafting (CABG) or percutaneous 
coronary intervention (PCI) can treat angina pectoris and 

myocardial infarction with the restoration of blood fl ow in 
viable myocardium, however, cannot rescue non-viability 
infarcted myocardium. 

 Myocardial regeneration and angiogenesis have been 
suggested to have therapeutic potential in such ischemic 
heart disease. The different cell types have been used for 
these regenerative therapies, such as embryonic stem cell, 
cultured skeletal myoblasts, and bone marrow stem cell. 
Embryonic cell has a potential of differentiating various cell 
types including cardiomyocytes; however, clinical applica-
tion is a little diffi cult from a graft-versus-host disease and 
an ethical problems. On the other hand, skeletal myoblast 
and bone marrow stem cell have been investigated in animal 
model and clinically introduced with excellent results of ani-
mal studies [ 1 ,  2 ]. 
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 Especially, bone marrow contains multipotent adult stem 
cells with a high capacity for differentiation. Various mecha-
nisms of the bone marrow stem cell action in the human 
heart are thought such as cell differentiation, activation of 
cardiac stem cells, and cytokine-mediated effects. Since the 
fi rst intramyocardial bone marrow stem cell transplantation 
with CABG by Stamm and colleagues in 2003, many early- 
phase clinical trials using direct injection of bone marrow 
cells into the coronary arteries or the intramyocardium have 
reported to improve postinfarction left ventricle (LV) func-
tion [ 1 ,  3 – 10 ]. Subsequently, several prospective randomized 
controlled trials (RCTs) were performed to evaluate the 
safety and effi cacy of bone marrow stem cell transplantation 
therapy with CABG for the patients with chronic ischemic 
heart disease in comparison with CABG alone. Meta- 
analysis of the RCTs in these studies has given clinical evi-
dences with the improvement of LV function. 

 Autologous skeletal myoblast cell transplantation is 
another cell type in myocardial regeneration therapy for the 
patients with chronic ischemic heart disease. The fi rst  clinical 
trial of myoblast transplantation in addition to CABG was 
performed by Menasche and colleagues in 2001 [ 2 ]. Several 
clinical studies of skeletal myoblast transplantation were 
performed to evaluate the effi cacy of this therapy [ 3 ,  11 – 13 ]. 
Current opinion of this therapy concluded direct myoblast 
injections combined with CABG in patients with depressed 
LV function fail to improve echocardiographic heart func-
tion, because the proportion of injected cells surviving to 
engraft the infarcted myocardium is very low [ 14 ]. Therefore, 
various delivery methods of myoblast into myocardium have 
been developed instead of direct injection. In current under-
standing, bone marrow cell and myoblast cell transplantation 
therapy with CABG have reasonable utilization clinically 
with effective midterm outcomes.  

29.2     Bone Marrow Cell Therapy Combined 
with OPCAB 

29.2.1     Patient Population 

 The patient selection is very important to perform bone 
marrow cell implantation therapy combined with CABG for 
ischemic heart disease. General indications and contraindica-
tions in this treatment are as follows based on past several 
clinical investigations. Patients are eligible if they had have 
all the following conditions: (1) at least 2 months since the 
last MI, (2) planned CABG with graftable native coronary 
arteries for multivessel disease, (3) existence of transmural 
old myocardial infarction with akinesis or dyskinesis of the 
left ventricle on two imaging studies (echocardiography and 
cardiac catheterization), (4) evidence of fi xed perfusion defect 
area shown by single photon emission computed tomography 

(SPECT), (5) left ventricular ejection fraction less than 30 %, 
(6) without LV aneurysm requiring surgical intervention, (7) 
NYHA heart failure functional class III or IV. 

 Patients are excluded if they had (1) a current or prior 
malignancy, (2) primary hematologic disorder, (3) renal fail-
ure with dialysis, (4) concomitant valve surgery, (5) prior 
cardiac surgery, and (6) ventricular arrhythmia. Preoperative 
baseline investigations are (1) echocardiography, (2) Holter 
ECG, (3) technetium-99 m sestamibi or thallous chloride Tl 
201 SPECT, and (4) standard hematologic laboratory tests. 
Furthermore, this procedure has to be approved by each 
enforcement institutional ethical review board. All patients 
have to be given extensive information and give written 
informed consent.  

29.2.2     Operation Methods 

 Operative techniques of bone marrow transplantation proce-
dures combined with CABG are similar in several clinical 
reports [ 3 – 8 ]. Bone marrow cell is fi rstly harvested from 
iliac bone followed by either arrested heart CABG or off- 
pump CABG (OPCAB). The harvested bone marrow cells 
are diluted and prepared for transplantation during CABG 
procedure, and after CABG, the prepared stem cells are 
injected with by using a small-gauge needle apparatus in the 
preselected sites of myocardial dyskinesis. 

 Our specifi c techniques of bone marrow cells transplanta-
tion with combined OPCAB are as follows [ 15 ]. Under gen-
eral anesthesia, a patient is placed prone, and bone marrow is 
harvested from the iliac crest in a sterile fashion by an expe-
rienced hematologist and a cardiac surgeon for 1 h (Fig.  29.1 ).

   The harvested bone marrow cells are diluted with RPMI 
1640 (Gibco, Invitrogen, Carlsbad, CA, USA) containing 

  Fig. 29.1    Under general anesthesia, patient is in prone position and 
bone marrow cells are collected from the iliac crest for about 1 h       
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heparin, and about 750 mL is saved in a sterile pack from the 
bone marrow collection kit (Baxter, Chicago, IL, USA). The 
mononuclear cell fraction is sorted and concentrated to a 
fi nal volume of 100 mL with a COBE Spectra Apheresis 
System (Gambro, Stockholm, Sweden). The total count of 
mononuclear cells is 3.5–6.5 × 10 9  cells. Next, we use the 
Isolex 300i Magnetic Cell Selection System (Nexell 
Therapeutics, Irvine, CA, USA) to separate CD34 +  cells 
from the fraction of mononuclear bone marrow cells 
(Fig.  29.2 ). The fi nal count of isolated CD34 +  cells is 2.0–
3.0 × 10 7  cells.

   Coronary artery bypass is performed in our standard off- 
pump fashion. When the OPCAB procedure is completed, 
implantation of CD34 +  cells into the infarction site is per-
formed while the beating heart is stabilized with a heart net 
(Vital, Tokyo, Japan) (Fig.  29.3 ). This heart net can provide 
precise and equal injection of cells on the beating heart. The 
injection placement is based on preoperative echocardiogra-
phy and SPECT viewing.

   A 5-mL cell suspension containing 2.0–3.0 × 10 7  CD34 +  
cells is injected into 25–30 sites (0.2 mL to each site) with a 
1 × 1-cm grid and a 26-gauge needle apparatus (6 mm deep). 
Using small needle can prevent bleeding at the puncture 
sites. After implantation, ventricular pacing wires and drain-
age tubes are put in place, and the chest wall is closed in 
standard fashion. 

 In our clinical study, we used CD34 +  cells separated from 
bone marrow cells using an automatic mononuclear separat-
ing system. Other clinical studies of this therapy have used 
original bone marrow stem cell, bone marrow mononuclear 
cell, and CD133 +  cell. Techniques of bone marrow collection 
are almost the same by all studies. Although methods of cell 
transplantation varied in each study, a direct intramyocardial 
injection of bone marrow cells is a most popular technique in 

the combination therapy of bone marrow cell transplantation 
and CABG. Some studies reported a method to inject bone 
marrow cells from a bypass graft; however, from the view 
point of cell delivery into insuffi cient vascular area, intra-
myocardial stem cell direct injection during surgery seems 
better. Furthermore, this therapy can accomplish all proce-
dures on beating heart, at one operation room and in a day 
even if we take either methods of cell transplantation.  

29.2.3     Follow-Up 

 After operation, patients are transferred to the intensive care 
unit for monitoring. Especially, it is very important to pay 
careful attention to new developing polymorphic premature 
ventricular contraction or ventricular tachycardia caused by 
cell transplantation. Before discharge, routine blood exami-
nation including cardiac enzymes and chest roentgenogram 
is taken. To evaluate short-term safety and feasibility of this 
therapy, electrocardiogram (ECG), transthoracic echocar-
diography, SPECT study, and cardiac catheterization includ-
ing coronary artery assessment are routinely performed on 
the 1 month postoperative day. In our experiences, echocar-
diography and SPECT study are assessed on the 6, 12, 24, 
and 36 months compared with baseline values to evaluate 
mid- or long-term effectiveness of this therapy. The values 
(infarction wall thickness, LV end-systolic diameter, LV end- 
diastolic diameter) measured by M-mode echocardiograph 
are mostly available to assess the improvement of LV 
function. 

