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PREFACE 

The purpose of Minimally Invasive Cardiac Surgery is to introduce the reader to the 
exciting developments in the field of "minimally invasive" or "minimal access" cardiac 
surgery. All the chapters have been written by investigators actively involved in their 
respective fields. We are appreciative of the concerted effort made by our collaborators 
to provide us with the most up-to-date material possible, thus making the book both 
timely and useful for those working in this rapidly evolving field. More than highlighting 
specific experiences and surgical procedures, we hope this text will outline an optimal 
approach to a rapidly developing new field of cardiac surgery, one that will substantially 
benefit future investigators and practitioners, as well as their patients. 

Minimally Invasive Cardiac Surgery is organized into three major sections. The first 
part, Physiology of Injury, consists of a basic science review of the pathophysiological 
mechanisms underlying cardiopulmonary bypass and endothelial injury. To understand 
the benefits of avoiding cardiopulmonary bypass, Dr. Ron H. Speekenbrink and his 
colleagues examine the effect of extracorporeal circulation on the stimulation of 
coagulation pathways, the generation of interleukins and cytokines, the expression of 
adhesion molecules, and the regulation of vascular tone by the endothelium. Potential 
approaches to the attenuation of these effects are also discussed. 

Vascular endothelium has emerged as a crucial player in the genesis of the diverse 
biological events that occur during the perioperative course of patients undergoing car
diac surgery. Indeed, surgical manipulation, shear stress, vasospasm, and ischemia/ 
reperfusion injury are just a few of the important mediators of endothelial cell injury. This 
topic is reviewed in detail by Drs. Talia Spanier and Ann Marie Schmidt, prominent 
researchers in the field of vascular biology. 

The second theme, Less Invasive Approaches to Coronary Bypass Grafting, is the 
most extensive section in the book, owing to the burgeoning interest in less invasive 
approaches to myocardial revascularization. Dr. LeRoy Rabbani and associates present 
the interventional cardiologist'S perspective on minimally invasive approaches to 
coronary revascularization. A comprehensive review of the data derived from the 
randomized trials comparing angioplasty and stent therapy with surgical revascularization 
is presented and the benefits, disadvantages, and indications for each therapy are 
discussed. 

Optimal visualization, careful and meticulous harvest of the internal mammary artery, 
and reduction of cardiac motion are the three key factors underlying the success of beating 
heart coronary bypass grafting through limited incisions. In the following three chapters, 
renowned authors discuss these topics. Dr. Michael J. Mack dissects the elements that 
presently comprise videoscopic systems in his chapter on visualization techniques. A 
glimpse into the state-of-the-art in videoscopic surgery, including the use of head
mounted displays and "virtual" surgery, is presented. 

Controversy persists on the vessel length and incision necessary to achieve an optimal 
internal mammary artery conduit. Based on the various techniques of less invasive 
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vi Preface 

revascularization currently practiced, Dr. Patrick Nataf presents an overview of the 
different approaches to the harvest of the internal thoracic artery. Particular attention is 
focused on the advantages of the thoracoscopic approach. 

A factor critical to the success of beating heart bypass grafting is immobilization of 
the surgical field. Dr. M. Clive Robinson from the University of Kentucky has pioneered 
the use of pharmacological techniques to achieve myocardial wall stabilization. In the 
chapter entitled "Myocardial Stabilization Techniques During Off-Pump Coronary 
Grafting," the author presents the rationale and clinical experience with adenosine
induced transient asystole for the creation of coronary anastomosis and reviews the 
different mechanical stabilizers that are currently available to achieve optimal surgical 
conditions for beating heart surgery. 

The ensuing two chapters encompass the clinical experience of pioneering groups of 
investigators who have advanced our knowledge of beating heart coronary grafting through 
their extensive clinical experience. Drs. Antonio M. Calafiore and Valavanur A. 
Subramanian are largely responsible for the introduction and dissemination of coronary 
grafting on the beating heart through limited incisions in Europe and the United States, 
respectively. 

Port-access coronary bypass grafting, a major alternative to off-pump revascularization, 
was in part developed by the New York University group who discuss in detail the technique 
and excellent results that can be obtained. Unlike off-pump techniques, the port-access 
method relies on the conventional use of cardiopulmonary bypass and myocardial protec
tion, achieved through endovascular access and tiny incisions. 

The final five chapters of this section deal with aspects peripherally related to less 
invasive bypass grafting. Dr. Nader Moazami discusses the different systems available 
for endoscopic saphenous vein harvest and reviews the clinical experience in the literature. 
Though the hand-sewn technique remains the preferred method for creation of a vascular 
anastomosis, many investigators in the field believe that broader applicability of beating 
heart bypass grafting is contingent upon the development of facilitated methods for 
creation of coronary anastomosis. Dr. Paul M. N. Werker, from the Hospital of Utrecht, 
presents a comprehensive historical perspective on alternative methods of anastomosis, 
including the use of mechanical devices, laser welding, glues, and automated staplers. 

The use of miniature axial flow pumps instead of cardiopulmonary bypass to unload 
the left ventricle and to reduce ventricular motion while maintaining coronary and sys
temic perfusion is currently being investigated. Dr. Robert K. Jarvik who pioneered and 
developed one such device collaborates with Dr. Joseph J. DeRose to describe the current 
state of the art in cardiac support using these innovative pumps. 

Increasingly, the success of innovative ideas hinges on the cost-effectiveness associ
ated with their application. To this effect, Dr. Gerald M. Lemole and colleagues examine 
the economic impact associated with the use of off-pump coronary grafting procedures 
at one institution, and dissect the New York State Database to identify the predictors for 
length of stay. In the last chapter in this section our group reviews the generally neglected 
yet very important quality-of-life issues that are associated with the use of less invasive 
cardiac procedures. 



Preface vii 

The third and [mal section in this book addresses growing areas of less invasive cardiac 
surgery, including valvular and congenital heart operations. Drs. W. Randall Chitwood and 
Steven R. Gundry, pioneers in the less invasive revolution describe their extensive experiences 
with "mini" approaches to mitral and aortic valve pathology. Finally, Dr. Gregory P. Fontana 
delineates the advances made in both extracardiac and intracardiac repairs via less invasive 
approaches and hints at the roadblocks that must be overcome and the advances that are likely 
to take place to achieve less invasive correction of complex congenital cardiac repairs. 

Mehmet C. Oz, MD 

Daniel J. Goldstein, MD 
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1 Introduction 

What is Minimally Invasive Cardiac Surgery? 

Daniel J Goldstein, MD 

and Mehmet C. Oz, MD 

CONTENTS 

INTRODUCTION 

CORONARY BYPASS SURGERY: WHAT Is MINIMALLY INVASIVE? 

REFERENCES 

INTRODUCTION 

The excitement that began with the introduction of laparoscopic cholecystectomy in 
the late-1980s has grown to encompass every surgical field. Fueled by commercial inter
ests, patients' expectations, and surgeons' fascination with new technologies, minimally 
invasive surgery has, within a short decade, forever revolutionized the practice of sur
gery. The unwavering enthusiasm with which minimal invasive surgery has been adopted 
is reflected by recent predictions that within 5-7 yr, 70% of operative interventions in this 
country will involve minimal access techniques (1). 

The major benefit of minimal access surgery lies in reducing the trauma associated 
with gaining exposure without compromising the operative field. Inherent to this approach 
is the maintenance of a closed physiologic environment, the reliance on two-dimensional 
visual input, and the use of small instruments to expose, dissect, and divide tissues (2). 
Some of the theoretical advantages of these approaches--decreased postoperative pain, 
rapid convalescence, and early return to work-have been confirmed in the clinical 
arena. Other purported benefits such as decreased cost, decreased postoperative compli
cations, and less adhesion formation remain to be proven. Moreover, unforeseen and 
unresolved issues such as access port neoplastic recurrence (3-5) and potential immuno
logic benefits (6) are likely to impact the widespread acceptance of minimally invasive 
approaches. 

Initially limited by a lack of technology and frank skepticism, minimally invasive 
cardiac surgery has now become technically feasible and widely accepted. Although the 

From: Contemporary Cardiology: Minimally Invasive Cardiac Surgery 
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2 Chapter 1 I Introduction 

most significant developments and clinical experience have been realized with coronary 
bypass surgery, efforts are increasingly being directed toward implementation of these 
techniques in valvular repairs and replacements and in congenital heart surgery. 

CORONARY BYPASS SURGERY: WHAT IS MINIMALLY INVASIVE? 

Although arising for a variety of motivations and rationales, the "mini" movement in 
heart surgery is really a call for more attention to the quality of life rather than just the 
mortality rates provided by procedures. A review of the cardiac surgical literature to date 
demonstrates a remarkable paucity of studies on how well our procedures restore patients 
to a "normal" life. Rather, we have been deluged with mortality and major morbidity data 
on perhaps the best and most widely studied operation in history. These large multicenter 
and multinational studies appropriately needed to demonstrate that these major opera
tions could be done with some degree of safety and reproducibility. However, over the 
past decade, surgeons and their patients have become comfortable with the low mortality 
rates that are often quoted in major databases. Both groups desired to move to the next 
level of service-the same operation with fewer side effects, especially in the short run. 
This fertile soil for procedural growth awaited the innovative approaches that were 
developed in part by many of the authors in this book. 

Especially for minimally invasive coronary artery bypass grafting (CABG), the cur
rent increase in interest has also, in part, been stimulated by a recognition of the impor
tance of a patent graft to the left anterior descending (LAD) to long-term survival after 
CABG (7). Indeed, the inability of percutaneous procedures to address many LAD lesions, 
as well as concerns about durability and costs associated with these interventions, has 
created a demand for a surgical procedure that avoids cardiopulmonary bypass (CPB), 
allows rapid recovery, and provides results equivalent to those attained with conventional 
surgical techniques. However, the definition of what is minimally invasive remains 
clouded. The argument over terminology centers on the size and location of the incisions 
and whether CPB is avoided. 

At least six different approaches to myocardial revascularization have been popular
ized (Table 1). The different modalities vary with regard to whether the heart is arrested 
or not, the type of access employed, and the method and extent of internal mammary 
artery (IMA) harvest. Moreover, for beating heart revascularization, mechanical, phar
macologic, or neural stabilization methods have been used (Table 2). 

The current terminology used to describe these techniques is confusing. The terms 
"MIDCAB," "keyhole," "port access," "LAST" and "video-assisted" have all been used 
to denote minimally invasive techniques in the literature. Unlike the tenets used by 
general surgeons, we would argue that the surgical approach for patients undergoing 
cardiac operations is less important in defining minimally invasive techniques than is the 
avoidance of CPB. And indeed, this was the sentiment expressed by the majority of 
cardiac surgeons polled at a recent national meeting. 

We propose, therefore, that the terminology for non conventional open heart surgery 
be modified to reflect the change in incisions ("minimal access ") or the avoidance of CPB 
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4 Chapter 1 / Introduction 

Table 2 
Variable Techniques That Have Been Clinically Used for "Globally Arrested" 

and "Beating Heart" Myocardial Revascularization 

Access 
Median sternotomy with full skin incision 
Median sternotomy with limited skin incision 
Hemi- or partial sternotomy 
Limited thoracotomy 
Port 

IMA harvest 
Method 

Direct 
Video assisted 

Extent 

CPB 

Complete 
Partial 

Atrio-aortic (standard) 
Femoro-femoral 
None 

Cardiac arrest 
Cardioplegia: warm vs cold, anterograde vs retrograde, blood vs crytalloid 
Hypothermic fibrillatory arrest with continuous coronary perfusion 
None 

Stabilization 
Mechanical 

Epicardial traction sutures 
Coronary artery stabilizer 

Pharmacologic 
P-blockers 
Adenosine 
Calcium-channel blockers 

Neural 
Vagal stimulation 

Anastomoses 
Hand sewn 
Clipped: automated 

("beating heart"). Some operations, such as the limited anterior small thoracotomy 
advocated by Calafiore, would be termed "minimal access beating heart." A HeartPort 
approach would be categorized as "minimal access" whereas a sternotomy incision 
for an off-CPB procedure would be termed "beating heart." The connotation is that the 
ideal procedure would offer the smallest, least painful incision and the avoidance of CPB. 

With regard to valvular surgery, the terminology is more straightforward. At 
present, all approaches to valvular repair and replacement rely on the use of CPB and 
cardioplegic arrest. Hence, the term "minimal access" or "minimally invasive" val
vular surgery evoke the same image. To maintain consistency with the previous 
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definition of "invasive," these operations would be best categorized as minimal 
access valvular surgery because they all rely on extracorporeal circulation. 

Part of the goal of this book is to provide answers to these challenging questions. 
Which incisions fulfill the presented criteria and what alternatives exist to CPB? Are the 
small gains worth the effort? The experts spotlighted in this book will present their 
perspectives on these complex issues and will help lay the foundation on which current 
investigators can stand as they clarify what "minimally invasive" really means. 
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INTRODUCTION 

From the earliest clinical experiences with cardiopulmonary bypass (CPB) for cardiac 
operations, it was apparent that significant morbidity and mortality were associated with 
the CPB procedure itself (1 J. Often, only the contact of blood with the foreign material 
of the extracorporeal circuit was held responsible. However, CPB implies more than just 
connecting the circulation of the patient to an extracorporeal circuit, resulting in the 
material dependent activation of blood. With CPB a number of other nonphysiological 
events are introduced, including hemodilution, hypothermia, nonpulsatile blood flow, 
retransfusion of shed blood, and exclusion of the metabolic function of the lung, resulting 
in material independent activation. Together, these events cause the massive and sys
temic activation of the patients' defense systems with repercussions on nearly every 
organ system. Signs of this "whole body inflammatory reaction" can be observed in every 
postoperative patient. In a number of patients, especially neonates, the elderly, and those 
undergoing large procedures or with severe comorbidity, this phenomenon can escalate 
into the so-called postperfusion syndrome, which is characterized by elevated cardiac 
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output with decreased vascular resistance, capillary leak, and renal dysfunction, and is 
associated with increased mortality (2). 

The impressive clinical recovery that is achieved with so-called minimally invasive 
cardiac procedures without CPB further illustrates the deleterious effects of CPB. 
Recently, a biochemical evaluation in patients in whom coronary artery bypass grafting 
(CAB G) was accomplished using minimally invasive off-pump techniques was 
performed. We found no activation of complement, leukocytes, or platelets. This 
freedom of side effects on a biochemical level was supplemented by a 50% reduc
tion in postoperative blood loss, no need for transfusion of donor red blood cells, and 
a 40% reduction in ventilatory support time and hospital stay (3). Although these 
figures certainly support further expansion of minimally invasive procedures, the use of 
CPB for more complex and intracardiac repairs at present, cannot be obviated. The 
favorable results with minimally invasive procedures should act as a stimulus to 
improve the procedure of CPB. 

In this chapter, we discuss the various biochemical mechanisms that underlie the 
deleterious effects of CPB, methods to mitigate these effects, and guidelines for future 
developments. 

MATERIAL-DEPENDENT ACTIVATION 

In the past, activation of the contact system by the nonbiocompatible surface of the 
extracorporeal circuit was considered to be the initiating factor in blood activation in 
CPB, and to be responsible for most of the detrimental effects of CPB. Because the 
contact system is linked to the other humoral defense systems, its activation would result 
in activation of the kallikrein, fibrinolytic, and coagulation systems. The active products 
of these systems would cause, directly or indirectly, via activation of leukocytes, plate
lets, and endothelium, part of the detrimental effects of CPB (4). This concept is sup
ported by studies in simulated bypass models showing activation of the contact system 
by the extracorporeal circuit (5). However, clinical observations from patients with a 
deficiency in contact system proteins have undermined this concept. Indeed, patients 
with a severe deficiency of the primary factor of contact activation, factor XII, were 
shown to have similar patterns of thrombin generation as in healthy patients (6,7). More
over, data from recent clinical investigations have shown no change in the marker for 
contact activation, kallikrein-Cl esterase inhibitor complex between prebypass and 
bypass levels, and no increase of factor XIIa levels during CPB (8,9). Furthermore, the 
levels of a second marker for contact activation factor XIIa-C 1 esterase inhibitor complex 
during CPB remained below the detection limit in the majority of patients (8). Coagula
tion studies have shown that factor X activation and thrombin generation precede factor 
IX activation during CPB, which indicates activation through the extrinsic (tissue factor) 
pathway and not through the intrinsic (contact phase) pathway (9,10). From these data 
it appears justified to conclude that the role of the contact system in CPB needs to be 
redefined. 
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It is undisputed that the contact of blood with foreign materials results in the activation 
of the complement system. Complement is activated through one of two pathways: the 
"classical" or the "alternative" pathway. The latter is predominantly involved in comple
ment activation by biomaterials since it can be activated in the absence of specific anti
bodies (11). Both pathways form complexes named "C3 convertases" that cleave the 
third component of complement, C3, generating the anaphylatoxin C3a and a major 
cleavage fragment, C3b. Accumulation of C3b molecules onto the surface in the vicinity 
of C3 convertases changes the specificity of the C3-cleaving enzyme into a C5 convertase, 
resulting in the cleavage of C5, generation ofthe leukocyte-activating C5a, and recruit
ment of the terminal complement complex (TCC) C5-C9 (12). During CPB, C3a appears 
in the circulation after 10-20 min, followed by C5a and TCC (13). 