  Fig. 29.2    Isolex300i magnetic cell selection system separates CD34 +  
cells from the fraction of mononuclear bone marrow cells for about 3 h       

  Fig. 29.3    A 5-mL cell suspension containing 2.0–3.0 × 10 7  CD34 +  cells 
is injected into 25–30 sites (0.2 mL to each site) with a 1 × 1-cm grid 
and a 26-gauge needle apparatus (6 mm deep)       
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 Many papers which investigated the clinical effectiveness 
of this therapy also used echocardiography and SPECT study 
as evaluation methods of midterm outcomes [ 3 – 8 ]. Regarding 
SPECT study, we used stress ATP SPECT-sestamibi perfu-
sion scans to determine myocardial perfusion during follow-
 up compared with baseline control. A few investigations 
used thallous chloride Tl-201 SPECT to assess the improve-
ment in myocardial perfusion viability after intervention. 
Even if either radio nuclides are used, SPECT study is avail-
able methods to evaluate myocardial blood perfusion, distri-
bution, and viability. 

 In current studies of this therapy, utilization of cardiac 
magnetic resonance imaging (MRI) and fl uorine 
18- fl uorodeoxyglucose ( 18 F-FDG) positron emission tomog-
raphy (PET) has been reported. These methods may become 
useful in the future to evaluate a true effectiveness of 
 postoperative cell transplantation except the infl uence of 
CABG [ 8 ,  9 ].  

29.2.4     Outcomes 

 For the past 10 years, a large number of clinical studies in 
this bone marrow cell transplantation therapy have demon-
strated their clinical benefi ts. Some RCTs compared with the 
combination therapy of cell transplantation and CABG with 
CABG alone also have showed their safety and effectiveness 
with excellent outcomes [ 3 – 9 ]. 

29.2.4.1     Intraoperative and Early 
Postoperative Outcomes 

 Regarding cell collection methods, there are some differ-
ences in each manipulation, but the number of harvested 
bone marrow stem cells is almost the same. In a few studies, 
there were the cases that required an intra-aortic balloon 
pump or a left ventricular assist device postoperatively, 
because these studies treated severe cases with low cardiac 
function. Few complications including fatal arrhythmia due 
to injection of cell transplantation did not present.  

29.2.4.2     Echocardiography 
 Most studies of this therapy have demonstrated the signifi -
cant improvement of LV function with echocardiography 
compared with their baseline data [ 3 – 9 ]. In RCTs, the 
improvement of cardiac function by echocardiography has 
been described as an increase in left ventricle ejection frac-
tion (LVEF) of approximately 10 % in patients of combined 
therapy with CABG (Table  29.1 ). A few studies of combin-
ing cell transplantation with OPCAB reported similar results 
which implicates that cardiac arrest is not necessarily to per-
form safe and effi cient cell implantation [ 3 ]. Moreover, this 
therapy showed a trend toward reduction in left ventricular 
end-diastolic volume (LVEDV) compared with control 

group. Yerebakan and colleagues reported that patients with 
LVEF not greater than 40 % had a possibility of improve-
ment in LV function than patients with LVEF greater than 
40 % in a mean follow-up of 65 months [ 9 ]. Our small study 
also presents an increase in LVEF of approximately 10 % in 
patients with cell transplantation within 1 month. It is very 
interesting knowledge from most clinical studies that the 
cardiac function in cell therapy patients signifi cantly 
improves within 1 month in comparison with the baseline 
data [ 3 – 8 ].

29.2.4.3        SPECT 
 In the SPECT study, many studies reported that the infarcted 
area was decreased compared with the baseline and the con-
trol with no signifi cant difference. In addition, it is one of the 
characteristics of SPECT study that the improvement of 
myocardial blood perfusion appears about 6 months later. 
Furthermore, it is other character of SPECT study that it is 
little diffi cult to universally evaluate the improvement of 
SPECT viewing using number values.  

29.2.4.4     New York Heart Association 
Functional Class 

 A few studies reported that New York Heart Association 
(NYHA) functional class and physical activity has improved 
in cell plantation group compared with control group. 
However, NYAHA class also improved in control group, and 
there was no clear signifi cant difference.  

29.2.4.5     Others 
 In the follow-up, computed tomography was taken to inves-
tigate adverse epicardial tissue changes by some studies 
including authors [ 9 ,  15 ]. No myocardial calcifi cation or 
tumor formation was detected in the cell implantation area.   

29.2.5     Future of Bone Marrow Cell 
Transplantation Therapy Combined 
with OPCAB 

 Many studies have demonstrated the safety and effectiveness 
of cell transplantation therapy with CABG. In contrast with 
intracoronary application, local intramyocardial surgical 
injection of bone marrow cell will be more effective, because 
transplanted cell is delivered directly into the target area of 
the myocardium across the endothelial barrier and is hard to 
be washed away. However, the past clinical studies have 
some limitations. The number of these studies was very 
small and the subject patient varied by each study. Concerning 
these problems, the recently launched PERFECT (intramyo-
cardial transPlantation of bonE maRrow stem cells For 
improvEment of post-inFarct myoCardial regeneraTion in 
addition to CABG surgery) study is the fi rst placebo-con-
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trolled, double-blinded, multicenter Phase III trial investigat-
ing the effects of intramyocardial bone marrow stem cell 
injection combined with CABG surgery [ 16 ]. Second limita-
tion is that it is very diffi cult to correctly evaluate the effect 
of implantation of autologous bone marrow cells into the 
infarcted area, because there is some possibility that bypass 
grafting to the not infarcted areas may increase blood supply 
to the infarcted area through collateral circulation. Therefore, 
in order to conduct a strict evaluation, it is necessary to per-
form cell transplantation alone without any other coronary 
revascularization. But in the actual treatment of patients with 
severe ischemic heart disease, it is very rare that cell trans-
plantation alone is required. Therefore, it is certain that the 
future cell transplantation therapy will come to be performed 
in combination with bypass surgery. Furthermore, off-pump 
bypass techniques with cell  transplantation therapy may pro-
vide excellent results with fewer complications and 
mortality.   

29.3     Skeletal Myoblast Cell 
Transplantation Combined 
with OPCAB 

 Skeletal myoblasts are other potential cells which have sev-
eral advantages of autologous origin and the feasibility of 
ex vivo expansion of progenitor cells. Since the fi rst clinical 
trial of myoblast transplantation combined with CABG was 
reported by Menasche and colleagues in 2001, several clini-
cal studies were performed to evaluate the effectiveness of 
this therapy [ 2 ,  11 – 13 ]. 

29.3.1     Patient Population 

 The patient selection and preoperative baseline investiga-
tions follow bone marrow cell transplantation with CABG 
fundamentally. Transthoracic echocardiography and SPECT 
are also performed to assess global LV function, ischemia, 
and viability.  

29.3.2     Operation Methods 

 Operative methods including techniques of cell injection 
into intramyocardium and CABG are similar to bone mar-
row cell transplantation. An only difference of this therapy 
is that the days incubating myoblast cells are necessary. 
Three to 5 weeks before the scheduled CABG procedure, a 
muscle biopsy is obtained from the vastus lateralis under 
sterile conditions with the patients under local anesthesia 
and processed immediately to obtain muscle progenitor 
cells. The methods of myoblast cell culture and purifi cation 
are expressed in First Randomized Placebo-Controlled 
Study of Myoblast Transplantation (MAGIC trials) by 
Menasche and colleagues in detail [ 14 ]. Because the initial 
clinical trials in myoblast cell transplantation with CABG 
have developed postoperative arrhythmia including ventric-
ular tachycardia or ventricular fi brillation, implantation of 
an implantable cardioverter -defi brillator (ICD) in all 
patients at the time of muscle biopsy or before post CABG 
according to local practices and amiodarone therapy starting 
at the time of biopsy and continued for 3 months postopera-
tively is strongly recommended.  

   Table 29.1    Treatment results of randomized controlled studies in bone marrow cell transplantation combined with coronary artery bypass 
grafting   

 Study author 
(ref) (year) 

 Sample 
size 

 Study 
design  Treatment group 

 Control 
group 

 Follow-up 
(mo) 

 LVRF/LVEDV 
evaluation 

 Change of LVEF (%)  Change of LVEDV (ml) 

 Treatment  Control  Treatment  Control 

 Patel et al. [ 3 ] 
(2005) 

 20  RCT  CD34 
BMSC 22 × 10 6  

 CABG 
only a  

 6  Echocardio-
graphy 

 16.7 ± 3.2  6.5 ± 1.8  −22 ± 27.6  −5 ± 12.4 

 Hendrikx et al. 
[ 4 ] (2006) 

 20  RCT  BMC-MN 
60.25 ± 31.35 × 10 6  

 CABG 
only 

 4  Cardiac MRI  6.1 ± 8.6  3.6 ± 9.1  –  – 

 Stamm et al. 
[ 5 ] (2007) 

 40  RCT  CD133 BMSC 
5.8 × 10 6  

 CABG 
only 

 6  Echocardio-
graphy 

 9.7 ± 8.8  3.4 ± 5.5  −11.1 ± 38.6  −4.4 ± 19.2 

 Ang et al. [ 6 ] 
(2008) (IC) 

 63  RCT  BMSC 
84 ± 56 × 10 6  

 CABG 
only 

 6  Cardiac MRI  −0.5 ± 1.8  0.7 ± 1.9  9.9 ± 14.64  17.9 ± 15.2 

 Ang et al. [ 6 ] 
(2008) (IM) 

 63  RCT  BMSC 
115 ± 73 × 10 6  

 CABG 
only 

 6  Cardiac MRI  4.3 ± 1.58  0.7 ± 1.9  −19.3 ± 14.82  17.9 ± 15.2 

 Zhao et al. [ 7 ] 
(2008) 

 36  RCT  BMC-MN 
22.0 × 10 8  

 CABG 
only 

 6  Echocardio-
graphy 

 13.3 ± 9.2  3.9 ± 4.9  –  – 

 Hu et al. [ 8 ] 
(2011) 

 60  RCT  BMC-MN 
13.17 ± 10.66 × 10 7  

 CABG 
only 

 6  Cardiac MRI  10.62 ± 11.98  5.69 ± 6.87 

  Values are given as mean ± SD 
  IC  intracoronary transplantation,  IM  intramyocardium transplantation,  RCT  randomized controlled trial,  BMSC  bone marrow stem cell,  BMC-MN  
bone marrow mononuclear cell,  CABG  coronary artery bypass grafting,  MRI  magnetic resonance imaging,  LVEF  left ventricular ejection fraction, 
 LVEDV  left ventricular end-diastolic volume 
  a Off-pump coronary artery bypass grafting  
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29.3.3     Follow-Up and Outcomes 

 Postoperative follow-up is the same as bone marrow cell 
transplantation therapy. Effectiveness and safety of this ther-
apy are evaluated with echocardiography and SPECT at the 
30 days and 6 months postoperatively. 

 In short- and midterm outcomes, Dib and colleagues 
reported that follow-up SPECT showed new areas of glucose 
uptake within the infarct scar in CABG patients and echocar-
diography measured an average change in LVEF from 28 to 
35 % at 1 year and of 36 % at 2 years. Moreover, they com-
mented the survival and engraftment of the skeletal myo-
blasts expressed within the infarcted myocardium [ 11 ]. 

 However, Menasche and colleagues recently concluded in 
their large prospective randomized study that myoblast injec-
tions combined with coronary surgery in patients with 
depressed LV function fail to improve echocardiographic 
heart function and the increased number of early postopera-
tive arrhythmic events after myoblast transplantation, as well 
as the capability of high-dose injections to revert LV remod-
eling, warrants further investigation [ 14 ]. Furthermore, they 
commented that the potential for myoblast-induced arrhyth-
mias remains a concern. In this way, the outcomes vary by 
studies; therefore further clinical research is necessary to 
confi rm the effects of this therapy.  

29.3.4     Future of Myoblast Cell Transplantation 
Therapy Combined with CABG 

 Though this therapy is performed with equal technique of 
cell direct injection of bone marrow cell, myoblast cell is not 
stable in infarcted area, and it is thought that one of the 
causes is poor retention and survival of the injected cell. 
However, the true reason of differences in both therapies 
remains unknown. Shudo and colleagues reported new cell 
delivery system using cell-sheet techniques to supplement a 
weak point of direct cell injection method in animal model 
[ 17 ]. Future clinical research is necessary, but it seems a 
promising cell transplantation therapy in the future.   

29.4     Other Regenerative Therapy 
Combined with OPCAB 

 In cell transplantation therapy, blood supply with regard to 
both oxygen and nutrients into infarcted area is needed so 
that the transplanted cell survives. In the treatment area, nat-
ural blood fl ow decreases, and if suffi cient blood fl ow is not 
supplied in this area into where transplanted cells are 
injected, cells cannot survive rightly. 

 Historically, cardio-omentopexy had been demonstrated 
as a surgical technique for myocardial revascularization for 

ischemic heart disease induced by autologous outside tissue. 
Omentum frap is a potential organ as new extra blood source 
to the infarcted area. 

 Authors’ group investigated a new hybrid surgical angio-
genesis procedure induced by transplantation of autologous 
bone marrow-derived mononuclear cells combined with 
omentopexy and evaluated the effectiveness of cell trans-
plantation with or without omentopexy in a large animal 
model [ 18 ]. After having confi rmed availability in animal 
experiment, we performed clinical application of several 
examples (Fig.  29.4 ). Clinical study of this hybrid therapy 
with small cases has shown the improvements of LV func-
tion. Reentry, new regenerative therapy using cell sheet with 
omentum, has been reported with the evidence of increased 
angiogenesis [ 19 ]. Further clinical research is necessary; 
however, this cell transplantation with cardio-omentopexy 
combined with CABG is another method with magnitude 
potential in the future.
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                      Graft–Coronary Anastomosis in Off- 
Pump CABG 

        Masami     Ochi    

 In chapter titled “ Graft–Coronary Anastomosis in Off- Pump CABG”  fi gure 15.14 and 15.15 are interchanged. The correct 
version is given below: 

15

ERRATUM

 Fig. 15.14 Diamond side-to-side anastomosis  Fig. 15.15 Parallel side-to-side anastomosis           



235© Springer Japan 2016
T. Asai et al. (eds.), Off-Pump Coronary Artery Bypass, DOI 10.1007/978-4-431-54986-4

                    Index 

  A 
  AAA.    See  Abdominal aortic aneurysm (AAA) 
   Abdominal aortic aneurysm (AAA) , 175–179  
   Acute conversion , 167  
   Acute coronary syndrome , 11, 40, 57, 183–185, 212, 220  
   Adams, C. , 213  
   Afi lalo, J. , 27  
   Akazawa, T. , 5, 9  
   Al-Ruzzeh, S. , 34  
   Allen, K.B. , 166  
   Ang, K.L. , 231  
   Angelini, G.D. , 34, 168  
   Antegrade cardioplegia , 164, 165, 188  
   Anticoagulation , 28, 35, 129, 155–158, 178  
   Antiplatelet agents , 165  
   Aorta no-touch/non-touch technique , 7, 20, 40, 97–100, 119, 

131, 132, 134  
   Aortic no-touch technique , 98–100, 106, 107, 153  
   Aortic side partial clamp , 132  
   Arai, H. , 4, 71–74, 87–90  
   Asai, T. , 4, 93–100, 137–147, 181–185, 187–193  
   Assessment of anastomosis quality , 143–145  
   Atheromatous embolization , 164, 166  
   Atrial fi brillation (AF) , 7, 9–10, 26, 28, 56, 57, 82, 98, 151–154, 

156–158, 166, 197, 214, 223  
   Awake , 4, 59  
   Axillary artery , 48, 167  

    B 
  Baba, T. , 8  
   Bachinsky, W.B. , 214  
   Bailey , 94     
   Bailey, C.P. , 127  
   Baker, C.J. , 206  
   Balacumaraswami, L. , 141  
   Balkhy, H.H. , 222  
   Bare-metal stent (BMS) , 165, 179, 213, 231  
   Barra, J.A. , 128  
   Benetti, F.J. , 26  
   Beta-blocker , 62, 64, 77, 80–82, 157  
   Biancari, F. , 184  
   Bilateral ITA , 7, 8, 10, 11, 31, 94, 97, 98, 102, 111, 113, 118, 131, 

134, 142, 165, 167, 196  
   BMS.    See  Bare-metal stent (BMS) 
   BNP.    See  Brain natriuretic peptide (BNP) 
   Bonatti, J.O. , 213, 221–224  
   Bone marrow stem cell , 227–231  
   Borst, C. , 76, 77  
   Braekken, S.K. , 152  
   Brain natriuretic peptide (BNP) , 5, 9  
   Buffolo, E. , 26  

    C 
  Calafi ore, A.M. , 46, 104  
   Cancer , 26, 105, 175–179  
   Caputo, M. , 202  
   Carotid artery stenosis , 7, 52  
   Carpentier, A. , 96  
   Cattin, P. , 76  
   CD34 +  , 229, 231  
   Central venous oxygen saturation , 53  
   Cerebral-vascular stroke , 19, 21  
   Cerebrovascular accident (CVA) , 156, 166, 170  
   Chen, Y. , 204  
   Cheng, D.C. , 26  
   Chronic kidney disease , 189  
   Circulatory instability , 60  
   Clampless anastomotic device , 106, 107  
   CO 2  blower , 6, 90, 121, 167, 203  
   Communication , 65, 70  
   Competitive or reverse fl ow , 10, 104  
   Complete revascularization , 40, 41, 98–101, 103, 107, 129, 163, 