Although the composition of the artificial surfaces plays a predominant role in comple
ment activation during CPB, complement can also be activated by nonbiomaterial
dependent triggers. Contact of air with blood as it occurs in bubble oxygenators and in 
the cardiotomy suction line activates complement (14). This advantage of the membrane 
oxygenator, having no direct blood-air contact, may be nullified by its larger surface (15). 
Dextran 70 and, to a lesser extent, polygeline induce complement activation (16). Clas
sical pathway activation is also initiated by the interaction of C 1 with antigen-antibody 
complexes and, in some instances, with other activators, including some bacterial and 
viral surfaces and bacterial endo- or exotoxins (17,18). Furthermore, activation of the 
classical pathway occurs after administration of protamine through formation of hep
arin-protamine complexes (19,20). 

The effects of complement activation are mediated by the products C3a, C5a, and 
TCe. TCC, also called the membrane attack complex, deposits on erythrocytes and 
leukocytes to augment cell lysis and cell activation (21). Recently we found that TCC 
concentrations formed during pediatric CPB correlated with postoperative fever and gain 
in body weight (22). C3a and C5a are also called the anaphylatoxins. These molecules 
have chemotactic acti vity for neutrophils and monocytes (23) and induce cytokine release. 
Binding of C5a and C5a desArg to specific receptors on neutrophils induces: 

1. Aggregation of the cells and their adherence to endothelial cells (24,25); 
2. Release of reactive oxygen species that may damage the endothelium to which activated 

neutrophils have bound (26,27); 
3. Release of lysosomal enzymes (28); and 
4. Neosynthesis and release ofleukotrienes (29,30). 

Special attention has been paid to the lysosomal enzyme elastase, which affects the 
endothelial junctions (31) and enhances vascular permeability for blood proteins (32). 
The appearance of proteins, including elastase in the alveolar space, may be an important 
cause for surfactant dysfunction and decreased lung compliance, resulting in pulmonary 
dysfunction and possibly in the adult respiratory distress syndrome (33). 

Cytokines are released by monocytes, macrophages, endothelium, and other cells upon 
stimulation with the anaphylatoxins or the lipopolysaccharide endotoxin, a constituent 
of the cell wall of Gram-negative bacteria. A number of acute and chronic adverse 
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consequences, such as hypotension and an increased body temperature after extra
corporeal circulation, may be attributed to the cytokine interleukin-l (IL-I) (34). IL-I is 
an essential component of the inflammatory reaction and the immune response by 
its ability to stimulate neutrophil degranulation (35) and to activate T - and B-cells 
(36,37). The cytokine tumor necrosis factor (TNF), a mediator of the host response 
in sepsis, is derived from monocytes and macrophages (38). It has some common 
properties with IL-I such as induction of fever (39). TNF induces procoagulant 
activity (40) and IL-I release (39,41) from endothelial cells by interaction with 
specific receptors. TNF generation has been measured in CPB patients and was 
assumed to be associated with endotoxin release (42,43). Interleukin-6 (IL-6) is 
produced by activated monocytes, endothelial cells, fibroblasts, and T - and B-cells. 
It is therefore a general marker of blood and tissue damage, observed in a variety of 
surgical interventions and diseases. In CPB, IL-6 is of interest by its correlation with 
the ischemic time during cross-clamping (44): four hours after CPB, peak levels of 
IL-6 are observed (45). Next to its function as a marker for inflammation, IL-6 
generated in the ischemic myocardium appeared to induce intercellular adhesion 
molecule-l (ICAM-l) on the myocyte surface, which could be held responsible for 
granulocyte adhesion in the myocardial tissue after reperfusion of the ischemic heart 
(46). IL-8, similar to IL-6, is produced in several cell types, including alveolar mac
rophages, fibroblasts, lymphocytes, and endothelial cells. IL-8 plays an important 
role in leukocyte activation and contributes to myocyte reperfusion injury. Its responses 
have been reported to be at maximum during or 2 h after CPB (44,47), which is faster 
than other proinflammatory cytokines. IL-8 release is thought to be dependent on C5a 
generation (48). IL-lO was recently reported as an anti-inflammatory cytokine that 
deactivates monocytes and macrophages and thus likely reduces release of IL-6, IL-8, 
and TNF.lts rapid release within I h after CPB may offer important negative feedback 
to further TNF production (44). 

Adhesion molecules playa major role in the recruitment of neutrophils to the site of 
inflammation. Multiple steps are involved in this process. In each step, a different family 
of adhesion molecules takes part. The rolling phase of neutrophils over the endothelial 
layer is mediated by the selectin family, the E-, L-, and P-selectins and their ligands. The 
next step, the activation and adhesion of the neutrophils to the endothelium, is regulated 
by the integrin family and their ligands. The final step of transendothelial migration is 
mediated by these two families of adhesion molecules, the selectins, and integrins. It was 
found that soluble isoforms of these adhesion molecules can be found in circulation. In 
addition, these soluble isoforms appeared useful as markers of disease activity and they 
have physiologic effects (49). 

E-selectin is a specific marker for endothelial activation. The soluble form is biologi
cally active in its capacity to bind to neutrophils. High concentrations of (recombinant) 
E-selectin can inhibit neutrophil adhesion. L-selectin is produced by leukocytes after 
stimulation with chemotactic peptides, IL-8, or endotoxin, and enhances the binding of 
leukocytes to (inflammed) endothelium. P-selectin is produced by platelets and endothe
lium and mediates the interaction with neutrophils and some lymphocyte subsets. It has 
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been suggested that P-selectin has anti-inflammatory effects, shown by reduced oxygen 
radical production by neutrophils and by the inhibition of integrin-mediated adhesion of 
neutrophils (49). The most extensively studied integrin in the field of CPB surgery is 
CDllb/CDI8, previously called Mac-lor CR3 (50,51). The increased adhesiveness of 
neutrophils following incubation with C5a and C5a desArg is dependent on the enhance
ment of membrane expression of the adhesion-promoting glycoprotein Mac-Ion the 
cells (52). The integrins bind to the ECAM-l, ICAM-l, and VCAM-l, which are consti
tutionally expressed ligands on endothelium (53). 

The expression of CD 11 b/CD 18 and L-selectin have been used as markers for neutro
phil activation during CPB (54). CD18 expression increased immediately at the start of 
CPB, whereas L-selectin was shed from the neutrophil surface, shown by a gradual loss 
during 60 min ofCPB. Similarly, instant activation of platelets, reflected by a decreased 
expression of the adhesive receptor Gplb after initiation of CPB has been reported (55). 
Markers for activation of the complement, coagulation or fibrinolytic systems do not 
show such rapid increases at the onset of CPB but rather increase slowly during the 
procedure. Therefore, the stimulus for this rapid activation of platelets and neutrophils 
is unclear. It is possible that direct activation by the foreign surface is involved. Another 
explanation could be the production of trace amounts of activators, not distinguishable 
systemically, on the surface ofthe extracorporeal circuit (56). Based on the observations 
of fast cellular responses to extracorporeal circulation, the generally used activation 
scheme-contact activation leads to activation of humoral defense systems, which leads 
to activation of cells-probably needs to be revised. Most likely, the activated cell mem
branes and the cell constituents form major triggers for activation of the hemostatic and 
inflammatory reactions to CPB. 

The endothelium plays an important role in the regulation of vascular tone. Two 
systems are involved in this regulation: the nitric oxide (NO)/endothelin and the 
prostacyclin/thromboxane systems. Both systems are affected by the inflammatory 
response after CPB. NO was formerly known as endothelium-derived relaxing factor. It 
is formed by two synthases, a constitutive form, which produces NO in picomolar 
quantities, and an inducible form , which produces nanomolar amounts of NO (57). 
The activity of the inducible form is increased by endotoxin, TNF, and IL-I. Increased 
NO concentrations are found during and after CPB, and might have a role in the vasoplegic 
syndrome affecting some patients after cardiac procedures (57). The cardiodepressive 
effect of IL-6 and TNF was shown to result from increased NO production through 
inducible synthase activation (58). Moreover, NO in high concentrations has been 
implicated in vascular, lung, and bowel injury (59). The counterpart of NO is endothelin, 
a small peptide with potent vasoconstrictive capacities that is produced by endothelium, 
macrophages, and the hypothalamus (60,61 ). Institution of CPB results in a rapid increase 
of endothelin, which is likely the result of a neurohumoral response to decreased blood 
pressure. During CPB, a slow increase of endothelin concentrations can be observed that 
correlates with endotoxin concentrations (62). Inappropriate endothelin concentrations 
can cause pulmonary hypertension, myocardial ischemia, and might have a role in 
perioperative gut ischemia (62-64). 
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Prostacyclin and thromboxane are products of the cyclooxygenase pathway located in 
platelets and endothelium. Prostacyclin (PGI2) is produced by endothelial cyclo
oxygenase. It is a potent vasodilator and inhibits platelet adhesion to endothelium in 
synergy with NO. Thromboxane B2 (TXB2) is produced by activated platelets and results 
in irreversible platelet aggregation and vasoconstriction. The balance between 
prostacyclin and TBX2 can be modified with acetylsalicylic acid, which irreversibly 
inhibits platelet cyclooxygenase. This is a common therapy in patients with coronary 
heart disease. During CPB, prostacyclin levels are increased owing to the presence of 
heparin. Following platelet activation, TBX2 levels are increased during and after CPB 
(65). This results in a disturbed balance between prostacyclin and TBX2 in the immediate 
postoperative period, which might have an influence on graft patency. It has been advo
cated to continue acetylsalicylic acid therapy in the perioperative period, but fear of 
increased postoperative bleeding has discouraged many centers to adopt this policy. 
Since treatment with aprotinin effectively inhibits the increased bleeding in acetylsali
cylic acid-treated patients but maintains the effect of acetylsalicylic acid on platelets, this 
policy is no longer warranted (66). 

METHODS TO ATTENUATE MATERIAL-DEPENDENT ACTIVATION 

Heparin Coating 

A large improvement in the biocompatibility of the extracorporeal circuit was expected 
with the development of heparin-coated extracorporeal circuits. The concept behind 
heparin coating is to mimic the endothelial surface that contains heparan-sulphate. Cur
rently two types of heparin coating are commercially available for extracorporeal cir
cuits. In the first, heparin is ionic ally bound to the polymeric surface of the extracorporeal 
circuit (Duraflo II, Baxter, Irvine, CA). The second type of coating uses covalently bound 
heparin (Carmeda, Medtronic, Minneapolis, MN; Bioline, Jostra, Hirrlingen, Germany). 
Both coatings have been extensively studied during the past decade. The most striking 
effect of heparin-coated circuits is the reduction of complement activation, which has 
been estimated at45% (67). Another study comparing Duraflo II with Carmeda coatings 
demonstrated a 25% reduction with both coatings (68). The reductions are most promi
nent in C5a and TCC levels, probably owing to their slower clearance. Secondary to the 
reduced complement activation, the inflammatory responses of leukocytes, platelets and 
endothelium are attenuated, resulting in reduced lactoferin and myeloperoxidase levels 
(69,70), IL-6, IL-8, and E-selectin (71,72), oxygen-free radical production (73), integrin 
and selectin response of platelets (74), and platelet B-thromboglobulin release (75). 

Although heparin coating is effective in reducing complement activation through the 
alternative pathway, classical pathway activation after protamine infusion was also shown 
to be reduced (76). This might indicate that a key component of the complement system 
is either inactivated or bound by the coating (77). 

Levels of kallikrein-Cl esterase inhibitor complex, a marker for contact activation, 
were shown to be reduced during CPB with heparin-coated circuits, but remained 
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unchanged when uncoated circuits were used (8). Binding of factor XII to the coating 
could be responsible for this observation (78). 

Contrary to initial expectations, thrombin generation and the activity of the fibrin
olytic system are not reduced with heparin coating (79,80). Improved hemostasis, 
reflected by a decrease in perioperative blood loss and transfusions, with the use of coated 
circuits has been reported only anecdotally. These results were obtained when heparin 
coating was combined with a lower dose of systemic heparin (81,82). However, the use 
of a decreased dose of heparin in conjunction with heparin-coated circuitry is not consid
ered to be safe and is indicated only in special circumstances (83). 

Although substantial reductions in blood activation can be obtained with heparin
coated circuits, it has been proven difficult to translate these into an improved clinical 
performance. In one study, a decreased intrapulmonary shunt with improved respiratory 
index was found after CPB with heparin-coated circuits. However, intubation time 
and intensive care unit (lCU) stay were not affected (84). A composite score, consisting 
of intubation time, the central-peripheral temperature difference, and postoperative fluid 
balance was significantly reduced with heparin-coated circuits (85). Similarly, a compos
ite score of adverse events after coronary surgery was improved by using heparin-coated 
circuits (86,87). In a multicenter European trial, a significantly better postoperative 
recovery was found in females and in patients with cross-clamp times exceeding 60 min 
when heparin-coated circuits were used (88). 

Aprotinin 

Aprotinin is a polypeptide processed from bovine lung that acts as an inhibitor of serine 
proteases such as plasmin, trypsin, and kallikrein (89). It was first introduced into cardiac 
surgery in an attempt to reduce complement activation during CPB. Although this attempt 
failed, "bone-dry" operative fields with significantly reduced postoperative blood loss 
and peri operative homologous blood product use were noted (90). Since these initial 
reports, use of aprotinin has become widespread as an adjunct in blood-saving programs 
in cardiac surgery. Two dosage regimens with aprotinin have evolved, the low 
"Groningen" and the high "Hammersmith" dosages, which have a similar efficacy in 
reducing blood loss and transfusion requirements (91-93). More recently, encouraging 
results were obtained with aprotinin administered topically to the pericardial sac (94). 

Owing to its nonspecific mode of action, aprotinin has several effects. Most notably 
aprotinin preserves platelet function by preventing the acute loss of the Gp 1 b adhesive recep
tor expression on platelets that occurs at the onset of CPB (55). The mechanism underlying 
this protective effect has not been elucidated. Possibly, aprotinin inhibits the activity or 
production of trace amounts of agonists on the surface of the extracorporeal circuit, or inter
feres with the interaction between the platelet and the foreign surface. Inhibition of 
hyperfibrinolysis is a second mechanism by which aprotinin reduces bleeding in CPB, and 
probably explains the efficacy of topically administered aprotinin and other antifibrinolytic 
agents (95,96). Aprotinin has also been shown to protect platelets against the inhibitory 
effect of heparin, a phenomenon present in 30% of the patients that is not clarified (97). 



16 Part I / Physiology of Injury 

A number of anti-inflammatory effects of aprotinin have been demonstrated. In simu
lated bypass, aprotinin inhibited contact, complement, and neutrophil activation (98). 
During CPB, aprotinin and high-dose methylprednisolone equally inhibited upregulation 
of neutrophil CD 11 b expression and TNF levels (99). Bronchoalveolar lavage fluid 
obtained from patients after CPB contained fewer neutrophils and less IL-8 when aprotinin 
was used during CPB (100). In vitro, aprotinin inhibits expression of the cytokine induc
ible form of nitric oxide synthase (101), resulting in decreased airway NO levels (102). 