166–169, 172, 179, 182, 187, 196, 197  
   Composite and sequential grafts , 10  
   Composite grafting , 10, 97–99, 101, 104–107, 153  
   Composite grafts , 98, 101–108, 153  
   Control chart, simulator , 204  
   Conventional CABG , 3, 4, 6, 8, 26, 32, 51, 98, 102, 106, 133, 153, 

163–166, 178, 179, 182–184, 202  
   Conversion , 5, 16, 17, 19, 33, 40, 42, 43, 57, 58, 60, 67–70, 73, 143, 

152, 153, 167, 172, 196, 197, 202, 203, 223, 224  
   Conversion rate , 5, 16, 17, 33, 57, 60, 223, 224  
   Conversion to on-pump CABG , 5, 57–58, 69, 70, 73  
   CORONARY , 33  
   Coronary artery bypass grafting (CABG) , 3, 16, 26, 51, 101, 137, 163, 

177, 183, 212, 219, 227  
   Coronary artery disease , 101, 111, 127, 129, 131, 143, 163, 164, 176, 

178, 184, 185, 189, 190, 211, 212, 214  
   Coronary artery imaging , 6  
   Coronary endarterectomy , 127–130  
   Coronary occlusion , 47, 69, 82, 88, 90  
   Crawford, E.S. , 179  
   Creswell, L.L. , 183  
   Cristancho, S. , 206  
   CVA.    See  Cerebrovascular accident (CVA) 
   Czerny, M. , 167  

    D 
  Da Vinci surgical system , 212, 220–222, 224  
   Debranching TEVAR , 211–216  
   Deep pericardial stitch , 72  
   Deep pericardial sutures , 72, 74, 182  
   Deep sternal infection , 7, 11  



236

   Delayed stroke , 7, 151, 154  
   Delirium , 7, 159  
   DES.    See  Drug-eluting stents (DES) 
   Desai, N.D. , 141, 142  
   Detter, C. , 76  
   Dewey, T.M. , 196  
   Dexmedetomidine , 53, 54  
   Di Mauro, M. , 167  
   Diabetes mellitus , 6, 26, 158, 170, 212  
   Diastolic dysfunction , 53, 55, 57, 58, 64  
   Diastolic fi lling percentage (DF %) , 138  
   Diastolic ventricular function , 53  
   Dib, N. , 232  
   Diffusely diseased coronary artery , 127–130  
   Diffusely stenotic, calcifi ed, or small vessels , 189–191  
   Displacement , 5, 60, 61, 68–70, 72, 73, 76, 82, 84, 167, 

181, 183, 184  
   Displacement of the heart , 5, 60, 61, 68–70, 82, 84, 167, 181–184  
   Dissemination , 178  
   Dohi, M. , 11  
   Dohi, S. , 11  
   Doi, K. , 3–11, 201–206  
   Dopamine , 55, 56, 69  
   Drug-eluting stents (DES) , 8, 11, 165, 179, 191, 211, 213  

    E 
  Early stroke , 7, 152, 164  
   Edelman, J.J. , 106, 132  
   Ejection fraction , 7, 8, 28, 41, 52, 67, 68, 73, 163, 170, 181, 182, 190, 

228, 230, 231  
   Elderly patient , 10, 27, 40, 56, 105, 158, 159, 197, 215  
   Enclose II system , 133  
   Endarterectomy , 4, 20, 22, 68, 127–130, 192  
   Endoscopy for graft harvesting , 20  
   Endovascular aortic replacement (EVAR) , 178  
   End-stage renal failure , 195–197  
   End-to-side anastomosis , 10, 55, 106, 125, 126, 190, 222  
   Enforced Recovery After Surgery (ERAS) , 63  
   Englberger, L. , 157  
   Enlarged heart , 48, 57, 181–183  
   Epiaortic ultrasonography , 106, 107, 131, 132, 134  
   Epiaortic ultrasound scanning , 152  
   Epidural anesthesia , 4, 52, 63  
   Etiology of stroke , 152  
   Evaluation of grafts , 6  
   EVAR.    See  Endovascular aortic replacement (EVAR) 
   Extracorporeal circulation , 51, 52, 57, 62, 175, 176, 

178, 179, 183, 196  
   Extraluminal shunt , 88  

    F 
  Falk, V. , 220  
   Fann, J.I. , 205  
   Farhat, F. , 133  
   Fattouch, K. , 184  
   Favaloro , 119     
   Fentanyl , 52, 54  
   Fluid optimization , 63  
   Fujii, M. , 9, 157  
   Fujii, T. , 4, 7, 45–49  
   Fukui, T. , 4, 8, 9, 101–108  
   Function , 5, 8, 26, 40, 41, 52–59, 62–64, 67–70, 72, 82, 84, 88, 94, 97, 

102, 138, 152, 155, 165, 169, 170, 176, 179, 181–183, 189, 
190, 195, 196, 203, 205, 214, 228–232  

    G 
  Gaudino, M. , 30  
   Goal-directed fl uid management (GDFM) , 63  
   GOPCABE , 27  
   Graft , 111, 113, 116, 118–120     
   Graft–coronary anastomosis , 121–126  
   Graft–coronary artery anastomosis , 197  
   Graft patency , 6, 9, 10, 26–32, 35, 40, 75, 76, 88, 94, 101, 104, 111, 

113, 116, 118, 119, 137–141, 143, 156, 157, 166, 172, 187, 
211, 222  

   Grondin, C.M. , 164  
   Guidelines , 11, 26, 39, 62, 129, 153, 175, 176, 183  

    H 
  Halkos, M.E. , 213, 214  
   Handa, T. , 141  
   Hangler, H.B. , 88  
   Harmonic scalpel usage , 20  
   Hatada, A. , 6     
   Hayakawa, M. , 143  
   HCR.    See  Hybrid coronary artery revascularization (HCR) 
   Heart positioned , 55–58, 88  
   Heart positioner , 4, 20, 52, 56, 59, 63, 72, 73, 103, 128, 167, 203  
   Heartstring III system , 133  
   Hemodialysis , 8, 9, 27, 97, 134  
   Hemodynamic compromise , 5, 57, 58, 69, 182, 184  
   Hemodynamic deterioration , 4, 57, 88, 90, 167, 182, 184  
   Hendrikx, M. , 231  
   Higami, T. , 4, 94, 111–120  
   High-frequency (6.5–15 MHz) epicardial ultrasound (ECUS) , 

142, 144, 145, 188, 189, 193  
   Hirotani, T. , 139  
   Hol, P.K. , 138, 140  
   Hosokawa, K. , 9, 157  
   Hu, S. , 214, 231  
   Hybrid coronary artery revascularization (HCR) , 211–214  
   Hybrid procedure , 168, 212–216, 220, 224  
   Hypercoagulability status , 32, 35  

    I 
  IABP.    See  Intra-aortic balloon pump (IABP) 
   I-composite graft , 20, 105, 106, 153  
   Identifi cation of the target coronary artery , 143  
   IFI.    See  Intraoperative fl uorescence imaging (IFI) 
   Inadequate myocardial protection , 163, 164, 166  
   Incomplete revascularization , 163, 167–169, 179, 187, 196  
   Indications of OPCAB , 26  
   Individual grafts , 101–108  
   In situ arterial graft , 94, 99, 101, 102, 107, 164, 169  
   In situ graft , 7, 27, 30, 31, 94, 98–102, 105, 113, 118  
   Integrated coronary artery revascularization decision making 

algorithm , 40, 42  
   Internal thoracic artery , 3, 19, 26, 27, 45, 55, 94, 98, 101, 103–107, 

111–116, 128, 129, 131, 137, 139, 140, 146, 147, 164, 
170–172, 192, 196  

   Intra-aortic balloon pump (IABP) , 26, 41, 42, 57, 58, 65, 68–70, 73, 
169, 170, 184, 230  

   Intraesophageal echocardiography , 41  
   Intraluminal shunt , 88–90, 189  
   Intraoperative fl uorescence imaging (IFI) , 6, 138, 140–142  
   Invasiveness , 63, 102, 168, 175, 176, 178, 179, 197, 215  
   Invisible coronary arteries , 188  
   Ischemia , 4, 39–42, 48, 60–62, 68–70, 73, 80, 82, 88, 90, 116, 129, 

156, 166, 176, 177, 182–184, 189, 197, 231  

Index



237

   Ishida, K. , 9  
   Ishida, M.. , 6  
   Isringhaus, H. , 143  
   Ito, J. , 206  
   Ito, N. , 10, 157  
   Izutani, H. , 133  
   Izzat, M.B. , 205     

    J 
  Jansen, E.W. , 77  

    K 
  Kai, M. , 4, 7, 196  
   Kamiya, H. , 4  
   Kapetanakis, E.I. , 97  
   Kawasaki, M. , 133  
   Keon, W.J. , 164  
   Kesseler, P. , 61  
   Khan, N.E. , 33, 34  
   Kim, K.B. , 35, 95, 98  
   Kim, W.S. , 97  
   Kinoshita, T. , 8–10, 137–147, 157, 187–193  
   Kobayashi, J. , 6, 7, 25–35, 105, 106  
   Koga, S. , 5  
   Kon, Z.N. , 156  
   Koransky, M.L. , 76  
   KREDO-Kyoto registry , 11  
   Kurosawa, H. , 82  
   Kuroyanagi, S. , 141, 142  
   Kurozawa, H. , 64  
   Kuss, O. , 26  

    L 
  Landiolol , 5, 9, 52, 57, 80, 82, 157  
   Left anterior small thoracotomy (LAST) , 46, 47, 168–170  
   Left internal thoracic artery , 19, 26, 27, 45, 101, 103, 105–107, 128, 

129, 140, 147, 164, 171, 172, 192, 196  
   Left lateral thoracotomy , 168–170  
   Left main disease , 8, 40, 41, 166  
   Left subclavian artery (LSCA) , 169, 172  
   Left ventricular dysfunction , 158, 165, 166, 181, 184  
   Lemma, M. , 76, 84  
   Lev-Ran, O. , 98, 132  
   Lingas, P.S. , 34  
   Lipid-lowering agents , 165  
   Locker, C. , 184  
   Long-onlay patch , 4  
   Long onlay-patch grafting , 127–130  
   Long-term patency rate of the GEA , 96  
   Loulmet, D. , 220  
   LSCA.    See  Left subclavian artery (LSCA) 
   Lytle, B.W. , 164  

    M 
  Magnetic resonance imaging (MRI) , 7, 230, 231  
   Manabe, S. , 7, 10, 98  
   Mariani, M.A. , 153  
   Marui, A. , 11  
   Maruyama, Y. , 163–172  
   Matsuura, K. , 10  
   Matsuyama, S. , 67–70  
   Mean graft fl ow , 6, 138, 139  
   Menasche, P. , 228, 231, 232  

   Meta-analysis , 26, 27, 33, 102, 106, 139, 184, 228  
   Microembolic signals in CABG , 152  
   Minimally invasive direct coronary artery bypass (MIDCAB) , 46, 48, 

88, 168, 169, 211–213, 219, 223  
   Minimally invasive direct coronary artery bypass surgery , 46, 88, 168, 

211, 219  
   Misfeld, M. , 98  
   Mishra, Y.K. , 166  
   Mitaka, C. , 5  
   Mitral , 5, 52–58, 62, 68, 69, 73, 176, 182–184, 206, 219  
   Mitral regurgitation , 5, 52, 53, 55–58, 62, 68, 69, 73, 182–184  
   Miura, N. , 5  
   Miyazaki, S. , 7  
   Mizuno, T. , 71–74, 87–90  
   Møller, C.H. , 26  
   Moriyama, T. , 5  
   Morris, C.D. , 166, 167  
   Moscarelli, M. , 184  
   MRI.    See  Magnetic resonance imaging (MRI) 
   Mueller, X.M. , 61  
   Multicenter angiographic analysis , 27–32  
   Multiple arterial grafts , 6, 108, 165  
   Murakawa , M, 59–65  
   Myoblast , 227, 228, 231, 232  

    N 
  Nakajima, H. , 98, 105  
   Nakayama, Y. , 196  
   Nakjima, H. , 10  
   Nathoe, H.M. , 34  
   Needle handling , 121, 122, 124, 126  
   Negative impact of OPCAB , 27  
   Neurological defi cit , 152  
   Neuropsychological dysfunction , 8  
   Nicardipine , 56  
   Nishigawa, K. , 127–130  
   Nishiyama, K. , 7  
   Nitric oxide , 4, 5  
   Noradrenaline , 52, 55–57, 82, 83  
   NSTEMI , 184  

    O 
  Obara, S. , 59–65  
   Occlusion , 5, 6, 10, 27–33, 35, 40, 42, 52, 54, 69, 75, 82, 87–90, 

96–98, 102, 104, 119, 120, 129, 139, 140, 142, 143, 145, 155, 
156, 167, 171, 179, 189–192, 196, 203, 220, 222  

   Ochi, M. , 121–126, 163–172, 195–197  
   Octopus , 52, 61, 76, 77, 79, 81, 128  
   Off-pump , 102     
   Off-pump coronary artery bypass (OPCAB) , 15, 155–159, 227–232     
   Off-pump coronary artery bypass grafting , 3–11, 27, 42, 67, 71, 72, 

76, 77, 87, 166, 216  
   Off-pump to on-pump CABG , 16, 70  
   Off-pump training , 201–206  
   Ohnishi, Y. , 51–58  
   Okamura, Y. , 151–154  
   Onlay patch grafting , 104, 127–130  
   On-pump CABG with cardiac arrest , 16  
   On-pump with cardiac beating , 16  
   OPCAB.    See  Off-pump coronary artery bypass (OPCAB) 
   OPCAB proximal , 131–134  
   OPCAB to ONCAB conversion , 153  
   Orime, Y. , 15–22  
   Osawa, H. , 7  
   Oyamada, S. , 8  

Index



238

    P 
  Parikh , 184     
   Partial clamping , 2, 4, 132, 168–170  
   PAS-Port system , 133  
   Patel, A.N. , 231  
   Patency rates , 3, 4, 8, 9, 32, 96, 99, 101, 102, 104, 133  
   PCI.    See  Percutaneous coronary intervention (PCI) 
   PDE III inhibitors , 52, 56, 57  
   Percentage of backward fl ow (%BF) , 139  
   Percutaneous cardio-pulmonary support , 41, 58  
   Percutaneous coronary intervention (PCI) , 8, 9, 11, 28, 39, 127–129, 

156, 165, 168, 170, 172, 176, 178, 179, 183, 191, 196, 
211–216, 220, 224, 227  

   Perioperative myocardial infarction , 26, 88, 164, 166, 167, 172, 177, 184  
   Peripheral vasodilation , 60, 61, 63  
   Perrault, L.P. , 88  
   Pevni, D. , 103  
   Phenylephrine , 52, 54–56, 60, 62, 64, 82, 83  
   Phosphodiesterase (PDE) III inhibitors , 52  
   Plaque exclusion , 128  
   Poor left ventricular function , 41, 68, 69, 181–183, 205  
   Poor LV function.    See  Poor left ventricular function 
   Postoperative atrial fi brillation , 153  
   Preventive measures , 69, 70  
   Previous CABG , 11, 68, 171, 214  
   Previous PCI , 9, 170  
   Propensity score-adjusted , 11  
   Prospective randomized controlled trial , 6, 228  
   Proximal anastomosis , 4, 7, 20, 22, 40, 69, 90, 97, 98, 102, 104–106, 

119, 131–134, 153, 167, 169, 182, 215  
   Proximal anastomosis device , 4, 133, 169  
   Proximal anastomosis techniques , 132  
   Pulmonary artery catheter , 53  
   Pulsatility index (PI) , 139  
   Puskas, J. , 26, 33, 34  
   Pym, J. , 94  

    R 
  Radial artery , 10, 27, 32, 49, 55, 68, 96–98, 100, 101, 105, 106, 116, 

117, 132, 133, 165, 171, 197  
   RAPCO trial , 32  
   Rastan, A.J. , 184  
   Redo CABG , 11, 163–168, 170–172  
   Redo coronary artery bypass grafting (CABG).    See  Redo CABG 
   Regurgitation , 5, 52, 53, 55–58, 60, 62, 68, 69, 73, 176, 182–184  
   Remifentanil , 52–54  
   Renal dysfunction , 8, 9, 26, 62, 170  
   Repeat median sternotomy , 167–172  
   Repeat revascularization , 11, 27, 33, 187  
   Reperfusion injury , 40, 183  
   Repossini, A. , 213  
   Restrictive fl uid strategy , 63  
   Retrograde cardioplegia , 164, 165  
   Reuthebuch, O. , 141  
   RGEA.    See  Right gastroepiploic artery (RGEA) 
   Ricci, M. , 203  
   Right gastroepiploic artery (RGEA) , 4, 45, 47, 94–96, 101, 

165, 190, 196  
   Right heart failure , 53, 103  
   Right ventricular function , 52, 53, 58, 68  
   Right ventricular outfl ow obstruction , 61  
   ROOBY , 27, 33, 137, 187  
   “Routine off-pump” strategy , 40, 41  
   RSVP randomized trial , 32  
   Rubens, F.D. , 140, 141  

    S 
  Sabik, J.F. , 98  
   Sadahiro, M. , 155–159  
   Saito, A. , 11  
   Saphenous vein grafts , 4, 27, 90, 96–98, 107, 119, 131, 133, 139, 192  
   Scheduled IABP , 41, 42  
   Schutz, A. , 166  
   Selection of optimal anastomotic sites , 143  
   Sequential grafting , 7, 94, 95, 99–102, 104, 153  
   Serge , 184     
   Shen, L. , 213  
   Shennib, H. , 170  
   Shiga, T. , 5  
   Shimizu, T. , 11  
   Shimokawa, T. , 4  
   Shudo, Y. , 232  
   Side-to-side anastomosis , 10, 105, 126  
   Simultaneous , 52, 61, 76, 106, 107, 139, 141, 175, 176, 178, 179, 202, 