Many clinicians have cautioned against the liberal use of aprotinin, arguing that the 
inhibition of fibrinolysis might increase thrombo-embolic complications, and espe
cially, occlusion of the thrombogenic de-endothelialized vein grafts (103-105). Others 
have implicated inhibition of activated protein C, a pivotal factor in the regulation of 
coagulation, by aprotinin as a cause for thromboembolic complications (106). Although 
thrombo-embolic complications after aprotinin treatment have been reported only 
incidentally, it appears to be safer to use the lowest effective dose of aprotinin during 
CPB. Currently, the low-dosage regimen and topical aprotinin meet this criterion. As 
for the inhibition of activated protein C, we recently demonstrated that aprotinin treat
ment, with either low- or high-dose, does not change the pattern of activation of the 
protein C system (107). 

Corticosteroids 

Administration of high-dose corticosteroids has been shown to attenuate the inflam
matory response induced by CPB and to improve the postoperative course (42). Although 
inhibition of the alternative pathway by methylprednisolone has been demonstrated ( 108), 
C3a and elastase levels during CPB were not influenced by high-dose corticosteroids 
(109,110). The cytokine response during CPB is markedly modulated by high-dose 
corticosteroids. Increase of the inflammatory cytokines IL-6, IL-8, and TNF is prevented 
whereas concentrations of the anti-inflammatory IL-IO increase lO-fold (111-114). 
Reduced cytokine-mediated activation of neutrophils results in reduced CD 11 b expres
sion and leukotriene B4 release (110,115). Moreover, leukocyte adhesion to endothelium 
is reduced because glucocorticoids inhibit the expression of ICAM-I to which CDllb 
adheres ( 116). The attenuated inflammatory response with high-dose corticosteroids has 
been associated with enhanced myocardial recovery, reduced pulmonary damage, and 
overall better clinical recovery after CPB (108,117,118). 

MATERIAL-INDEPENDENT ACTIVATION 

Cardiotomy Suction 

Blood collected in the pericardium is highly activated by tissue factor and t-PA, and 
is rich in the highly procoagulant microparticles derived from damaged platelets and 
erythrocytes (119,120). Tissue factor is not expressed by pericardium, but enters the 
pericardium from the surgical wounds (121). Being a mesothelial surface, pericardium 
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is rich in t-PA (122). In vitro experiments have indicated that the activation of pericardia I 
blood is triggered by the extrinsic (tissue factor) coagulation system and that the acti
vation of fibrinolysis is secondary (119). Retransfusion of the activated blood intro
duces fibrin(ogen) degradation products into the circulation that interfere with platelet 
receptors, fibrinogen binding to platelets, and clot formation (123,124). Moreover, acti
vators are retransfused, which can result in further systemic activation and impaired 
hemostasis (125). Similarly, retransfusion of mediastinally shed blood after operation 
was shown to result in a dose-dependent inflammatory response, impaired hemostasis, 
and increased bleeding (126). Nevertheless, with a limited amount of retransfusion, 
reductions in blood use could be achieved (127). 

There are several ways to reduce the activation of pericardial blood. Use of a controlled 
suction device, which incorporates a level sensor that is activated when blood accumu
lates in the pericardium, minimizes superfluous suctioning and air entering the suction 
line and, thus, the formation of activating air-blood interfaces (128). Reduction of the 
contact time between blood and pericardium might have additional effects. 

Topical administration of aprotinin into the surgical wound and the pericardium can 
inhibit the hyperfibrinolysis that occurs in the pericardial blood and improve hemostasis 
(94). Since heparin levels in pericardial blood were shown to be lower than systemic 
levels, topical administration of heparin might also reduce the activation of pericardial 
blood, by reducing thrombin activity (119). 

Ischemia and Reperjusion 

The negative effect of ischemia on the heart after cross-clamping of the aorta is attenu
ated by reducing the metabolic demand of the myocardium with cooling and cardiople
gia. Nevertheless, ischemia either will occur or is already present owing to the disease 
process that is being treated. This ischemia will reduce high energy phosphate content of 
cells and may cause a degree of reversible and irreversible myocardial damage. Proposed 
mediators of reperfusion injury following ischemia involve the generation of oxygen
free radicals that are produced via the xanthine oxidase reaction (129) and by activated 
neutrophils (130) . Exposure of the ischemic endothelium to oxygen-free radicals induces 
a rapid upregulation of P-selectin and integrin expression (131). At reperfusion, this 
process results in the accumulation of more activated neutrophils, which shed their 
cytotoxic enzymes, cytokines, and oxygen-free radicals on the endothelium, leading to 
tissue injury. Damage to receptors involved in the activation of constitutive NO synthase 
will reduce NO production, and, as a consequence, coronary spasm and the no-reflow 
phenomenon can occur (132). Possible ways to reduce reperfusion damage include the 
use of oxygen radical scavengers (133), inhibition of xanthine oxidase by allopurinol ( 134 ), 
or prevention of ischemia by using continuous blood cardioplegia techniques (135). 

Respiratory dysfunction is a well-recognized side effect of cardiac operations. One
quarter of uncomplicated CPB patients still have a significant respiratory impairment 1 wk 
after operation ( 13 6). A proportion of these impairments can be attributed to deteriorated 
breathing mechanics as a result of surgical factors (e.g., wound pain, drains, effusions). 
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The effects of CPB primarily involve gas flow and gas exchange owing to parenchymal 
damage (137). 

Bronchial circulation will protect the lung parenchyma from ischemia during aortic 
cross-clamping. However, low or absent flow in the pulmonary circulation during aortic 
cross-clamping does occur and will result in similar reperfusion phenomena as in the 
myocardium. This is supported by the positive role of inhaled NO or intravenous NO 
donors in the treatment of postperfusion pulmonary dysfunction (138,139). Apart from 
reperfusion injury, other factors unique to the lung render it more susceptible to damage 
by CPB. First, the lung filters the venous circulation, and hence, all active or activating 
substances and cells generated during CPB transit the pulmonary circulation. Second, the 
lung capillaries are smaller in diameter than the average systemic capillaries, resulting 
in preferential trapping of aggregates in the lung. Third, a considerable pool of neutro
phils is present in the lungs (140). The importance of neutrophils in inducing lung damage 
is illustrated by the correlation of post -operative shunt fraction and respiratory index with 
elastase levels (141). Animal experiments demonstrated that leukocyte depletion by 
filtration reduced heart and lung reperfusion injury (142). Clinically, the use ofleukocyte 
filters transiently improved the pulmonary shunt fraction and the mean arterial pressure 
(143). In another study, postbypass filtration of2 L of heart-lung machine blood signifi
cantly improved the postoperative lung function (144). Maintenance of some pulmonary 
flow during aortic cross-clamping, as is achieved with the use of two-stage venous 
cannulas, was shown to prevent the increase in extravascular lung water content and 
preserve endothelin clearance (145,146). This concept is expanded by using the Drew 
perfusion technique, in which no oxygenator is used but the patient's lungs provide 
oxygenation through separate perfusion of the systemic and pulmonary circulations (147). 
Use of this technique resulted in reduced pulmonary leukocyte sequestration and comple
ment activation (148). 

Hemodilution 

At the initiation of CPB, mixing the patient's blood with the relatively large 
asanguineous pump prime results in a sudden hemodilution. Although moderate hemodi
lution is considered beneficial in the setting ofCPB, unwanted side effects do occur. More 
specifically, hemodilution can reduce the plasma colloid oncotic pressure to borderline 
values, resulting in transcapillary oncotic imbalance. Consequently, important fluid shifts 
toward the interstitial tissue take place, contributing to edema formation, hypovolemia, 
and impaired oxygen delivery to vital organs such as the digestive tract (149,150). 
Reduction of the priming volume of the extracorporeal circuit was demonstrated to 
attenuate the hyperdynamic response to CPB, as measured by fluid load, arterial pressure, 
cardiac index, vascular resistance, and oxygen delivery (151). Furthermore, endotoxin 
levels, probably derived from ischemic intestines, were reduced in these patients. 
Increasing the colloid oncotic pressure of the priming solution by replacing crystalloids 
with colloids similarly improved the postoperative course and resulted in reduced hos
pital stay (152). Reduction of priming volumes also results in important savings in the use 
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of donor blood by two mechanisms (151 ). First, the reduction of hemodilution will allow 
for predonation of relatively large volumes of blood in the majority of patients while 
maintaining a sufficiently high hematocrit during perfusion. Retransfusion of predonated 
blood after perfusion has been shown to improve hemostasis (153). Second, the attenu
ated hyperdynamic response will reduce the need for fluid administration and thus further 
hemodilution during and after perfusion (152). Other methods to prevent or treat exces
sive hemodilution during extracorporeal circulation, such as the use of blood cardiople
gia or peri operative hemofiltration, were shown to further reduce the need for blood 
transfusions in coronary surgery (154). 

Hypothermia 

Hypothermic perfusion has, for a long time, been a standard procedure during CPB. 
In addition to its effect on cell metabolism, a reduction of the inflammatory reaction can 
be anticipated. Indeed, during normothermic perfusion, compared to hypothermic con
ditions, IL-l, IL-6, TNF, and elastase levels were higher (155,156). Also the production 
of E-selectin was reduced, and CD 11 b upregulation was delayed at low temperature, 
which could account for reduced leukocyte adherence to the vasculature after reperfusion 
(157,158). Other researchers have found a similar release of cytokines at normothermia 
(>36.5°C) compared to hypothermia (159). 

Although normothermic CPB appears to induce a more severe inflammatory reaction 
on a biochemical level, this is not reflected in clinical parameters. No difference in 
adverse events such as perioperative infarctions, use of an intra-aortic balloon pump, 
length ofICU stay, or mortality were observed (160). However, vasopressors are used 
more frequently in normothermic perfusion, probably as a result of reduced endothelin-
1 release (160,161). Other studies reported improved pulmonary function with shorter 
intubation times after normothermic CPB (162,163). 

When considering normothermic CPB, neuroprotection is of special interest. Cogni
tive impairment can be identified in up to 45% of patients who undergo CPB, and focal 
deficits in 1-3% (164,165). The cerebral damage is mainly caused by emboli. Focal 
defects are the result oflarge emboli that originate from surgical manipulation of the heart 
and aorta. Microemboli are thought to be responsible for the more subtle neurologic 
defects detected in neuropsychological testing (166). With the use of a particle counter, 
it was found that a bubble oxygenator produced more microemboli of 15-80).lm than a 
membrane oxygenator, but that 80% of all particles were produced in the blood circula
tion owing to cardiotomy suction (167). The small capillary and arteriolar dilatations, 
caused by diffuse depositions of acellular fatty materials found postmortem in the brains of 
patients who have recently undergone CPB might be the result of these microemboli (168). 

Several studies have addressed the issue of perfusion temperature and cerebral protec
tion, often with the use of an impressive battery of neuropsychological tests (169-174). 
The results of these studies are contradictory and current opinion is far from conclusive. 
In many centers, an intermediate course with temperatures between 32 and 35°C is 
followed. Recently specific markers for cerebral damage such as the S-1 00 protein and 
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neuron-specific enolase have become available (175). A correlation of CPB time with 
levels of S-lOO could be explained by intensified suction in these patients (176). Simi
larly, intracardiac operations appeared to be associated with higher S-lOO levels than 
CABG operations and the use of an arterial filter with reduced S-lOO levels in CABG 
operations (177,178). These assays will aid the development of improved neuroprotective 
strategies in CPB. 

Heparin 

Since blood will clot in an extracorporeal circuit, strict anticoagulation is necessary. 
Traditionally, heparin is used for this purpose because of its easy dosage, control of 
efficacy and the availability of an antidote. However, heparin does have side effects. 
Despite adequate heparin levels, thrombin generation can be detected during CPB. 
Moreover, heparin administration results in a rapid release of t -P A from its body sources, 
which may induce fibrinol ysis (42,179,180). Recently in vitro inhibition of platelet func
tion by heparin was reported (181). This inhibition, which was present in more than 30% 
of the study population, was associated with an increased postoperative blood loss. 
Heparin also has activating properties on granulocytes and platelets (182,183). With the 
neutralization of heparin with protamine, complexes are formed that activate the comple
ment system through the classical pathway. This classical pathway activation correlates 
with postoperative pulmonary shunt fraction (184). The recombinant form of platelet 
factor 4, a polypeptide present in platelets that binds and inhibits heparin, could become 
an attractive alternative to protamine (185,186). 

The disadvantages related to heparin and protamine have prompted a search for better 
anticoagulants. Hirudin, a selective thrombin inhibitor derived from leeches, is frequently 
named as an attractive alternative. Animal studies comparing recombinant hirudin with 
heparin demonstrated good clinical results without increased bleeding tendency (187). 
Unlike heparin, however, hirudin only inhibits thrombin; it does not prevent its forma
tion. This could result in the escape of small amounts of thrombin, as was demonstrated 
in vitro (188). The absence of an inhibitory effect of hirudin on components higher in the 
coagulation cascade will not prevent an ongoing activation at this level and might result 
in depletion of these factors (189). Finally, an antidote to hirudin is not available. Based 
on these considerations, replacement of heparin with hirudin is not to be advised. Perhaps 
there is a role for hirudin as an adjunct to heparin. 

FUTURE DEVELOPMENTS 

From the previous sections, it is clear that a multitude of factors are involved in the 
detrimental effects ofCPB. Therefore, substantial improvements in the procedure ofCPB 
can be obtained only when a multifactorial approach is followed, directed at both material
dependent and -independent factors. Thus, biocompatibility of material surfaces has to be 
improved, and material-independent sources of blood activation should be controlled by 
adaptation of perfusion techniques and, when necessary, pharmacological intervention. 
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Based on current insights and available technologies, we propose a novel system for 
CPB aimed at minimal disturbance of the patient's homeostasis. Primary in this system 
is a newly designed low-prime, closed volume, and hemocompatible extracorporeal 
circuit. The basic principle of this circuit is to abandon the use of gravity drainage and 
to use a veno-arterial blood pump instead. This allows placement of the device close to 
the patient. Together with a low-prime oxygenator with an integrated arterial filter, a 
drastic reduction of the prime-volume will be achieved. Handling of air in such a system 
is more complicated and will require an advanced air-trapping mechanism. The car
diotomy reservoir will be connected to a controlled suction or a cell-saving device. All 
components of the circuit will be coated with heparin and primed with aprotinin. 

The described system is expected to provide a more physiological perfusion. The 
reduced prime-volumes will avoid hemodilution, hypo-oncotic pressures, and fluid shifts, 
ensuring improved preservation of the patient's autoregulatory mechanisms and better 
hemodynamic stability and organ perfusion. The use of controlled suction will minimize 
the contact time between blood and nonendothelialized tissues, thus avoiding activation 
of the coagulation and fibrinolytic systems. Addition of heparin, hirudin, or aprotinin to 
the pericardial sac can be of further aid to achieve this goal. An alternative to controlled 
suction might be the use of a cell-saving device, which separates red cells from the fluid 
in the pericardial sac. In the proposed system, heparin coating is used. However, it should 
be emphasized that this coating results in only a 25-45% reduction in complement acti
vation and, to a lesser extent, inhibits contact activation. Although contact activation can 
be inhibited by the addition of aprotinin to the pump-prime, the problem of complement 
activation will persist. Since the mechanism of heparin coating is probably the result of 
absorption of an essential factor of the complement system, it does not seem pragmatic 
to improve the efficacy of the heparin coating. Instead, research should be focused at the 
development of biologically active coatings that actually prevent the activation of the 
humoral and cellular components of blood. 
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INTRODUCTION 

In conventional cardiac surgery, use of cardiopulmonary bypass (CPB) initiates a 
series of events best-characterized as a "whole body inflammatory response," with acti
vation of coagulation, fibrinolysis, and inflammatory cascades (1-3). Perturbation and 
activation of the endothelium are central in this response (4-6). However, with the emer
gence of minimally invasive techniques that allow coronary artery bypass grafts to be 
performed on a beating heart without CPB, it is likely that diminished acute systemic 
endothelial activation will result. 