203, 213, 215  
   Single ITA , 10, 11, 102, 104, 131  
   Skeltonization , 4, 94, 95, 99, 102, 104, 111, 113–119  
   SPY , 20, 140  
   SPY system , 6  
   Srivastava, S. , 221, 224  
   Stabilization , 52, 75–85, 107, 142, 168, 188, 202, 203, 221, 223  
   Staged operation , 176, 178, 179  
   Stamm, C. , 228, 231  
   Stamou, S.C. , 166  
   Stented coronary arteries , 191–192  
   String sign , 10, 98, 107, 132, 140  
   Stroke , 5–7, 9, 11, 19, 26, 27, 42, 63, 82, 97, 98, 102, 106, 107, 126, 

133, 134, 151–154, 156–159, 166, 177, 182, 184, 197, 214, 
215, 223  

   Sugimura, Y. , 10  
   Suma, H. , 4, 6, 94, 96  
   Sunagawa, G. , 8  
   Surgical strategy, reduce strokes , 152  
   Suzuki, T. , 8, 93–100, 181–185  
   Swan-Ganz catheter , 41, 68  
   Symmetry aortic connector , 133  

    T 
  Tachibana, K. , 111–120  
   Taggart, D.P. , 102, 141  
   Takagi, H. , 33  
   Takahashi, K. , 170  
   Takahashi, M. , 6, 141  
   Takami, Y. , 6  
   Takanashi, S. , 67–70, 127–130  
   Takase, S. , 175–179  
   Takemura, H. , 131–134  
   Tanaka, H. , 158  
   TAR.    See  Total arch replacement (TAR) 
   Tatoulis, J. , 102, 104  
   TAVI.    See  Transcatheter aortic valve implantation (TAVI) 
   TECAB.    See  Total endoscopic coronary artery bypass (TECAB) 
   Tector, A.J. , 104  
   TEVAR.    See  Thoracic endovascular aortic repair (TEVAR) 
   “Third space” theory , 63  
   Thoracic endovascular aortic repair (TEVAR) , 176, 211–216  
   Thourani, V.H. , 133  
   Tokuda, Y. , 6  
   Tomasco, B. , 184  
   Tomita, S. , 211–216, 219–224, 227–232  
   Total arch replacement (TAR) , 176, 177  

Index



239

   Total endoscopic coronary artery bypass (TECAB) , 213, 220–224  
   Totally endoscopic coronary artery bypass graft , 220, 222  
   Transcatheter aortic valve implantation (TAVI) , 211–216  
   Trans-diaphragmatic approach , 171  
   Transesophageal echocardiography , 53, 54, 65, 68, 73  
   Transit time fl ow measurement (TTFM) , 6, 138–142  
   Transit time fl ow meter , 20  
   Transit-time principle , 138  
   Trendelenburg position , 26, 53, 55, 61, 69, 72, 73, 167, 182  
   Tsuruta, R. , 6  
   TTFM.    See  Transit time fl ow measurement (TTFM) 
   Tugtekin, S.M. , 167  
   Types of strokes , 152  

    U 
  Ultrasonic scalpel , 3, 4, 94, 95, 103, 113, 114, 116, 128  
   Unhurried pump conversion , 42  
   Urgent pump conversion , 40, 42, 67–70  
   Usta, E. , 166  
   Uva, M.S. , 34  

    V 
  Valve , 31, 52, 53, 55, 56, 68–70, 103, 176, 183, 184, 206, 214, 215, 

219, 228  
   Van Aarnhem, E.E. , 88  
   Vein graft disease , 165  
   Ventricular diastolic , 53, 54, 56, 57  

   Ventricular diastolic function , 53–57  
   Vohra, H.A. , 166  
   Volume challenge , 60  

    W 
  Wakamatsu, H. , 5, 80, 157  
   Watanabe, G. , 4, 179, 211–216, 219–224, 227–232  
   Watanabe, T. , 77  
   Watanabe, Y. , 45–49  
   Widmsky, P. , 34  
   Wilhelm, M.J. , 153  

    Y 
  Yaku, H. , 3–11, 201–206  
   Yamagata, K. , 11  
   Yamaguchi, A. , 132  
   Yau, T.M. , 164  
   Y-composite graft , 20, 105, 107, 153, 222  
   Yeatman, M. , 88  
   Yerebakan, C. , 230  
   Yokoyama, H. , 39–43, 75–85, 175–179  
   Yoshida, M. , 61  
   Yoshida, Y. , 82  

    Z 
  Zhao, Q. , 231         

Index


	Foreword
	 Off-Pump Coronary Artery Bypass

	Preface
	From Gold Standard to Global Standard

	Contents
	Part I: Current Overview of OPCAB
	1: OPCAB Made in Japan: Evidence on Off-Pump Coronary Artery Bypass Grafting from Japan
	1.1	 Introduction
	1.2	 Technical Aspects of OPCAB
	1.2.1	 Harvesting of the Conduits
	1.2.2	 Devices Facilitating OPCAB
	1.2.3	 Proximal Anastomosis Devices
	1.2.4	 Awake OPCAB
	1.2.5	 Revascularization Technique for Diffuse Coronary Lesions

	1.3	 Patient Management During OPCAB
	1.3.1	 Intraoperative Management
	1.3.2	 Pathophysiology During OPCAB

	1.4	 Intraoperative Graft Evaluations
	1.4.1	 Imaging of Grafts
	1.4.2	 Functional Evaluation of Grafts

	1.5	 Surgical Outcomes of OPCAB
	1.5.1	 Surgical Results of OPCAB Compared to On-Pump CABG
	1.5.2	 Patients with Diabetes Mellitus (DM)
	1.5.3	 Perioperative Stroke
	1.5.4	 Perioperative Neuropsychological Dysfunction
	1.5.5	 Impact of Preoperative Renal Dysfunction
	1.5.6	 Patients on Hemodialysis
	1.5.7	 Patients with Left Main Disease (LMD)
	1.5.8	 Patients with Previous Percutaneous Coronary Intervention (PCI)
	1.5.9	 Postoperative Atrial Fibrillation (AF)
	1.5.10	 Quality of Grafting
	1.5.11	 The Impact of the Use of Bilateral ITA vs. Single ITA
	1.5.12	 Outcomes of OPCAB vs. PCI
	1.5.13	 Redo OPCAB

	1.6	 Summary
	References

	2: Statistics of OPCAB in Japan
	2.1	 Introduction
	2.2	 Total Number of Coronary Artery Surgeries and Off-Pump CABG Rate
	2.3	 Changes in OPCAB Rate of Initial Elective Isolated CABG
	2.4	 Surgical Procedures of Initial Elective Isolated CABG
	2.5	 Outcome According to Procedures
	2.6	 Changes in Mortality of CABG
	2.7	 Changes in Mortality According to Procedures: Isolated Initial Elective CABG
	2.8	 Number of Grafts According to Surgical Procedures
	2.9	 Surgical Procedures According to Number of Grafts
	2.10	 Comparison of On-Pump Arrest and Off-Pump According to Anastomosis Site of Coronary Artery: Initial Elective Surgery
	2.11	 Graft Selection: Isolated CABG Cases
	2.12	 Complication Rate of Cerebral-Vascular Stroke According to Surgical Procedures: Isolated CABG Cases
	2.13	 Special Survey for OPCAB in 2012
	References

	3: Evidence in OPCAB: Critical Appraisal of Recent RCT Based on CABG in Japan
	3.1	 Different Situation of OPCAB in Japan
	3.2	 Positive Impact of OPCAB
	3.3	 Negative Impact of OPCAB in RCT
	3.4	 Multicenter Angiographic Analysis of Early Graft Patency in Relation to Graft Material and OPCAB in Japan
	3.5	 Critical Appraisal of Recent RCT in Western Countries
	References


	Part II: OPCAB Procedures and Management
	4: Indication and Safe Strategy
	4.1	 Introduction
	4.2	 Who Will Benefit Most from Off-Pump Coronary Bypass Surgery?
	4.3	 Indication of Off-Pump CABG: Several Considerations
	4.3.1	 Patient Risk-Based Decision-Making
	4.3.2	 Graftability-Based Decision-Making

	4.4	 Routine Off-Pump Strategy
	4.5	 Conclusions
	References

	5: Approach
	5.1	 Full Sternotomy
	5.2	 Mini Sternotomy
	5.2.1	 Mini Left Thoracotomy
	5.2.2	 Lower-End Sternal Splitting Approach
	5.2.3	 T-Shaped Incision
	5.2.4	 Reverse J-Shaped Incision

	5.3	 Left Thoracotomy
	5.4	 Transdiaphragmatic Approach
	References

	6: Intraoperative Management and Anesthesia
	6.1	 Anesthesia
	6.1.1	 Anesthetic Concept
	6.1.2	 Preoperative Cardiac Evaluation
	6.1.3	 Intraoperative Anesthetic Management
	6.1.4	 Intraoperative Monitoring
	6.1.5	 Postoperative Anesthesia

	6.2	 Intraoperative Management
	6.2.1	 Intraoperative Cardiovascular Control
	6.2.2	 Transfusion Management
	6.2.3	 Cardiovascular Agonists
	6.2.4	 Management of Patients with Heart Failure
	6.2.5	 Management of Patients Who Have an Intra-aortic Balloon Pump
	6.2.6	 Conversion to On-Pump CABG

	References

	7: Controversy: Volume Load vs. Vasopressor
	7.1	 Introduction
	7.2	 Pro: Vasopressors Should Be Used as Little as Possible, and Their Administration Should Be Managed in Terms of Volume
	7.2.1	 Preload Maintenance Is Physiologically Logical
	7.2.2	 Disadvantages of Hypovolemia
	7.2.3	 Side Effects of Vasopressors

	7.3	 Pro: Vasopressors Should Be Actively Used While Volume Overload Should Be Avoided
	7.3.1	 Volume Restriction During General Anesthesia Is Commonly Employed
	7.3.2	 Preload Maintenance Is Important, but Physiological Rationality Must Not Be Lost
	7.3.3	 Advantages of Vasopressors

	7.4	 Conclusion
	References

	8: Urgent Pump Conversion: When Does It Occur and How Can We Prevent It?
	8.1	 Introduction
	8.2	 When Does Urgent Pump Conversion Occur?
	8.2.1	 Preoperative Predictors
	8.2.1.1	 Intraoperative Factors


	8.3	 How Can We Prevent Urgent Pump Conversion?
	8.3.1	 Operative Monitoring
	8.3.1.1	 Parameters
	8.3.1.2	 Transesophageal Echocardiography (TEE)

	8.3.2	 Surgical Techniques
	8.3.2.1	 Sequence of Anastomosis
	8.3.2.2	 Prevention of Ischemia
	8.3.2.3	 Heart Displacement

	8.3.3	 Hemodynamic Management
	8.3.3.1	 Pharmacological Management
	8.3.3.2	 IABP
	8.3.3.3	 Communication with the Operating Room Staff


	8.4	 Conversion
	8.5	 Conclusions
	References

	9: Exposure
	9.1	 Exposure
	9.2	 Deep Pericardial Stitch and Other Non-Device-Based Techniques
	9.3	 Apical Suction Device and Multi-suction Device
	9.4	 Hemodynamic Change Caused by Heart Displacement
	References

	10: Stabilization
	10.1	 Stabilization Is the Key for Successful Off-Pump Coronary Artery Bypass Surgery
	10.1.1	 Hypothesis: Stabilization-Patency Relationship
	10.1.2	 How Good Is Good Enough for Stabilization?

	10.2	 Evaluation of Stabilization
	10.3	 Tissue Stabilizers
	10.3.1	 Pre-Octopus Era: Tape, Snare, etc
	10.3.2	 Suction-Type Tissue Stabilizer

	10.4	 Pharmacological Stabilization: Beta-Blocker
	10.5	 Other Factors Affecting the Stabilization
	10.5.1	 Vasopressors
	10.5.2	 Heart Pacing
	10.5.3	 Mechanical Ventilation

	References

	11: Securing the Distal Anastomosis Site: Coronary Artery Occlusion, Shunt, and Blower
	11.1	 Coronary Artery Occlusion
	11.2	 Coronary Artery Shunt
	11.3	 Blowers
	References

	12: Graft Planning
	12.1	 Arterial Graft Planning Using ITA, GEA, and RA
	12.1.1	 Internal Thoracic Artery
	12.1.2	 How to Use Both ITAs
	12.1.3	 Right Gastroepiploic Artery
	12.1.4	 Radial Artery
	12.1.5	 Saphenous Vein Graft

	12.2	 Aorta No-Touch Technique with All Arterial Grafting
	12.2.1	 An Advantage of Aorta No-Touch Technique
	12.2.2	 Graft Arrangement for Complete Revascularization with Aortic No-Touch Technique
	12.2.2.1. Composite Grafting
	12.2.2.2. In Situ Grafting


	References

	13: Controversy: Composite Grafts Versus Individual Grafts
	13.1	 Introduction
	13.2	 Arterial Grafting with Off-Pump Coronary Surgery
	13.3	 In Situ BITA
	13.3.1	 In Situ LITA to LAD and In Situ RITA to LCX (Fig. 13.1)
	13.3.2	 In Situ RITA to LAD and In Situ LITA to LCX (Fig. 13.2)

	13.4	 Composite Grafting with BITAs
	13.4.1	 In Situ LITA to LAD and Free RITA to LCX (Fig. 13.3)
	13.4.2	 In Situ RITA to LAD and Free LITA to LCX

	13.5	 ITA and RA Composite Grafting
	13.5.1	 In Situ LITA to LAD and RA to Circumflex Artery (Fig. 13.3)
	13.5.2	 In Situ RITA Combined with RA to Circumflex Artery (Fig. 13.4)

	13.6	 Proximal Anastomosis to the Aorta
	13.7	 Composite Grafts Versus Individual Grafts
	13.8	 Conclusions
	References

	14: Harvesting: Tip and Pitfalls
	14.1	 Internal Thoracic Artery
	14.1.1	 Characteristics of Internal Thoracic Artery
	14.1.2	 Anatomy of Internal Thoracic Artery (Fig. 14.1)
	14.1.3	 Internal Thoracic Artery Conventional Harvest Technique
	14.1.4	 Skeletonization of the Internal Thoracic Artery with an Ultrasonic Scalpel

	14.2	 Radial Artery
	14.2.1	 Characteristics of Radial Artery
	14.2.2	 Preoperative Evaluation for RA Harvesting
	14.2.3	 Anatomy of Radial Artery
	14.2.4	 RA Harvest Technique (Fig. 14.4)

	14.3	 Gastroepiploic Artery
	14.3.1	 Characteristics of Gastroepiploic Artery
	14.3.2	 GEA Harvest Technique (Fig. 14.6)

	14.4	 Saphenous Vein
	14.4.1	 Characteristics of Saphenous Vein Graft
	14.4.2	 Pre-evaluation for Saphenous Vein Harvesting
	14.4.3	 SVG Harvest Technique

	References

	15: Graft–Coronary Anastomosis in Off-Pump CABG
	15.1	 Differences Between Off-Pump and On-Pump Anastomosis
	15.2	 Important Points for Ensuring the Success of Off-Pump Surgery
	15.2.1	 End-to-Side Anastomosis (Fig. 15.13a–e)
	15.2.2	 Diamond Side-to-Side Anastomosis (Fig. 15.14)
	15.2.3	 Parallel Side-to-Side Anastomosis (Fig. 15.15)


	16: Coronary Endarterectomy and Long Onlay-Patch Grafting
	16.1	 Surgical Treatment for Diffusely Diseased Coronary Artery
	16.2	 Surgical Techniques for a Diffusely Diseased Coronary Artery
	16.2.1	 Long Onlay-Patch Grafting Without Endarterectomy (Plaque Exclusion Technique)
	16.2.2	 Long Onlay-Patch Grafting with Endarterectomy

	16.3	 Postoperative Management of Coronary Endarterectomy
	16.4	 Conclusion
	References

	17: OPCAB Proximal
	17.1	 Proximal Anastomosis
	17.2	 Simple Aortic Side Clamp
	17.3	 Selection of Proximal Anastomosis Techniques
	17.4	 Symmetry Aortic Connector (St. Jude Medical, Minneapolis, MN)
	17.5	 PAS-Port System (Cardiac, Menlo Park, CA)
	17.6	 Heartstring System (MAQUET, San Jose, CA)
	17.7	 Enclose II System (Novare Surgical Systems, Cupertino, CA)
	References

	18: Intraoperative Graft Assessment OPCAB Made in Japan
	18.1	 Intraoperative Graft Evaluation: How and What for?
	18.1.1	 Techniques for Intraoperative Assessment of Graft Patency

	18.2	 Transit-Time Flow Measurement
	18.2.1	 Principle
	18.2.2	 Practice
	18.2.3	 Current Experience and Results
	18.2.4	 Limitations

	18.3	 Intraoperative Fluorescence Imaging
	18.3.1	 Principle
	18.3.2	 Practice
	18.3.3	 Current Experience and Results
	18.3.4	 Strength
	18.3.5	 Limitations
	18.3.6	 Prospective Comparison of IFI and TTFM

	18.4	 Epicardial Ultrasound
	18.4.1	 Equipment and Scanning
	18.4.2	 Identification of the Target Coronary Artery
	18.4.3	 Selection of Optimal Anastomotic Sites
	18.4.4	 Assessment of Anastomosis Quality
	18.4.5	 Comments