Despite the absence of CPB, minimally invasive cardiac procedures may still be 
associated with local endothelial perturbation. Specifically, mechanical trauma from 
manipulation of the target vessels, the force of air and desiccation directly on the endo
thelial surface from the blower required to maintain operative field visibility, trauma 
from traction tapes placed on either side of the target vessel, and warm temperature 
ischemia/reperfusion injury all represent circumstances in which endothelial injury may 
ensue. Acutely, endothelial cell injury is likely to stimulate procoagulant mechanisms, 
thereby presenting unique challenges in perioperative anticoagulation strategies. In the 
chronic setting, local endothelial cell injury may contribute to the development of intimal 
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1. Expression of leukocyte adhesion molecules 

2. Procoagulant changes 
tissue factor expression 
plasminogen activator inhibitor 
decreased thrombomodulin 

3. Changes in vascular tone 
relaxation (NO, prostacyclin, adenosine) 
contraction ( endothelin, leukotrienes, 

angiotensin II) 

4. Vascular wall remodeling 
intimal hyperplasia 
atherosclerosis 

Fig. 1. Endothelial cell response to injury. Acute and chronic endothelial cell injury results in 
endothelial cell activation, a response that results in expression of leukocyte adhesion molecules, 
promotion oftransendothelial cell migration, coagulation, changes in vascular tone, and a smooth 
muscle fibroproliferative response that contributes to vascular wall remodeling. NO, nitric oxide. 

hyperplasia at the anastomotic site, as well as to the progression of atherosclerosis, (7,8) 
both of which will influence the long-term outcome of these grafts. Therefore, delinea
tion of endothelial cell injury and activation in minimally invasive cardiac surgery will 
be critical in assessing overall efficacy and safety. 

ACUTE ENDOTHELIAL INJURY AT THE ANASTOMOSIS 

Endothelial cells are extremely sensitive to injurious stimuli, such as hypoxia, expo
sure to cytokines, endotoxin, or physical injury, in the form of surgical manipulation or 
shear stress. All of these may initiate changes that mediate endothelial cell participation 
in the inflammatory response (9-13). In this setting, endothelial cell activation causes 
endothelial-derived factors to enhance vasoconstriction, coagulation, leukocyte adher
ence, and proliferation of smooth muscle cells (Fig. 1). Although these proinflammatory, 
procoagulant, and proliferative changes likely exist as protective mechanisms, an exag
gerated response may portend suboptimal immediate and long-term outcome in cardio
vascular surgery. 

VASOMOTOR DYSFUNCTION AT THE ANASTOMOSIS 

Endothelial-mediated vasomotor dysfunction may profoundly affect the immediate 
anastomotic outcome because endothelial cells produce factors that act both locally and 
remotely to influence vascular tone (14). For example, constitutively expressed relaxant 
factors such as nitric oxide (NO), prostacyclin, and adenosine act to promote vascular 
patency by dilating vessels and preventing thrombosis (15) whereas endothelin, 
leukotrienes, and angiotensin II promote increased vascular tone. 
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Most patients with end-stage coronary artery disease complicated by advancing age, 
diabetes mellitus, hypertension, hypercholesterolemia, and arteriosclerosis have preex
isting impairment of vasomotor control with a decreased capacity to produce relaxant 
factors (16). Also, the intraoperative and postoperative milieu in cardiovascular surgery 
may contribute additionally to vasomotor dysfunction. In response to injury such as 
ischemia-reperfusion injury or direct manipulation, endothelial cells not only lose their 
ability to promote vasodilation, but also produce potent vasoconstrictive agents such as 
endothelin, thromboxane A2 (TXA2), and angiotensin II (17). Endothelial cell injury in 
response to hypoxia and exposure to cytokines further causes the production of super
oxide-free radicals, which increase vascular tone by quenching NO (18). Such increased 
vascular reactivity may predispose to coronary spasm or spasm of the internal mammary 
artery conduit. Although not yet specifically defined in the setting of off-pump bypass 
grafting, preliminary experience with these procedures has suggested that vascular reac
tivity will emerge as a major factor contributing to the immediate and long-term success 
of this procedure. Increased understanding of endothelial cell injury will allow therapeu
tic interventions that may maximize the acute and long-term graft patency and outcome 
of these procedures. 

PROCOAGULANT ALTERATIONS AT THE ANASTOMOSIS 

The vascular endothelium plays a central role in the regulation of coagulation through 
the constitutive expression and release of anticoagulant factors, and the inducible expres
sion of procoagulant substances (19). Activation of endothelial cells may lead to signifi
cant dysregulation of these normally homeostatic properties, ultimately promoting both 
bleeding and thrombosis (20). 

The central role of the endothelial cell in maintaining blood fluidity has been well 
defined (20,21). In the resting state, blood is maintained in a fluid form by endothelial 
cells and circulating plasma protein inhibitors such as antithrombin III (A TIll) and 
antitrypsin, which act by scavenging circulating thrombin. Furthermore, endothelial 
cells are coated with proteoglycans that form a repellent surface for plasma coagulation 
proteins. Heparin is incorporated into this proteoglycan surface, geometrically potenti
ating the action of circulating A TIll. Endothelial cells also normally express the surface 
protein thrombomodulin, which actively prevents the promotion of the coagulation cas
cade by binding with proteins C and S, thereby also resulting in the inhibition of thrombin 
(22,23). Proteins C and S contribute to the anticoagulant response by inhibiting the 
cofactors of factors Va and VIlla (Fig. 2) (24). The endothelium also constitutively 
releases tissue factor pathway inhibitor, which inhibits the extrinsic system after VIla is 
generated. Furthermore, coagulation is prevented by endothelial-deri ved substances such 
as NO, which is released into the local environment and acts not only as a potent vasodi
lator but also as a potent localized platelet and neutrophil inhibitor (15,18). In addition, 
endothelial-derived prostaglandins and adenosine inhibit platelet aggregation (13). 

In response to endothelial injury, therefore, a loss of many of the natural anticoagulant 
mechanisms and a generalized procoagulant phenotype emerges that is characterized by 
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PAI-I neutralization Factor ValVIIIa inactive form 

Fig. 2. Protein C-thrombomodulin anticoagulant pathway. Dotted lines indicate neutralization or 
inactivation. 

three principal mechanisms that function to minimize blood loss (20). First, there is the 
vascular response to injury that promotes vasoconstriction. Second, platelets adhere to 
sites of injury and become activated, releasing von Willebrand factor and other molecules 
that increase platelet adhesiveness and accelerate coagulation. Third, a series of reactions 
are triggered that result in activation of the coagulation cascade and the ultimate forma
tion of insoluble fibrin, which binds avidly to platelet surfaces, forming a solid clot (Fig. 3). 

In homeostasis, there is a delicate balance between clot formation and clot dissolution. 
In response to local and systemic injury, however, the balance may tip toward systemic 
breakdown, or the formation of clots may result (25-27). The extent of the ensuing 
procoagulant phenotype is also greatly affected by the degree of plasminogen activation 
and fibrinolysis. The fibrinolytic system is a complex cascade of serine proteases and 
their inhibitors that regulates the conversion of plasminogen to the protease plasmin (27). 
Plasmin controls the reaction of clot acceleration by degrading fibrinogen and fibrin (Fig. 4). 
The degree of plasmin formation is regulated by the balance between plasminogen acti
vators such as t-PA and serum urokinase plasminogen activator, and plasminogen acti
vator inhibitors such as PAI-1 (28), which prevent fibrinolysis by binding with and 
deactivating t -P A. PAl -1 is upregulated when endothelial cells are activated by sub
stances such as cytokines. When procoagulant surface alterations are enhanced, there
fore, many of the anticoagulant mechanisms are concurrently downregulated (e.g., 
thrombomodulin, proteins C and S), promoting an overall procoagulant surface. In states 
of generalized inflammation, such as that seen after CPB, endothelial cells initially 
promote fibrinolysis by releasing t-PA stores, and then thrombosis by the loss of consti
tutive antithrombin mechanisms, the inducible expression of tissue factor and the release 
of PAI-1 (28-30). 
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Fig. 3. Overview of the hemostatic mechanism. Endothelial injury results in changes that promote 
vasoconstriction, platelet adhesion and aggregation, as well as the acceleration of coagulation, all 
of which together promote solid clot formation, resulting in hemostasis. TXA2 , thromboxane A2 ; 

PF3, platelet factor 3. 
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Fig. 4. Fibrinolytic enzyme system. Fibrin deposits, both intravascular and extravascular, are removed 
in healthy individuals via the fibrinolytic enzyme system. Abnormally increased activity in this 
system may result in premature or excessive fibrin removal from wounds, with consequent hemor
rhage. t-PA, tissue plasminogen activator; u-PA, urinary plasminogen activator (urokinase); 
PAl; plasminogen activator inhibitor; (X2M, (Xl anti-trypsin; FDP, fibrin-degradation product. 

In minimally invasive coronary artery bypass grafting (MICABG), however, fibrin
olytic responses are less likely, thereby favoring overall a procoagulant, rather than an 
antithrombotic, response at the anastomosis. Factors that may contribute to local endo-
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thelial cell injury and activation include direct mechanical trauma to the endothelial 
surface on manipulation of the target vessels, traction tapes placed on either side of the 
vessel, and air blown onto the anastomosis to create a dry operative field, which may also 
directly damage the endothelial surface by desiccation. Finally, warm temperature 
ischemic injury during the anastomosis with subsequent reperfusion will likely activate 
the endothelium as well. 

All these factors, then, favor a procoagulant phenotype, thereby mandating careful 
attention to anticoagulation strategies. This situation appears most analogous to that 
observed in coronary stent placement, in which acute platelet-endothelial interactions 
have emerged as the critical determinants of both the acute perioperative and long-term 
outcomes at the anastomotic site. 

PLATELET-ENDOTHELIAL INTERACTIONS AT THE ANASTOMOSIS 

Platelet-endothelial interactions are of central importance in the overall schema of 
endothelial-derived injurious stimuli in cardiac surgery, especially in MICABG (31,32). 
Platelet activation is closely regulated by endothelial cell activation in response to 
inflammation and injury. Thrombin is also an extremely potent stimulus for platelet 
activation, resulting in the release of the contents of platelet and endothelial cell storage 
vesicles, known as Weibel-Palade bodies, which contain von Willebrand factor (which 
increases platelet adhesive function), P-selectin (an endothelial cell adherence molecule 
that mediates leukocyte interaction with the vascular endothelium), and thromboplastin 
(which participates in plasminogen activation) (33). 

Once activated by thrombin, platelets express glycoprotein binding sites that facilitate 
platelet-platelet adhesion as well as platelet incorporation into the fibrin clot. Glycopro
tein lA, the binding site for von Willebrand factor, mediates the initial adhesiveness of 
platelets (34). Fibrin has six binding sites of a specific amino acid sequence for platelets 
(glycoprotein IIB/IIIA), and, therefore, each molecule can link a number of platelets into 
the cement-like solid clot. 

When endothelial cells are activated by injury, platelets become activated and adhere 
to fibrin and neutrophils, as well as the activated endothelium. Platelet activation and 
adherence to the injured endothelium at the site of surgical anastomosis will therefore 
playa major role in acute graft patency. 

In this context, the role of platelet-endothelial cell interactions in intracoronary stents 
has been well defined; indeed directed protective interventions have emerged from this 
understanding (35-37). Based on the thrombogenic nature of the stents as well as the 
potential endothelial damage induced by placement of the stent, the potential for throm
bosis and/or restenosis of the coronary artery at the site of stent placement has been 
recognized. Therefore, aggressive use of anticoagulant therapy has been actively inves
tigated in many prospective, randomized trials (38-41 ). Since full anticoagulant therapy 
introduces additional risks of increased bleeding and vascular complications, thereby 
requiring more intensive monitoring, specific antiplatelet therapies have been tested 



Chapter 3 / Endothelial Cell Injury 37 

(42,43). The rationale for the different antiplatelet strategies stems from the distinct 
mechanisms underlying the potential role of the platelet in thrombus formation. Platelet 
adhesion, the first phase of thrombus formation, is affected by two factors: nonspecific 
contact of the platelet with the damaged endothelial surface, and exposure of collagen 
fibers, causing platelets to become more firmly attached and spread across the damaged 
surface. During the second phase of thrombus formation, platelets adhere to one another, 
resulting in platelet mass expansion. Platelet aggregation also seems to be mediated by 
at least two processes: the release of platelet intracytoplasmic granule constituents such 
as adenosine diphosphate (ADP), and the synthesis of TXA2• 

Aspirin inhibits only one of these pathways of platelet aggregation by irreversible 
inhibition of cyclooxygenase, preventing the conversion of arachidonic acid to TXA2 

(42-44). The final common pathway of platelet aggregation, however, is ADP-medi
ated platelet activation whereby ADP induces exposure of the fibrinogen binding site 
of the platelet glycoprotein IIB/lIIA receptor complex (45). Aspirin has little or no 
effect on ADP-mediated platelet aggregation, whereas specific inhibitors of the fibrino
gen binding site for the glycoprotein IIB/lIIA receptor complex, such as ticlopidine 
(Roche Pharmaceutical, Nutley, NJ) or specific inhibitors of the receptor such as 
abciximab (Eli Lilly, Indianapolis, IN), have targeted effect. Although increased bleed
ing complications associated with the use of these anticoagulant strategies in the sur
gical setting are possible, lessons learned about the importance of platelet-endothelial 
cell interactions at the anastomosis must be considered in the evolving management of 
MICABG patients. 

VASCULAR ANASTOMOSIS 
AND ITS CHRONIC ADAPTIVE RESPONSE 

The importance of the endothelium and the vessel wall in anastomotic outcome is seen 
in all coronary artery bypass grafts whether performed in the presence or absence of CPB. 
The vessel wall is composed of three layers, each of which contributes uniquely to the 
success of the anastomosis. The adventitia and the media compose the structural back
ground of the vessel wall and are essential in vascular wall remodeling. The endothelial
lined intima situated on a basement membrane and subendothelial matrix is in a unique 
position to regulate both intravascular and extravascular events. 

The endothelium therefore plays a critical role in the structural evolution of the 
vascular wall in response to injury (46,47). Growth factors as well as growth inhibitors 
that regulate vascular wall structure are manufactured and secreted by endothelial 
cells. These regulatory molecules, which include platelet-derived growth factor 
(PDGF), insulin-like growth factor, and interleukin-l, allow endothelial cells to actively 
participate in the production and maintenance of the basement membrane collagen and 
the proteoglycans on which they rest. Removal of the endothelium has been shown to 
lead to a proliferative response by the underlying smooth muscle, suggesting that 
factors released by the homeostatic endothelium are usually responsible for inhibiting 
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smooth muscle cell proliferation-a process clearly gone awry in certain diseased and 
postoperative states. 

THE INTIMAL HYPERPLASTIC RESPONSE 

The long-term success of CABG is limited by the development of intimal hyperplasia 
at the sites of vessel injury (48). All forms of arterial reconstruction result in some form 
of endothelial injury (49). Graft harvest and handling as well as the construction ofthe 
anastomosis are common causes of graft damage in cardiac patients. The intimal response 
to injury is characterized by a subendothelial proliferation and the formation of a 
neointima (48,50). This intimal hyperplastic response is part of the reparative process that 
takes place in all the vessels after injury. This response is important because neointimal 
formation occurs in all arteries secondary to a variety of insults including direct trauma, 
construction of an anastomosis, dilation, or transplant arteriosclerosis. In some cases, 
however, the response is exaggerated with proliferation of the neointima and loss of the 
natural anticoagulant phenotype, resulting in luminal narrowing, restricted blood flow, 
and a tendency toward thrombosis. 

Three phases of the intimal response to injury have been described. The first begins 
within 24 h of injury and is characterized by smooth muscle proliferation. Once the 
endothelium is stripped away, platelets adhere to the vessel wall, spread, and degranulate. 
Mitogens released from activated adherent platelets such as PDGFs, stimulate smooth 
muscle cells to migrate into the intima (49). After 3-14 d of proliferation in the media, 
migration of smooth muscle from the media to the intima begins, which forms the 
neointima. Once the neointima has formed, these smooth muscle cells rapidly proliferate 
to form a thick layer, which ultimately can obstruct the lumen. 

Experimental data in a porcine model of coronary stenting emphasizes the importance 
of acute vascular injury and events occurring in the perioperative period at the site ofthe 
anastomosis in the eventual anastomotic outcome. Specifically, a reduced incidence of 
acute thrombus formation, as accomplished by aggressive perioperative antithrombin 
therapy, has been associated with a significantly reduced neointimal fibroproliferative 
response at 4 wk (51). This emphasizes the critical role of anticoagulant management of 
the activated endothelium in the immediate perioperative period. 

CHRONIC ENDOTHELIAL INJURY AND ATHEROSCLEROSIS 

The progression of atherosclerosis involves inflammatory infiltration of the vessel 
wall, cellular proliferation, fibrous plaque formation, and, ultimately, plaque rupture and 
occlusive thrombus; chronic injury of the vascular endothelium has also been implicated 
(52-55). Endothelial injury from pathophysiologic states common to most cardiovascu
lar patients such as hypertension, diabetes, hyperlipidemia, fluctuating shear stress, or 
smoking disrupts normal endothelial cell functions, leading to the loss of protective 
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mechanisms and an increase in inflammatory, procoagulant, vasoactive, and fibro
proliferative responses. All these changes promote vasospasm, intimal proliferation, and 
thrombus formation, which will playa role in the initiation, progression, and clinical 
manifestations of atherosclerosis (56,57). 

The specific role of endothelial cell injury in the pathogenesis of atherosclerosis has 
been implicated in the "endothelial cell injury hypothesis," which proposes that endo
thelial cell injury is largely responsible for the localization of cellular elements that drive 
the development of atherosclerosis (58). Changes in the endothelium with injury permit 
pathologic interactions between the elements of the vascular wall and the circulating 
blood with the subsequent production of biochemical signals that downregulate protec
tive mechanisms and upregulate the synthesis of proteins that recruit platelets, monocytes, 
and lymphocyte. Overall, this results in excessive inflammatory and fibroproliferative 
responses. 

CONCLUSION 

In this chapter, the critical role of the endothelial cell in the development of vasomotor 
dysfunction, bleeding and thrombosis, neutrophil and platelet-endothelial cell inter
actions, and obstructive arteriopathy in the setting ofMICABG has been explored. Many 
forms of endothelial cell injury occur during the course of cardiovascular procedures that 
have a significant impact on the cardiovascular surgical patient both acutely and chroni
cally, and locally and systemically. An improved understanding of endothelial cell 
biology in response to local injury is therefore essential to improve outcomes in cardiac 
surgery. Recent discoveries in the field of endothelial biology have certainly altered the 
present outlook on the perioperative management of the cardiovascular surgical patient, 
especially in the setting of CPB. The development of new, minimally invasive techniques 
to perform cardiac surgery that eliminate extracorporeal circulation, thereby decreasing 
foreign surface-blood interactions as well as shear stress response, are likely to attenuate 
the spectrum of endothelial activation. 

In conclusion, then, this chapter emphasizes the unique aspects of endothelial cell 
activation at the anastomotic site in MICABG procedure. An acute change in the resting, 
quiescent anticoagulant state of the endothelial cell with the varied injurious forces 
applied to the anastomosis promotes a procoagulant phenotype. Anticoagulation issues, 
therefore, become paramount in ensuring perioperative graft patency. Strategies such as 
systemic anticoagulation with heparin without subsequent reversal with protamine are 
already being pursued. Moreover, peri operative antiplatelet therapy with aspirin is 
included in many peri operative protocols. Future strategies may include more specific 
local antiplatelet factors directed against platelet adhesion molecules as well as platelet 
receptors. Furthermore, novel new anticoagulant strategies directed specifically at intra
vascular anticoagulation with the preservation of extravascular hemostasis may come to 
play an important role in the perioperative management of patients and the ultimate 
success and applicability of this procedure. 



40 Part I / Physiology of Injury 

REFERENCES 

1. Colman RW. Hemostatic complications of cardiopulmonary bypass. Am J Hematol 
1995;48:267-272. 

2. Edmunds HL. Why cardiopulmonary bypass makes patients sick: strategies to control the 
blood synthetic surface interaction. Adv Cardiac Surg 1996;6:131-167. 

3. Boyle EM Jr, Pohlman TH, Johnson MC, Verrier ED. The systemic inflammatory response. 
Ann Thorac Surg 1997;64:S31-S37. 

4. Verrier ED, Boyle EM Jr. Endothelial injury in cardiovascular surgery: an overview. Ann 
Thorac Surg 1997;64:S2-S8. 

5. Davies MG, Hagen PO. The vascular endothelium: a new horizon. Ann Surg 1993;218:593--609. 
6. Vane JR, Anggard EE, Botting RM. Regulatory functions of the vascular endothelium. N Engl 

J Med 1990;323:27-36. 
7. Ross R. Cell biology of atherosclerosis. Annu Rev PhysioI1995;57:791-804. 
8. Luscher TF. Vascular biology of coronary artery bypass grafts. Coronary Artery Dis 

1992;3:157-65. 
9. Harlan J. Leukocyte-endothelial interactions. Blood 1985:65:513-525. 

10. Pober JS, Cotran RS. Cytokines and endothelial cell biology. Physiol Rev 1990;70:427-451. 
11. Bevilacqua MP, Pober JS, Wheeler ME, Cotran RS, Gimbrone MA Jr. Interleukin-l activation 

of vascular endothelium: effects on procoagulant activity and leukocyte adhesion. Am J 
PathoI1985;121:394- 403. 

12. Bevilacqua MP, Pober JS, Majeau GR, Fiers W, Cotran RS, Gimbrone MA Jr. Recombinant 
tumor necrosis factor induces procoagulant activity in cultured human vascular endothelium: 
characterization and comparisons with the actions of interleukin 1. Proc N atl Acad Sci USA 
1986;83:4533-4537. 

13. Kourembanas S, Marsden PA, McQuillan LP, Faller DV. Hypoxia induces endothelial cell gene 
expression and secretion in cultured human endothelium. J Clin Invest 1991;88:1054-1057. 

14. Selke FW, Boyle EM Jr, Verrier ED. The pathophysiology of vasomotor dysfunction. Ann 
Thorac Surg 1997;64:S9-S 15. 

15. Billar TR. Nitric oxide: novel biology with clinical relevance. Ann Surg 1995;221 :339-349. 
16. Luscher TF, Tanner FC, Tschundi MR, Noll G. Endothelial dysfunction in coronary artery 

disease. Annu Rev Med 1993;44:395-418. 
17. Boyle EM Jr, Pohlman TH, Cornejo CJ, Verrier ED. Ischemia-reperfusion injury. Ann Thorac 

Surg 1997;64:S24-S30. 
18. Kubes P, Suzuki M, Granger ON. Nitric oxide, and endogenous modulator of leukocyte 

adhesion. Proc Natl Acad Sci USA 1991;88:4651-4655. 
19. Davie EW, Fumikawa K, Kisiel W. The coagulation cascade: initiation, maintenance, and 

regulation. Biochemistry 1991 ;30: 1 0,363-1 0,370. 
20 Stem OM, Espisito C, Gerlach H, et al. Endothelium and regulation of coagulation. Diabetes 

Care 1991;14:160-166. 
21. Boyle EM Jr, Verrier ED, Spiess BD. The procoagulant response to injury. Ann Thorac Surg 

1997;64:S16-S23. 
22. Esmon CT. The role of protein C and thrombomodulin in the regulation of blood coagulation. 

J BioI Chern 1989;264:4743-4746. 
23. Esmon NL. Thrombomodulin. Prog Hemost Thromb 1989;9:29-55. 
24. Sakata Y, Curriden S, Lawrence 0, et al. Activated protein C stimulates fibrinolytic activity 

of cultured endothelial cells and decreases antiactivator activity. Proc Nat! Acad Sci USA 
1985;82:1121-1125. 

25. Lucore C. Regulation of fibrinolysis by vascular endothelium. Coronary Artery Dis 
1991;2:157-166. 



Chapter 3 I Endothelial Cell Injury 41 

26. Emeis JJ, Kooistra T. Interleukin-1 and lipopolysaccharide induces and inhibitor of tissue type 
plasminogen activator in vivo and in cultured endothelial cells. J Exp Med 1986; 163: 1260-1266. 

27. Nachman RL, Hajjar KA, Silverstein RL, Dinarello CA. Interleukin 1 induces endothelial 
synthesis of plasminogen activator inhibitor. J Exp Med 1988; 163: 1595-1600. 

28. Hanss M, Collen D. Secretion oftissue type plasminogen activator and plasminogen activator 
inhibitor by cultured human endothelial cells: modulation by thrombin, endotoxin, and his
tamine. J Lab Clin Med 1987;109:97-104. 

29. Tanaka K, Takao M, Yaka I, et al. Alterations in coagulation and fibrinolysis associated with 
cardiopulmonary bypass during open heart surgery. J Cardiothorac Anesth 1989;3:181-188. 

30. Chandler WL, Fitch JC, Wall MH, et al. Individual variations in the fibrinolytic response 
during and after cardiopulmonary bypass. Thromb Hemost 1995;74:1293-1297. 

31. Santos MT, Valles J, Marcu-AJ, et al. Enhancement of platelet reactivity and modulation of 
eicosanoid production by intact erythrocytes. J Clin Invest 1991;87:571-580. 

32. Rinder CS, Bohnert J, Rinder HM, et al. Platelet activation and aggregation during cardiop
ulmonary bypass. Anesthesiology 1991;75:388-393. 

33. Weyrich AS, Ma XY, Lefer DJ et al. In vivo neutralization of p-selectin protects feline hearts and 
endothelium in myocardial ischemia and reperfusion injury. J Clin Invest 1993;991:2620-2629. 

34. McEver RP, Beckstead JH, Moore KL, et al. GMP 140, a platelet alpha granule membrane 
protein, is also synthesized by vascular endothelial cells and is localized in Wiebel Palade 
bodies. J Clin Invest 1989;84:92-99. 

35. Marzocchi A, Piovaccari G, Marrozzini C, Ortolanii P, Palmerini T, Branzi A, Magnani B. 
Results of coronary stenting for unstable vs. stable angina pectoris. Am J Cardiol 
1997;79: 1314-1318. 

36. Chambers CE, Kozak M, Ettinger SM, Gilchrist IC. Interventional cardiology: present and 
future. J Cardiothorac Vasc Anesth 1997;11(2):211-219. 

37. Van der Giessen WJ, Serruys PW, Visser WJ, et al. Endothelialization of intravascular stents. 
J Int CardioI1988;1:109-120. 

38. Zubaid M, Penn 1M, Buller CE, Moscovich MD, Ricci DR, Chauhan A. Antiplatelet therapy 
alone is safe and effective after coronary stenting: observations of a transition in practice. Can 
J CardioI1997;13(4):335-340. 

39. Berger PB, Holmes DR Jr, Ohman EM, et al. Restenosis, reocclusion and adverse cardiovas
cular events after successful balloon angioplasty of occluded versus non occluded coronary 
arteries: results from the multicenter American research trial with cilazapril after angioplasty 
to prevent transluminal coronary obstruction and restenosis (MARCA TOR). J Am ColI Cardiol 
1996;27:1-7. 

40. The RESTORE Investigators. Effects of platelet glycoprotein IIb/llla blockade with Tirofiban 
on adverse cardiac events in patients with unstable angina or acute myocardial infarction 
undergoing coronary angioplasty. Circulation 1997;96:1445-1453. 

41. Kleiman NS. Primary and secondary safety endpoints from IMPACT II. Am J Cardiol 
1997;80(4A):29B-33B. 

42. Schror K. Antiplatelet drugs. Drugs 1995;50:7-28. 
43. Hobson AG, Sowinski KM. Ticlodipine and aspirin following implantation of coronary stents. 

Ann PharmacoI1997;31:770-772. 
44. Coller BS. Platelets and thrombolytic therapy. N Engl J Med 1990;322:33-42. 
45. Lefkovits J, Plow EF, Topol EJ. Platelet glycoprotein IIb/llla receptors in cardiovascular 

medicine. N Engl J Med 1995;332:1553-1559. 
46. Simons M, Leclerc G, Safian RD, et al. Relation between activated smooth muscle cells in 

coronary artery lesions and restenosis after atherectomy. N Engl J Med 1993;328:608-613. 
47. Raines EW, Dover SK, Ross R. Interleukin-1 mitogenic activity for fibroblasts and smooth 

muscle cells is due to PDGF-AA. Science 1989;243:393-396. 



42 Part I / Physiology ofInjury 

48. Allaire E, Clowes A W. The intimal hyperplastic response. Ann Thorac Surg 1997;64:S38-S46. 
49. Schwartz SM, deB lois D, Obrian ER. The intima: soil for atherosclerosis and restenosis. Circ 

Res 1995;77:445-465. 
50. Gay CG, Winkles JA. Interleukin-l regulates heparin-binding growth factor 2 gene expres

sion in vascular smooth muscle cells. Proc Natl Acad Sci USA 1991;88:296-300. 
51. Clowes A W. Prevention and management of recurrent disease after arterial reconstruction: 

new prospects of pharmacologic control. Thromb Hemost 1991 ;66:2-66. 
52. Unterburg C, Sandrock D, Nebendahl K, Buchwald AB. Reduced acute thrombus formation 

results in decreased neointimal proliferation after coronary angioplasty. J Am ColI Cardiol 
1995;26: 1747-1754. 

53. Boyle EM, Lille ST, Allaire E, Clowes A W, Verrier ED. Atherosclerosis. Ann Thorac Surg 
1997;64:S47-S56. 

54. Cybulsky MI, Gimbrone MA Jr. Endothelial cell expression of a mononuclear leukocyte 
adhesion molecule during atherogenesis. Science 1991;251:788-791. 

55. Galis ZS, Sukhova GK, Kranzhofer R, et al. Macrophage foam cells from experimental 
atheroma constitutively produce matrix-degrading proteinases. Proc Natl Acad Sci USA 
1994;94:402-406. 

56. Velican D, Velican C. Intimal thickening in developing coronary arteries and its relevance to 
atherosclerotic involvement. Atherosclerosis 1976;23:345-355. 

57. Corson MA, Berk Be. Growth factors and the vessel wall. Heart Dis Stroke 1993;2(2): 166-170. 
58. Ross R. The pathogenesis of atherosclerosis-an update. N Engl J Med 1986;314:488-500. 



II LESS INVASIVE APPROACHES 

TO CORONARY BYPASS GRAFTING 



4 Minimally Invasive Coronary Bypass 
Grafting vs Percutaneous Coronary 
Interventions 
The Cardiologist's Perspective 

LeRoy E. Rabbani, MD, Alan D. Simon, MD, 

and Allan Schwartz, MD 

CONTENTS 

INTRODUCTION 
SINGLE-VESSEL CAD 
MULTIVESSEL CAD 
REFERENCES 

INTRODUCTION 

At present, percutaneous coronary intervention procedures as well as minimally inva
sive coronary artery bypass grafting (MICABG) surgery are procedures in evolution. 
This chapter examines the rationale, indications, and results of both approaches for the 
treatment of single-vessel coronary artery disease (CAD), as well as the role ofMICABG 
in patients with multivessel CAD. 

SINGLE-VESSEL CAD 

There are two major modes of revascularization for single-vessel CAD: catheter-based 
and surgical. Catheter-based revascularization consists of percutaneous coronary inter
ventions that include percutaneous transluminal coronary angioplasty (PTCA) and coro
nary artery stenting. In addition, there are debulking devices such as the directional 
coronary atherectomy, the transluminal extraction catheter, and several ablative devices 
of which rotational atherectomy has received the most attention. The vast majority of 
percutaneous procedures presently carried out include PTCA and/or coronary artery 
stenting. In fact, coronary artery stenting now accounts for over half of all percutaneous 
coronary interventions in the United States. 
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By contrast, there are two modes of surgical revascularization for single-vessel CAD: 
conventional CABG and MICABG. The former utilizes a median sternotomy, cardio
pulmonary bypass (CPB), and cardioplegic arrest. MICABG comprises a spectrum of 
operative procedures ranging from the absence of CPB, a limited incision, and the sur
geon sewing into a beating heart, to full CPB via the groin, cardioplegic arrest, and 
balloon occlusion of the aorta. For the purposes of this chapter, we deal with the former 
technique as the "mini-operation" most suitable for single-vessel disease. 