	References

	19: Stroke
	19.1	 Background
	19.2	 Etiology
	19.3	 Types of Strokes
	19.4	 Incidence
	19.5	 Use of Epiaortic Ultrasound Scanning
	19.6	 Microembolic Signals in CABG
	19.7	 Merits of OPCAB
	19.8	 Surgical Strategy to Reduce Strokes
	19.9	 OPCAB to ONCAB Conversion
	19.10	 Postoperative Atrial Fibrillation
	19.11	 Hypercoagulability After OPCAB
	19.12	 Team Approach
	19.13	 In My Opinion
	References

	20: Patient Management OPCAB
	20.1	 Perioperative Anticoagulation Management in OPCAB Patients
	20.1.1	 Heparin Administration
	20.1.2	 Oral Antiplatelet Therapy

	20.2	 Postoperative Atrial Fibrillation (AF) Management for OPCAB Patients
	20.3	 Elderly Patient Management in OPCAB
	References


	Part III: A Difficult Situation: How Do I Solve This Problem?
	21: Redo Operation
	21.1	 Problems Associated with Redo Conventional CABG
	21.1.1	 Injury to Patent Grafts
	21.1.2	 Atheromatous Embolization from Diseased Vein Grafts
	21.1.3	 Inadequate Myocardial Protection

	21.2	 Changing Profiles of Patients Undergoing Redo CABG
	21.2.1	 Prevalence of Redo CABG
	21.2.2	 Angiographic Indications for Redo CABG
	21.2.3	 Increased Risk Profiles of Patients Undergoing Redo CABG

	21.3	 Application of Off-Pump Procedure to Redo CABG
	21.3.1	 Advantages of Redo OPCAB
	21.3.2	 Disadvantages of Redo OPCAB
	21.3.3	 Repeat Median Sternotomy in Redo OPCAB

	21.4	 Alternative Approach to Avoid Repeat Median Sternotomy
	21.4.1	 Left Anterior Small Thoracotomy (LAST)
	21.4.2	 Left Lateral Thoracotomy
	21.4.3	 Transdiaphragmatic Approach
	21.4.4	 Combination of the Left Thoracotomy and Transdiaphragmatic Approach

	21.5	 Redo OPCAB in Our Institute
	References

	22: Combined Surgery (TAA, AAA, or Cancer) Concomitant or Staged Surgeries?
	22.1	 Considerations Regarding Lesser Invasiveness of Off-Pump Coronary Bypass Surgery (OPCAB)
	22.2	 Consideration for the Patient with Combined Coronary Artery Disease and Noncoronary Heart Disease or Thoracic Aortic Disease
	22.3	 Valve Surgery and Intracardiac Procedure
	22.4	 Thoracic Aortic Disorder
	22.5	 Abdominal Aortic Disorder
	22.6	 Coronary Artery Disease Combined with Cancer
	22.6.1	 Consideration for CAD Combined with Cancer

	22.7	 Consideration in Application of Extracorporeal Circulation (CPB) to Patients with Cancer
	22.7.1	 Does CPB Induce Dissemination?

	22.8	 Which Treatment Is First for Cancer or CAD, or Simultaneous Operation?
	22.9	 In a Staged Operation
	22.10	 Which Is Suitable for Such Patients, PCI or CABG?
	22.11	 Graft Selection in CABG
	References

	23: Difficult Heart
	23.1	 Enlarged Heart, Poor Left Ventricular Function
	23.2	 Acute Coronary Syndrome
	References

	24: Difficult Coronary OPCAB Made in Japan
	24.1	 Difficult Coronary Artery
	24.1.1	 What Is Difficult Coronary Artery?
	24.1.2	 What Are the Pitfalls Specific for Off-Pump CABG?

	24.2	 Invisible Coronary Arteries
	24.2.1	 How to Overcome the Challenging Situations
	24.2.2	 Retrograde Passage of Vascular Probe Through a Distal Arteriotomy [5, 6]
	24.2.3	 Retrograde Dissection of Tissue Overlying the Vessel [7, 8]
	24.2.4	 High-Frequency Epicardial Ultrasound
	24.2.5	 Intraoperative Cineangiography [9]
	24.2.6	 Elevation of LAD with Elastic Tape [10]

	24.3	 Diffusely Stenotic, Calcified, or Small Vessels
	24.3.1	 How to Overcome the Challenging Situations
	24.3.2	 Case Presentation

	24.4	 Stented Coronary Arteries
	24.4.1	 Case Presentation
	24.4.2	 Comments

	References

	25: Off-Pump CABG for Patients with End-Stage Renal Failure
	25.1	 Characteristics of HD Patients
	25.2	 On-Pump CABG (ONCABG) or Off-�Pump CABG (OPCABG)
	25.3	 Choice of Grafts for HD Patients
	25.4	 Graft–Coronary Artery Anastomosis
	25.5	 Postoperative Management
	25.6	 Conclusions
	References


	Part IV: Teaching and Training
	26: How Do We Teach Off-Pump Surgery to the Next Generation?
	26.1	 Introduction
	26.2	 Prerequisites for OPCAB Training
	26.2.1	 Trainee’s Prerequisites
	26.2.2	 Institutional Prerequisites

	26.3	 Standardization of OPCAB Training
	26.3.1	 Acquisition of the Knowledge Required for OPCAB
	26.3.2	 Procedural Components of OPCAB
	26.3.2.1 Exposure (Patient and Heart Positioning)
	26.3.2.2 Stabilization of the Target Vessels
	26.3.2.3 Performing Distal Anastomosis on the Beating Heart

	26.3.3	 Training in a Gradual Manner
	26.3.4	 Adequate (Required) Training Duration and Extent
	26.3.5	 Validation of Proficiency

	26.4	 OPCAB Training Using Simulators
	26.4.1	 Currently Reported OPCAB Simulation Models
	26.4.2	 Development of a Nationwide OPCAB Training Program

	26.5	 Conclusion
	References


	Part V: Future Perspectives: What Comes Next?
	27: Hybrid Approach (OPCAB+PCI/TAVI/Debranching TEVAR)
	27.1	 Introduction
	27.2	 Indication of Hybrid Procedure and the Role of a Heart Team
	27.3	 Single-Stage Hybrid Procedure
	27.3.1	 Minimally Invasive Coronary Artery Bypass
	27.3.2	 Percutaneous Coronary Intervention

	27.4	 Single-Stage or Two-Stage Procedure?
	27.5	 Outcomes of Hybrid Procedure
	27.5.1	 Midterm Outcomes
	27.5.2	 Hybrid Procedure vs. OPCAB
	27.5.3	 Cost Issues
	27.5.4	 Limitation

	27.6	 The Future of Hybrid Procedure
	27.6.1	 OPCAB+TAVI
	27.6.2	 OPCAB+Debranching TEVAR
	27.6.2.1 Supra-aortic Debranching Technique with OPCAB
	27.6.2.2 Debranching TEVAR Using Extra-anatomical Bypass with OPCAB


	References

	28: Robotic Surgery
	28.1	 Introduction
	28.2	 Patients’ Selection
	28.3	 Operative Procedure
	28.3.1	 Patients’ Position
	28.3.2	 Port Placement
	28.3.3	 IMA Harvesting
	28.3.4	 LIMA to LAD Anastomosis
	28.3.4.1 Beating Heart TECAB
	28.3.4.2 Arrested Heart TECAB
	28.3.4.3 Alternative Anastomotic Device

	28.3.5	 Multivessel Robotic Totally Endoscopic Coronary Bypass Grafting

	28.4	 Outcomes of Robotic Surgery
	28.4.1	 Intraoperative Outcomes
	28.4.2	 Short-Term Outcomes
	28.4.3	 Mid to Long-Term Outcomes

	28.5	 Future of Robotic Surgery
	References

	29: OPCAB Combined Regenerative Surgery
	29.1	 Introduction
	29.2	 Bone Marrow Cell Therapy Combined with OPCAB
	29.2.1	 Patient Population
	29.2.2	 Operation Methods
	29.2.3	 Follow-Up
	29.2.4	 Outcomes
	29.2.4.1 Intraoperative and Early Postoperative Outcomes
	29.2.4.2 Echocardiography
	29.2.4.3 SPECT
	29.2.4.4 New York Heart Association Functional Class
	29.2.4.5 Others

	29.2.5	 Future of Bone Marrow Cell Transplantation Therapy Combined with OPCAB

	29.3	 Skeletal Myoblast Cell Transplantation Combined with OPCAB
	29.3.1	 Patient Population
	29.3.2	 Operation Methods
	29.3.3	 Follow-Up and Outcomes
	29.3.4	 Future of Myoblast Cell Transplantation Therapy Combined with CABG

	29.4	 Other Regenerative Therapy Combined with OPCAB
	References


	Erratum
	Index