Studies evaluating the natural history of patients with single-vessel CAD reveal that 
medical therapy alone is associated with good long-term prognosis, except in patients 
with severe proximal left anterior descending (LAD) stenoses (1). An observational 
study from the Duke University Medical Center suggests that PTCA may offer a slight 
advantage in long-term survival over CABG for patients with single-vessel CAD, except 
for those patients with at least 95% proximal LAD stenoses (2). PTCA for single-vessel 
CAD has been shown to be superior to medical therapy in terms of improving exercise 
capacity and reducing provocable ischemia, as demonstrated by the Veterans Adminis
tration study (3). The limitations ofPTCA include a 30-50% angiographic restenosis rate 
within 3-6 mo of the procedure (4,5); moreover, restenosis can present as a recurrent 
ischemic syndrome in approx 20% of patients, manifesting as a positive stress test or a 
crescendo anginal pattern. It is uncommon however, for restenosis to present as a myo
cardial infarction. A major liability of restenosis is that it prompts the need for early repeat 
revascularization, thereby resulting in significant costs. Indeed, it is estimated that 
restenosis costs $2 billion per year (6). In addition, more than 400,000 Americans and 
800,000 patients worldwide undergo a percutaneous coronary intervention each year (6). 
Although the advent of coronary artery stenting has decreased the need for target 
vessel revascularization within 6 mo of stent placement, stent restenosis remains a for
midable problem. 

Coronary artery stenting has revolutionized percutaneous coronary interventions. The 
two seminal studies documenting the benefit of coronary artery stenting are the Belgium 
Netherlands Stent (BENESTENT) trial (7) and the Stent Restenosis Study (STRESS) (8). 
In the former, a total of 520 patients were randomized to undergo either coronary artery 
stenting with the Palmaz-Schatz stent or PTCA. After coronary interventions, the patients 
receiving a stent had a significantly larger acute gain in minimum lumen diameter. 
However, late loss in luminal diameter was also increased in this group. The rate of 
restenosis at 7 mo, using the binary definition of 50% or greater diameter stenosis, was 
22% for the stent placement group compared with 32% in the PTCA group (p = 0.02). In 
addition to this reduction in restenosis, there was a 42% reduction in the need for repeat 
percutaneous interventions in the stent group. There were also fewer primary clinical end 
points of death, stroke, myocardial infarction, or target vessel revascularization in the 
stent group. These clinical benefits, however, occurred at the expense of an increased 
hospital stay and a four-fold increase in the risk of vascular complications. 

In the STRESS trial, patients were also randomized to receive either the Palmaz
Schatz stent or PTCA (8). At 6-mo follow-up, there was a lower rate of angiographic 
stenosis in the stent group compared to the PTCA group (32% vs 42%,p = 0.046). Clinical 
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follow-up revealed a trend toward a decrease in target lesion revascularization proce
dures in the stent group. However, as in the BENESTENT trial, these benefits were 
obtained at the expense of increased hemorrhagic complications in the stent group. More 
recently, based on the landmark study of Nakamura and colleagues (9), it has been 
demonstrated that if the stent struts are adequately apposed to the vessel wall with high
pressure balloon inflations after stent deployment, aggressive anticoagulation is not 
required. Indeed, an anticoagulation regimen consisting of aspirin daily and Ticlopidine 
twice daily (Syntex Labs, Palo Alto, CA) for 2-4 wk is sufficient to decrease the subacute 
thrombosis rate to < 1 %. 

In general, coronary artery stenting is most suitable for patients with discrete lesions 
with lengths <15 mm and proximal lesions of similar morphology in large-diameter 
(>3 mm) vessels. Table 1 depicts the incidence of clinical end-points (death, myocardial 
infarction, need for coronary reintervention, and angina-free rate) among patients under
going PTCA or coronary artery stenting in both trials. 

The proximal LAD artery has been shown to be the coronary artery site of greatest 
restenosis with an angiographic rate of 40-50% after PTCA. A number of trials have 
evaluated the results of PTCA vs conventional CABG for proximal LAD stenosis. Goy 
et al. (10) compared PTCA to CABG with left internal mammary artery (LIMA) graft to 
the LAD among 134 patients with isolated LAD disease and preserved left ventricular 
function. There was a 2 % incidence of periprocedural myocardial infarction in the LIMA 
CABG group, and a 3% incidence of abrupt vessel closure with myocardial infarction and 
the need for emergency CABG in the PTCA group. After 2 yr, the rate of myocardial 
infarction continued to be higher in the PTCA group (12% vs 3%), although this differ
ence did not attain statistical significance. No deaths occurred in the PTCA group, and 
one death occurred in the CABG group. However, the need for repeat revascularization 
was substantially higher in the PTCA group (25% vs 3%, p < 0.01). Therefore, the 
composite of primary end points including repeat revascularization, deaths, and myo
cardial infarction was higher for the PTCA group (37% vs 8%, p < 0.01). Moreover, 
at 2-yr follow-up, a significantly larger number of patients with PTCA were on antianginal 
drugs. Therefore, although PTCA and LIMA CABG improved clinical status with a 
similar risk of death and myocardial infarction in patients with single-vessel proximal 
LAD disease, PTCA is limited by a higher rate of repeat interventions. 

Cameron et al. (11) retrospectively compared outcome and quality of life (QOL) in 
patients undergoing revascularization with CABG or PTCA for significant narrowing of 
the LAD. Two hundred and fifty-four patients underwent PTCA and 104 patients received 
conventional CABG. Of the patients in the surgical group, 88% underwent grafting using 
the LIMA graft. Rates offreedom from death were similar, but CABG patients had greater 
rates of freedom from repeat angina, myocardial infarction, and the need for repeat 
revascularization. Therefore, as with Goy et al. 's study, both PTCA and CABG result in 
excellent survival, functional ability, and QOL, but patients undergoing PTCA required 
more procedures to attain this end point. 

In the Medicine, Angioplasty, or Surgery Study, 214 patients with single-vessel proxi
mal LAD stenosis were prospectively randomized to medical therapy, PTCA, or CABG 
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Table 1 
Comparison of Incidence of Death, Myocardial Infarction, Repeat Coronary Intervention 

and Angina-Free Rate Among Patients Undergoing PTCA or PTCA 
and Coronary Artery Stenting in the BENESTENT and STRESS Trialsd 

BENESTEN'I> STRESSc 

Clinical endpoints PTCAd CASe p-value 

Death (%) 0.4 0.8 Nsf 
Myocardial infarction (%) 4.6 4.2 NS 
Repeat PTCA (%) 23 13 0.005 
Coronary bypass surgery 4.2 6.2 NS 
Angina-free rate (%) 66 73 NRg 

a Adapted from refs. 7 and 8. 
bBelgiurn Netherlands Stent trial; includes up to 7 rno of follow-up. 
CStent Restenosis Study; includes up to 240 d of follow-up. 
dpercutaneous translurninal coronary angioplasty. 
eCoronary artery stent. 
fNot significant. 
gNot recorded. 

PTCA CAS 

1.5 1.5 
6.9 6.3 

12.4 11.2 
8.4 4.9 

71 79 

p-value 

NS 
NS 
NS 
NS 

0.08 

(12). Patients who received a LIMA graft to the LAD had a significantly lower inci
dence of cardiac events over the next 3 yr than patients assigned to either medical 
therapy or PTCA, but as with the previously cited studies, the rate of death and myo
cardial infarction was similar across treatment groups. More recently, a study compar
ing coronary artery stenting to PTCA for symptomatic isolated proximal LAD stenosis 
revealed that stenting results in a lower rate of restenosis (19% vs 40%, p = 0.02) and a 
better clinical outcome (87% event-free survival at 12 mo for stenting compared with 70% 
afterPTCA,p = 0.04) (13). 

Although prospective studies evaluating the merits of PTCA vs MICABG have not 
appeared, existing reports of MICABG for single-vessel disease describe excellent 
patency rates, low perioperative morbidity and mortality, and early discharge (14-16). 
Based on this early data and the prospective studies described previously, certain subsets 
of patients with single-vessel disease are more likely to benefit from initial MICABG 
rather than percutaneous coronary intervention. These include patients who: 

1. Are at high risk for abrupt closure during PTCA (e.g., those patients undergoing dilation 
of long, eccentric, or curved stenotic segments); 

2. Are at high risk should abrupt closure occur; 
3. Are at high risk of other acute complications of PTCA (e.g., patients with aortoiliac 

occlusive disease); 
4. Are at high risk of restenosis (e.g., patients with diabetes); or 
5. Have a low probability of success with PTCA. 

Factors that would favor percutaneous coronary interventions over MICABG include 
discrete proximal lesions in large coronary arteries, small distal target vessels, stenosis 
or occlusion of the left subclavian artery, and patient's desire to avoid bypass surgery. 
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MULTlVESSEL CAD 

In view of the advances in minimally invasive techniques for myocardial revasculari
zation, one can foresee that MICABG may also playa role in the therapeutic management 
of patients with multivessel coronary disease. In comparing multivessel PTCA to 
multivessel CABG, complete revascularization is more frequently achieved by CABG 
compared to PTCA. Indeed, in the BARI study (17), only 57% of patients in the PTCA 
group attained complete revascularization compared to 91 % of patients in the CABG 
group. Other considerations in the management of patients with multivessel CAD include 
the presence or absence of large targets, identification of potential culprit lesion(s), and 
involvement of the LAD. 

In this regard, the LIMA graft to the LAD has proven to be a superior conduit to the 
LAD compared to the saphenous vein graft (18). In a study of over 5000 patients under
going CABG followed for over 10 yr, patients who received saphenous vein grafts only 
had 1.41 times the risk oflate myocardial infarction, 1.25 times the risk of hospitalization 
for cardiac events, twice the risk of reoperation, and 1.27 times the risk of all late cardiac 
events when compared to patients who received LIMA grafts to the LAD (19). Therefore, 
the MICABG hypothesis is predicated on the notion that the survival value of a CABG 
procedure is based on the presence of a patent conduit to the LAD. In particular, if the 
LIMA to the LAD is successful in 99% of patients, can the remaining lesions in the patient 
with multivessel CAD disease be managed medically or with PTCA/coronary stenting, 
and is this the patient's optimal choice? 

In the European Coronary Surgery Study (20-22), patients with double-vessel coro
nary disease who had >75% stenosis in the proximal LAD had a better survival rate than 
patients with double-vessel coronary disease that did not include the proximal LAD. The 
incidence of Q-wave myocardial infarction was similar in the overall surgical group. 
Freedom from angina at 5 yr was reported in 46% of patients in the CABG group com
pared with 28% of patients in the medical group (p < 0.001). In patients who had at least 
a 75% stenosis in the proximal segment of the LAD, there was a 90% 8-yr survival rate 
in the CABG group compared with a 79% survival rate in the medical therapy group 
(p = 0.013). In patients without involvement of the proximal LAD, there was a survival 
rate of appro x 89% in the CABG group and an 86% survival rate in the medical group at 
8 yr (p = ns). 

Several randomized trials conducted during this decade have compared CABG to 
PTCA for patients with multivessel CAD. These include the RITA (23), the BARI (17), 
the ERACI (24), the CABRI (25), the GAB! (26), and the EAST studies (27). All these 
studies have shown similar survival rates between multivessel PTCA and multivessel 
CABG; however, patients randomized initially to multivessel PTCA had a much higher 
incidence of repeat revascularization procedures and ultimately bypass surgery. Of par
ticular importance, the BARI trial demonstrated that the subgroup of patients with dia
betes mellitus, whether insulin dependent or noninsulin dependent, had a significantly 
lower mortality rate with CABG than with PTCA at 5-yr follow-up (19.4% mortality with 
CABG compared 34.5% with PTCA,p = 0.003) (17). By contrast, the 5-yrmortality rate 
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in nondiabetics and diabetics not taking drug treatment was 9% for both CABG and 
PTCA patients. Note that only a small percentage of patients with multivessel CAD 
screened for BARI were ultimately randomized to either treatment arm. Of25 ,000 patients 
who underwent coronary angiography and who were found to have multi vessel CAD, 
half were excluded for clinical or angiographic reasons (usually a totally occluded ves
sel), and ultimately only 4110 patients were thought to be clinically and angiographically 
eligible for the study. Only 1829 patients (7%) originally screened were randomly 
assigned to undergo CABG or PTCA in this trial. 

Although randomized evaluation of conventional CABG vs MICABG vs PTCA for 
multivessel coronary disease has not been performed, advantages and disadvantages to 
the three revascularization approaches can be outlined. The benefits of multivessel CABG 
include the following: 

1. Proven survival benefit of CABG vs medical therapy in subgroups of patients; 
2. Complete revascularization; 
3. Excellent relief of angina; 
4. Fewer subsequent procedures; 
5. Possible long-term survival benefitofCABG vs percutaneous coronary interventions; and 
6. The most intraoperative control in patients with hemodynamic/ischemic instability (28). 

By contrast, the potential disadvantages of multivessel CABG include: 

1. Increased magnitude of surgery and longer in-hospital recovery period; 
2. The use of CPB and its attendant problems (in particular neurologic complications); and 
3. A questionable increased risk of periprocedural Q-wave myocardial infarction (28). 

The primary potential benefits of MICABG include the avoidance of CPB and less 
magnitude of surgery, resulting in less postoperative pain, earlier hospital discharge, and 
earlier return to work. However, several questions remain unanswered regarding mini
mally invasive approaches to surgical revascularization: For patients with multivessel 
CAD, does MICABG provide equivalent survival benefit to conventional multivessel 
CABG? For patients with single-vessel proximal LAD, is MICABG safer and more 
effective than coronary artery stenting? The potential drawbacks of MICABG in 
multi vessel CAD include the following: 

1. Incomplete revascularization; 
2. Unproven survival benefit; 
3. More technical demands than multivessel CABG; 
4. Lack of long-term follow-up; and 
5. SUboptimal management of intraoperative hemodynamic/ischemic instability compared 

to traditional CABG. 

The advantages of percutaneous coronary interventions include: 

1. Avoidance of surgery in 70% of patients over 5 yr; 
2. Overnight or same-day discharge with shorter hospitalizations than with MICABG or 

CABG; 
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Table 2 
Advantages and Disadvantages ofMICABG and Percutaneous Coronary Interventionsa 

Technique 

MICABG 

Percutaneous 
coronary 
interventions 

Advantages 

Avoidance of CPB 
Less extensive surgery 

Avoidance of surgery in 70% 
of patients 

Overnight or same-day 
discharge 

Fewer periprocedural Q-wave 
infarctions 

Five-year survival roughly 
comparable to CABG in 
non diabetics 

Proven efficacy vs medical 
therapy for single-vessel CAD 

a Adapted from ref. 28. 

3. Fewer periprocedural Q-wave myocardial infarctions; 

Disadvantages 

Unknown survival benefit 
Unproven safety and efficacy 
Incomplete revascularization for 

multivessel CAD 

Higher incidence of repeat 
interventions 

Less angina relief compared with 
CABG 

Possibly lower 5-yr survival 
compared with CABG in 
diabetics 

4. Proven efficacy for angina and ischemia relief vs medical therapy for single-vessel CAD; and 
5. Survival rate comparable to CABG at 5 yr (28). 

The deficiencies of rnultivessel percutaneous coronary interventions for rnultivessel 
CAD include: 

1. A higher incidence of repeat interventional procedures; 
2. Incomplete revascularization; 
3. Less angina relief compared to multivessel CABG; 
4. Decreased survival in the diabetes subgroup at 5 yr, as evidenced by the BAR! trial (17); and 
5. Lesion-specific risk factors (28). 

Table 2 summarizes the advantages and disadvantages of MICABG vs percutaneous 
coronary interventions. 

One preliminary study (29) has examined coronary stenting vs MICABG vs CABG in 

498 consecutive patients with isolated LAD disease. Patients were referred for surgery 

if their anatomy was deemed not suitable for PTCA. There were no differences with 
respect to gender, risk factors, or prior PTCA. In this study, MICABG patients were older 

with a higher incidence of diminished left ventricular ejection fraction «30%) and had 

a higher incidence of prior CABG. 
A total of 353 patients (71 %) received stents, 92 patients (18%) underwent conven

tional CABG, and 53 patients (11 %) underwent MICABG (29). The mortality rate was 
0.8% in the stent group compared with 3.3% in both the CABG and MICABG groups, 
and the incidence of myocardial infarction was 0.8% in the stent group compared with 
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3.3% in both the CABG and miniCABG groups. Cerebrovascular accidents occurred in 
1.8% of the MICABG group but not in the other two groups. The only statistically 
significant differences observed were a reduced length of stay in the stent group of 4 d 
compared with 8.4 d for the CABG and 7.7 d for the MICABG (p < 0.05), and reduced 
hospital charges of $20.190 for the stent group compared with $31.703 for the CABG 
and $28.260 for the MICABG (p < 0.05). 

Most recently, the value of PTCA compared to MICABG for the treatment of isolated 
type C stenosis of the LAD associated with angina was investigated (30). In-hospital and 
1-yr follow-up results were reported on 181 consecutive patients who underwent one of 
the two procedures on an elective basis. The study was not randomized because patients 
had the final choice of treatment. The incidence of in-hospital death, periprocedural 
myocardial infarction, emergency reoperative CABG, use of intra-aortic balloon pump, 
and cerebrovascular accidents was not significantly different between the two groups. At 
l-yr follow-up, survival was not significantly different (95.7 ± 0.2% for MICABG vs 
95.3 ± 0.2% for PTCA, p = 0.89). Freedom from repeat revascularization was signifi
cantly more common in the MICABG cohort than in the PTCA group (96.9 ± 0.2% vs 
67.6 ± 0.5%, p < 0.001). 

In conclusion, both MICABG and percutaneous coronary interventions, particularly 
coronary artery stenting, are procedures in rapid evolution. Randomized comparison 
of MICABG to coronary stenting for single-vessel CAD, particularly proximal LAD 
disease, is warranted. Furthermore, the potential role of MICABG as part of a multi
tiered strategy or "hybrid therapy" (in combination with medical and percutaneous 
therapies [31]) for patients with multivessel CAD is an attractive option and deserves 
future investigation. 
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INTRODUCTION 

The last decade has witnessed a paradigm shift in the practice of surgery with the 
application of minimally invasive techniques to everyday clinical practice. With the use 
of these techniques in general surgery, gynecology, orthopedics, and thoracic surgery, 
"minimally invasive" became synonymous with "minimal access." Naturally the parallel 
development of visual-imaging technology to replace direct vision was necessary to 
overcome the limitations of small incisions. But rather than technology filling a void, 
video imaging actually created and catalyzed the field of minimally invasive surgery. 

An integral element of video imaging technology is the charged-coupled device 
(CCD) chip, a tool that allows image digitization. The CCD was developed and first 
introduced to the home video camera market. Application of this technology allowed 
miniaturization of video cameras. Further adaptation of this technology to the operat
ing room allowed visualization of body cavities that, in some instances, exceeded direct 
visualization through open incisions. The combination of this technology with lens 
magnification and xenon or halogen light sources in close proximity to the target organ 
resulted in excellent image quality, display, and resolution. The more recent addition 
of three-chip technology and digitally enhanced imaging provided even higher defini
tion of the operative field . 
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Problematic, however, was the necessity for trained surgeons to adapt their standard 
surgical procedures to the new techniques. The shift of vision from an operative field in 
proximity to the surgeon's hands to an eye level video monitor, and the loss ofthe ability 
to see the instrument directly, as well as the fulcrum effect of the abdominal wall causing 
the instrument tip to move in the opposite direction from the hand movement, all required 
relearning standard procedures. Fortunately, cholecystectomy allowed general surgeons 
to surmount the new learning curve fairly expeditiously by providing a high-volume, 
technically straightforward operation to develop their new skills. Within a 2-yr period, 
more than 90% of cholecystectomies performed in the United States were converted from 
an open to a closed videoscopic technique (l). 

Gradually, as instrumentation improved, video techniques were adopted for more 
complex general surgical procedures (Nissen fundoplication and inguinal hernior
rhaph y) and for other surgical specialties (thoracic and spine surgery). However, whereas 
excisional, simple, high-volume procedures could be readily adapted to minimally inva
sive techniques, the learning curve was and remains much steeper for complex recon
structive procedures, including cardiac surgery. Indeed, although a number of centers 
embarked on determining the feasibility of the totally endoscopic coronary artery bypass 
in the animal model, the challenges imposed by the conversion of the complex procedure 
to a totally thoracoscopic approach proved to be prohibitive. 

Cardiac Surgery 

Whereas most surgical subspecialties present only one opportunity to make the surgi
cal procedure less invasive by minimizing access trauma with the use of ports rather than 
large incisions, cardiac surgery presents additional opportunities to decrease the inva
siveness of its conventional operations. The major morbidities of conventional cardiac 
operations, and coronary bypass grafting in particular, arise from the need for a median 
sternotomy, cardiopulmonary bypass, and manipulation of the aorta. Efforts to abolish 
all these potential sources of morbidity heralded the introduction of the minimally invasive 
direct coronary artery bypass (MIDCAB) grafting, a procedure that reduces the trauma 
of access, avoids extracorporeal circulation, and does not require aortic manipulation. 

In addition to reducing incision size, the use of a limited anterior thoracotomy obviated 
a major obstacle of an endoscopic coronary artery bypass by allowing the technically 
difficult anastomosis to be performed under direct vision. Thus, the technical challenges 
of the endoscopic suturing were overcome and, although the procedure was not per
formed totally endoscopically, it was still "less invasive." However, the necessity of 
video assistance for the harvest of the internal mammary artery (IMA) still required the 
surgeon previously not conversant with video endoscopic techniques to "struggle with 
the scope." 

This barrier was eventually overcome by the development of offset rib retractors, 
which create a tunnel of direct vision that facilitates harvest of the IMA without video 
assistance. In fact, this is currently the technique by which most MID CAB and port 
access procedures are performed today (2,3) (Fig. I). 
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Fig. 1. Offset rib retractors for IMA harvest. 

Is there a need to further "enhance" these procedures to render them even less inva
sive? Significant morbidity is still caused by chest wall retraction, rib spreading, and 
costal or cartilage resection. Therefore, in an attempt to minimize further the access 
trauma to the chest wall, the pursuit of a totally endoscopic coronary bypass approach 
continues. Video imaging is an intricate and necessary part of such an approach. The 
following discussion focuses on the basics of video imaging and the current uses of video 
assistance in cardiac surgery. 

A PRIMER ON IMAGING SYSTEMS 

The components of imaging systems required for any endoscopic surgery are a tele
scope, a source of illumination, a video camera, and a video projection system. Techno
logical developments are occurring at breakneck speed, and often systems are obsolete 
almost as soon as they become commercially available. Imaging systems that are 4 or 
5 yr old, although not considered state-of-the-art, are still sufficient for most purposes. 

Telescopes 

The standard telescope for endoscopic procedures is a 10-mm rigid scope of a Hopkins 
lens system that transmits an image from the distal end of the telescope to a video camera 
attached to the opposite end (Table 1). The shaft of the telescope contains both illuminat-
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Table 1 
Equipment Options for Video Assistance 

Telescopes 
Rigid 

Diameter: 2,5, 10 mm 
Angle: 0°, 30°, 45° 

Flexible 
Fiberoptic 
"Chip on a tip" 

Cameras 
Single chip 
Digital enhancement single chip 
Three chip 

Light Sources 
Xenon 
Halogen 

Monitors 
Two-dimensional 
Three-dimensional 

ing and viewing optics. The imaging system consists of an objective lens, a relay lens and 
an eyepiece lens. The illumination system is actually a fiberoptic system. The objective lens 
or distal lens is most susceptible to damage from instruments or abrasion. The Hopkins 
lens system offers superior optics and accurate transmission of image. The standard scope 
is a 0° end-viewing scope in which the field of vision is limited to the area directly ahead 
of the scope. For complex procedures including IMA harvest, the 30° scope offers supe
rior ability to broaden the viewed operative field. Although there is a greater degree of 
difficulty for the novice using such angled scopes, the advantages quickly become obvi
ous by allowing the surgeon to "see around the comer." Although scopes are available 
in smaller versions down to 5 or even 2 mm, the illumination quality is reduced and the 
field of vision is narrowed. 

As well as standard rigid scopes, two types of flexible scopes are available. The earlier 
generation flexible scope transmitted the image to the camera through fiberoptic bundles. 
Unfortunately, considerable loss of illumination and resolution results. In addition, sig
nificant distortion of the image by a "fish eye" effect occurs. Newer generation scopes 
employ "chip on the tip" technology in which a CCD chip that digitizes the image is 
contained within the distal end of the scope lying within the body cavity. A superb image 
is then transmitted digitally over a wire rather than through an optical lens or fiberoptic 
system. Systems exist in which two chips are placed on the tip slightly offset, allowing 
flexible three-dimensional (3D) vision. 

Cameras 

As alluded to earlier, the key component of endoscopic cameras is the CCD, a silicone 
chip with a surface composed of thousands of light-sensitive pixels. When a series of 
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photons strike the CCD, an electronic signal is generated and sent to a processor and 
reassembled to form a television picture. A color image can be produced by several 
methods, the simplest of which is to place a finely divided color grid in front of the 
standard CCD chip, which makes each pixel sense red, green, or blue light. A color 
picture results from recombining the three colors into a final signal. Resolution, however, 
is reduced in this single-chip approach. Another method is to pass the incoming white 
light through a prism, thus dividing the light into component red, green, and blue colors 
and to use a separate CCD chip positioned to detect each color. Although three-chip 
cameras have better resolution than the single-chip models, the cost rises exponentially. 

A third method uses a digitized single chip and a red, green, and blue (RGB) strobe 
light operating at a rate of 30 Hz as a light source. The CCD chip detects each of the three 
colors sequentially for 1/30th of a second. The images are stored in digital memory and 
recombined to form a picture. This digitized single-chip method offers image quality 
approximating the three-chip model, but at a lower cost. The digital system increases 
resolution and creates a sharper image by digitally enhancing desired image lines. 

Light Sources 

Modem light sources use either halogen or xenon lamps for illumination. These bulbs, 
which are usually in the 300-W range, generate considerable heat, so proper light source 
placement is important. Most light sources have both an automatic iris and a manual 
control, features that modulate light intensity as it changes with distance and color. 

Video Output 

Video output is composed of three basic signals: 

1. Synchronizing signals (S), which cause the television monitor to paint video lines on the 
screen; 

2. Illuminate signals (Y), which contain information on brightness and fine picture detail; and 
3. Chroma signals (C), which contain color information. 

These signals are sent to video monitors and recording devices in three standard modes: 

1. Composite video, which is a one-channel signal that contains Y and C components; 
2. Y IC or S video, which involves two separate signals; and 
3. RGB, which provides the best reproduction because each color has its own bandwidth. 

Video Monitor 

The quality of image generated is only as good as the video monitor on which it is 
displayed. Sharpness of image depends on the number of lines of resolution on the 
monitor. Larger monitors do not necessarily create sharper images. To convey the ever
increasing resolution of CCDs, the introduction of high-definition television monitors 
appears inevitable. 
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Table 2 
Accessories for Enhancing Video Assistance 

Telescope holders 
Fixed 
Activated by voice, motion or pedal control 

Zoom Lenses 
Defogging systems 
Recording devices 

Image Recording 

Most video systems have the ability to record procedures on either VHS tapes or video 
printers. Most videotapes are either VHS format, which contains 240 lines of horizontal 
resolution or S-VHS format, which has 400 lines of resolution. 

Accessories for Video Assistance 

When a scope is used, there are multiple accoutrements that enhance video assistance 
and facilitate the procedure (Table 2). Although, in most video-assisted procedures a 
surgical assistant holds and directs the telescope, holders can be used. These work par
ticularly well for IMA harvest. Numerous activation stimuli including voice activation, 
head motion sensors, eye motion sensors, as well as pedals that allow the surgeon to direct 
the scope to the proper operative field are currently undergoing clinical evaluation. 

Zoom lenses also allow enhanced magnification of the operative field. Fogging of the 
lens is a problem with all available scope systems, and several defogging devices are 
available. 

CURRENT USES OF VIDEO ASSISTANCE 
IN MINIMALLY INVASIVE CARDIAC SURGERY 

As mentioned previously, for numerous reasons, most minimally invasive cardiac 
surgeries do not use video assistance. However, there are many areas in which videoscopic 
techniques can enhance the surgical procedure. Perhaps the most common operations in 
which video enhancement has been used are ligation of patent ductus arteriosus (4), 
harvest of the IMA (5), and mitral valve procedures (6). 

IMA Harvest 

Numerous chest wall retraction devices allow harvest of the IMA under direct vision 
(Fig. 2). Unfortunately, all cause considerable chest wall trauma by the upward traction 
on the cephalad portion of the exerted chest wall. To minimize this trauma, video assis
tance can be used, particularly if the IMA dissection is carried to the apex of the chest 
(Table 3). A scope placed laterally in the fourth intercostal space (Fig. 3) allows the 
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Fig. 2. Chest wall retraction device for harvesting of IMA under direct vision. 

Table 3 
Visualization Techniques for 

Mimimally Invasive Cardiac Surgery 

Direct vision 
Video assited 
Endoscopic 

Two-dimensional 
Video 

Three-dimensional 
Head-mounted display 
Monitor with glasses 
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Fig. 3. A telescope is placed laterally in the fourth intercostal space to aid the harvest of the IMA. 

surgeon to visualize the IMA as the instruments are placed directly through the incision 
(Fig. 4). This hybrid approach obviates some of the difficulties of a totally endoscopic 
video approach by allowing the instruments to go through incisions, albeit small, provid
ing more instrument maneuverability than the access afforded by the use of ports. An 
added benefit of this approach is that it allows the surgeon to gain experience with video 
procedures more easily. 

A further extension of the video-assisted technique involves the complete thoraco
scopic harvest of the IMA. In this approach, three ports are placed in the lateral chest wall 
(Fig. 5) and both the video camera and instruments are manipulated through the access 
ports without any additional incisions. The advantage of this approach lies in its reduced 
chest wall trauma; its disadvantages are those inherent to endoscopic procedures in 
general. This latter approach has been most enthusiastically advocated by N ataf et al. (5) 



Fig. 4. "Hybrid" technique for IMA harvest: the open incision allows passage of instruments while 
the telescope provides an expanded visual field. 

Fig. 5. Complete thoracoscopic harvest of the IMA. Three thoracoports are placed as shown. The 
telescope is passed through the middle port while thoracoscopic dissectors, scissors, and electro
cautery are manipulated under direct thoracoscopic vision through the other two ports. 
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(see Chapter 6). The use of an ultrasonic scalpel and a 30° scope as advanced by Ohtsuka 
et al. (7) seems to facilitate the endoscopic procedure by minimizing the exchange of 
instruments. The most difficult aspect of this thoracoscopic approach is the inferior 
dissection of the IMA, where the pericardium lies in close proximity. This obstacle can 
be overcome by using carbon dioxide insufflation at a pressure of 10-15 cm H20 to 
depress the pericardium away from the anterior chest wall. Alternatively, the dissection 
can be started through a limited anterior thoracotomy incision, and when the IMA is 
identified, the inferior portion can then be performed more easily. 

Mitral Valve Procedures 

Minimally invasive mitral valve procedures are now most commonly performed 
through a limited right anterior or anterolateral thoracotomy (6,8). Most of this experi
ence has been gained by application of the HeartPort technology, and by the methods of 
Chitwood et al. (6), as described elsewhere in this book (see Chapter 16). Video assis
tance allows a magnified and lighted view of the mitral valve, which is particularly useful 
when reconstruction of the subvalvular apparatus is entertained. 

Ligation of the Patent Ductus Arteriosus 

Ligation of the patent ductus arteriosus was one of the first procedures investigated 
with thoracoscopic approaches (Fig. 6). The experiences of Laborde (4) and Burke (9) 
with several hundred cases of patent ductus arteriosus ligation with the aid of video 
assistance have established these techniquys as standard therapy. Indeed, with the use of 
3-mm scopes and endoscopic instrumentation, these procedures can be carried out rou
tinely with minimal morbidity. Efforts are under way to extend these approaches to other 
pediatric cardiac procedures including the ligation of vascular rings and the construction 
of extracardiac shunts (10). Furthermore, Burke and others have now employed the 
videoscopic equipment for cardioscopic examination of intracardiac structures, includ
ing delineation of left ventricular thrombus and evaluation of the adequacy of ventricular 
septal and mitral valve repairs (11 ,J 2). 

FUTURE APPLICATIONS OF VIDEO IMAGING 
IN MINIMALLY INVASIVE CARDIAC SURGERY 

The quest for performance of a totally endoscopic coronary artery bypass procedure 
continues. Developments that may facilitate reaching this goal include the implementa
tion of a 3D head-mounted displays (HMDs) and robotic suturing systems (Fig. 7). These 
HMDs are an application of virtual reality systems to endoscopic surgery. At present, 
HMDs are too cumbersome and isolate the members of the operating team from each 
other. A promising innovation in this field involves the use of head-up displays (HUDs), 
which project the image beneath eye level, enabling the surgeon to retain visual contact 
with the operating field (13). 
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Fig. 6. Intraoperative thoracoscopic view of a patent ductus arteriosus. The vagus nerve and 
recurrent laryngeal nerve crossing under the ductus are clearly visualized. 

Fig. 7. HMD allows three-dimensional visualization. 
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Another potential application to the field of minimally invasive surgery relies on the 
use of human-systems interface technology to create a camera holder that automatically 
alters its position according to the surgeon's needs. This technology depends on remote 
tracking that responds to head or eyeball movements of the surgeon. The signals gener
ated by these trackers is relayed to a computer that translates this information into desired 
camera movements such as zooming and horizontal and vertical motions. 

The principal barrier to total endoscopic coronary bypass grafting is the creation of an 
optimal anastomosis. Efforts are ongoing to develop devices that can enhance or replace 
hand-sewn anastomoses including automated stapling devices, glues, and stents. It is 
envisioned that the widespread application of total endoscopic bypass grafting will occur 
only if a safe, effective, and easy-to-use mechanical device capable of producing a coro
nary anastomosis with short- and long-term patency equivalent to a hand sewn anasto
mosis is developed. 

An intriguing and interesting concept is the adaptation of motion cancellation technol
ogy to operations on the beating heart. This technology may allow "virtual immobiliza
tion" by creating a frozen video image of a moving target (the beating heart), thereby 
allowing the surgeon to operate in a virtually immobile environment. Owing to motion 
cancellation, the surgeon could create the anastomosis on a moving heart that would 
appear immobile on the video monitor. Such "Star Wars" technology exists (14), but 
major obstacles need to be overcome before practical application can be considered. 

It should be anticipated that as the new generation of cardiac surgeons trained and 
facile with endoscopic techniques emerges, these approaches will become more wide
spread and innovative methods of harnessing the benefits of the thoracoscope will evolve. 
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INTRODUCTION 

Despite the wide application of video-assisted techniques in thoracic surgery, only a 
few procedures, such as pericardial window and ligation of a patent ductus arteriosus, 
have been performed by cardiac surgeons (1-3). Owing to the growing clinical interest 
in minimally invasive coronary surgery, several technical approaches have recently been 
proposed to perform a left internal mammary artery to left anterior descending (UMA
LAD) anastomosis on the beating heart through a small anterior thoracotomy. One of the 
concerns of these less invasive techniques involves the dissection of the IMA. This 
chapter discusses the various techniques currently used to harvest the IMA with a particu
lar emphasis on the video-assisted (or thoracoscopic) approach. 

NONTHORACOSCOPIC PROCEDURE 

Method I: IMA Dissection Through Left Anterior Small Thoracotomy 

The chest is opened via a left anterior thoracotomy 8-12 cm long in the fourth or the 
fifth intercostal space as described by Subramanian and Calafiore elsewhere in this book 
(see Chapters 8 and 9). The ribs are retracted and excision of the fourth costal cartilage 
is performed routinely by most surgeons. 
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The first part of the dissection consists of medial and lateral mobilization of the arterial 
pedicle and its release from the adjacent intercostal muscles. Transection of the sterno
costal joint of the cartilage immediately rostral to the incision and anterior retraction of 
that cartilage using an external retractor may aid mammary dissection and improve 
access for the pedicle takedown. The IMA is usually harvested with conventional surgical 
instruments for a short length (6-10 cm) cephalad to the superior intercostal space and 
downward to the level of the inferior rib. The IMA may be skeletonized in order to extend 
its length. After systemic heparinization (1 mg/kg), the IMA is injected with a solution 
containing papaverine and is distally clipped. Some investigators have proposed the use 
of a thoracoscope as an adjunct to facilitate IMA takedown (4). 

Method II: IMA Dissection Through Anterior Mediastinotomy 

Some investigators have alternatively used an anterior mediastinotomy approach via 
an 8-cm vertical parasternal incision (5-7). Excision of small segments of the third and 
fourth costal cartilages allows the LIMA to be mobilized between the second and fifth 
ribs. Advantages to this approach include the performance of the IMA dissection under 
direct vision with conventional techniques and instruments, and hence, no special train
ing is required. Moreover, the coronary anastomosis is performed through the same 
approach. Again, the procedure can be facilitated by the use of thoracoscopy (8). 

Disadvantages of this approach include the following: 

1. Suboptimal visualization of the IMA, resulting in a more difficult disection; 
2. The achievement of only a short length of IMA, which may be insufficient to reach the 

LAD, because only a partial vessel dissection can be performed; 
3. Chest wall trauma resulting from the need for rib excision, the use of rib retractors, and the 

need to perform a larger thoracotomy than that performed with endoscopic procedures; 
4. The possibility of coronary steal due to the incomplete harvest of the vessel (9,1 0). 

THORACOSCOPIC lMA TAKEDOWN 

An alternative method to harvest the IMA that averts the technical difficulties dis
cussed previously involves the use of video assistance to facilitate complete dissection 
of the IMA. This technique avoids rib resection and, by providing ample IMA length, 
results in a tension-free anastomosis with minimal risk of kinking. In addition, this 
technique allows complete dissection of the LIMA from the subclavian artery proximally 
to the sixth intercostal space distally, with transection of all collateral branches arising 
from the LIMA, thus avoiding the risk of coronary steal syndrome (9-12). 

Anesthesia and Patient Positioning 

General endotracheal anesthesia with a double-lumen endotracheal tube to permit 
collapse of the left or the right lung is performed (Table 1). It is essential that the patient 
is able to tolerate single-lung ventilation (SLV); therefore, this technique is contra-
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Table 1 
Anesthetic Considerations for lMA 

Single lung ventilation 
High epidural anesthesia for intra- and postoperative analgesia 
Clonidine 150 mg premedication to reduce heat rate and need for anesthetics 
Warm air sheet over lower body to maintain body temperature 
Early extubation 
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indicated in patients suffering from advanced pulmonary disease who are deemed to lack 
sufficient pulmonary reserve to permit SLY. Preoperative pulmonary function tests may 
aid patient selection. Intrathoracic CO2 insufflation is rarely needed. When it is used, 
intrapleural pressure should be monitored and maintained belo,":, 10 mmHg to avoid 
mediastinal tension and hemodynamic compromise. 

External defibrillation pads are routinely placed on the patient. The patient is placed 
in a semioblique position supported by an inflatable pillow placed laterally under the left 
or right thorax, and is draped as for a conventional coronary bypass procedure. In case 
of LIMA harvesting, the left arm is placed above the head, thus leaving access for a 
sternotomy, if necessary. The pillow placed laterally under the left thorax is inflated. The 
surgeons stand on the patient's left side during the IMA harvesting. The video monitor 
for visualization is placed in front of the surgeons (Fig. 1). Cardiac monitoring includes 
continuous EKG recording with ST segment analysis and transesophageal echo
cardiography. 

Optimal visualization of the thoracic cavity and especially the course of the IMA is 
of paramount importance. To achieve this, a surgical assistant who has been trained in 
the technique and who can guide the camera in a precise fashion anticipating the next 
move of the surgeon, enlarging the field or homing in on an area as required, is indis
pensable. The surgical instruments routinely used for thoracoscopic IMA harvest are 
given in Table 2. 

TROCARS POSITIONING 

Trocars are introduced via three thoracic incisions of <15 mm at the level of the fourth 
and sixth intercostal spaces along the medial axillary line and at the level of the fifth 
intercostal space on the anterior axillary line (Fig. 2). This triangular placement of the 
trocars keeps the instruments from interfering with each other ("crossing swords") during 
manipulation. Generally, the thoracoscope is introduced through a rigid trocar at the fifth 
intercostal space along the anterior axillary line. This position avoids intermittent 
obstruction of the view, which may be caused by the heartbeats or diaphragmatic move
ment when the camera is positioned. The instruments are introduced via the other two 
orifices through flexible trocars. The position of the thoracoscope and the instruments can 
be modified as required for optimal visualization or to facilitate manipUlation of the 
instruments. In women, the breast and small thoracic cavity may render this technique 
difficult owing to a different position of the trocars. 
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Fig. 1. Patient, nurse, surgeon, and video positioning during thoracoscopic IMA harvest. 

Exploration 

The first step consists in exposing the IMA. The LIMA is most easily identified just 
distal to its origin at the subclavian artery, at which point it is only obscured by a thin 
covering of parietal pleura. The middle third of the artery is sometimes masked by fat and 
is difficult to identify. The distal third of the IMA is intramuscular up to its bifurcation 
and therefore, is not visible. In addition, this terminal portion of the artery is sometimes 
covered by pericardial fat. An endoscopic lung retractor introduced by an additional 
orifice may be used at times to carefully retract this fat and the pericardium. The use of 
a 30° scope introduced through the third 10-mm access site at the fifth intercostal space 
may provide better visualization ofthis part of the IMA' spath. 
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Table 2 
Surgical Instrumentation for Thoracoscopic IMA 

Trocars 
Size: 5, 10, and 15 mm 
Consistency: rigid, for thoracoscope; flexible, for instruments 

Instruments 
Modified Surgiwand II (United States Surgical Corp., Norwalk, CT) 

Spatula diathermy 
Irrigation and suction 
Endoscopic dissecting forceps 

Clip applicator 
Endoscopic scissors 

Imaging system 
Thoracoscope 

5 or 10mm 
0° and 30° for distal IMA visualization 

Light source 
Video camera 
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Fig. 2. Trocar placement for thoracoscopic IMA harvest. A 1O-mm scope is introduced in the 
fifth intercostal space over the anterior axillary line (a). Endoscopic forceps are inserted via a 
trocar placed in the sixth intercostal space overlying the midaxillary line (b). The modified 
Surgiwand II is introduced via the trocar placed in the fourth intercostal space overlying the 
midaxillary line (c). 
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The IMA is not always visualized during initial exploration of the thoracic cavity. In 
obese patients in particular, the vessel may be covered by a layer of mediastinal fat several 
centimeters thick extending from the pericardium to the anterior thoracic wall. It is 
important to first dissect all this fat from the chest wall to visualize the IMA. This part 
of the procedure can be associated with meddlesome bleeding that may obscure visual
ization and hamper IMA harvest. 

In certain cases, dissection of the IMA is difficult or impossible owing to unfavorable 
local anatomic conditions. A pleural symphysis may require that the technique be 
abandoned. Although localized loose adhesions may be dissected without difficulty to 
free the lung and expose the IMA, diffuse adhesions will preclude safe introduction of the 
thoracoscope and exploration of the thoracic cavity. In such instances, conversion to a 
median sternotomy or to a left anterior thoracotomy with direct vision IMA harvesting 
is undertaken. 

IMA Harvesting 

The dissection is preferentially begun at the proximal end of the vessel. The parietal 
pleura is incised at the external border of the artery using diathermy. The dissecting 
forceps allows retraction of the pleura and mobilization of the arterial pedicle. The 
collaterals are clipped or coagulated as required. In fact, division of the collateral branches 
is most efficiently carried out by direct coagulation using diathermy, rather than by the 
application of a vascular clip. It is more practical and rapid if the introduction of several 
instruments in turn via the same trocar is avoided. Clipping a collateral branch requires 
a change of instrument via the trocar, which increases operative time and may interrupt 
the concentration of the operator, who may lose site of the collateral to be sectioned. 
Morever, the constant entry and exit of instruments through the trocars is not without risk 
to the neighboring structures. 

A skeletonized IMA is easier to manipulate than an IMA harvested with its surround
ing muscle and fascia. Skeletonization of the vessel also allows optimal identification of 
the collateral branches, which may then be precisely isolated and cauterized or clipped. 
Control of the IMA branches should al ways occur at a sufficient distance from the IMA
usually where it penetrates into the intercostal muscle-to avoid the risk of burn or tear. 
Division of the collateral by diathermy must be definitive and in "one-shot" fashion in 
order to avoid the risk of bleeding from insufficient coagulation. In cases of collateral 
branch bleeding, clip application is not always easy. If the stump of the concerned branch 
is sufficiently long, it may be possible to grasp it with a fine dissecting forceps and apply 
a small vascular clip. Sometimes the stump is of an insufficient length, or bleeding 
obscures the visual field. In this situation, the application of a vascular clip is difficult and 
risks injury to the IMA. Local compression for 2-3 min with endo-peanuts (United States 
Surgical Corp.) stops the hemorrhage and restores visualization. Hemostasis ofthe col
lateral is often perfect in the nonheparinized patient, and there is nothing to be gained in 
the attempted application of a vascular clip. 

The end of the dissection at the distal portion of the IMA may be extremely difficult 
owing to adverse anatomic characteristics such as extensive pericardial fat and obstruc-
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Fig. 3. Once the IMA is harvested, the incision of the most anterior port is extended medially 
(dotted lines in fourth intercostal space) to gain access for creation of the LIMA-LAD anastomosis. 

tion of the inferior portion of the IMA by the cardiac mass. In these cases, the dissection 
may be facilitated by retraction of the pericardium with a lung retractor introduced via 
a supplementary port. If the pericardial traction is not well tolerated hemodynamically 
or if visualization of this part of the IMA is not possible, a 30° thoracoscope may be used 
to overcome these difficulties. Eventually insufflation with CO2 may enlarge the opera
tive field by mediastinal deviation and allow continuation of the procedure endoscopi
cally, if well tolerated. If, in spite of these techniques the artery remains difficult to 
dissect, a direct approach by an extended thoracotomy extending to the sternocostal 
junction will be necessary. 

After systemic heparinization (l mg/kg), the distal part ofthe IMA is divided between 
two vascular clips. An endoscopic forceps is used to place an atraumatic vascular clamp 
(bull dog) at a distance from the distal aspect of the IMA. 

The second step of the procedure may be performed through a 4-cm left anterior 
thoracotomy along the fifth intercostal space. Usually the port at the level of the fifth 
intercostal space on the anterior axillary line is extended medially, forming a small 
anterior thoracotomy (Fig. 3); rib excision is not necessary. The distal segment of the 
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IMA is withdrawn from the minithoracotomy in order to correctly prepare it, using direct 
vision, for anastomosis to the LAD. 

Chest Closure and Pleural Drainage 

On completion of the anastomosis, heparin is neutralized, and a 28-Fr. pleural drain 
is inserted via the most inferior trocar port and is positioned in the thoracic cavity. The 
minithoracotomy and the remaining trocar ports are closed in layers. 

TECHNIQUE FOR BILATERAL IMA HARVESTING 

Thoracoscopic techniques of IMA harvesting may allow the possibility of a second 
IMA graft while limiting thoracic opening. The patient is placed in the dorsal position 
with the arms above the head. Inflatable pillows are placed laterally under the right and 
left thorax. By alternating inflation and deflation of these pillows, the patient can be 
placed in a right or left anterolateral position with an incline of 30° . 

Right IMA harvesting is easier to perform than LIMA harvesting owing to better 
visualization because of the absence of heartbeats and pericardial fat in this side. The 
technique used mimics that used for LIMA dissection. Following harvesting of the right 
internal mammary artery (RIMA); two clips are placed on its distal extremity. The graft 
is cut between these clips and is then placed on the anterior surface of the right ventricle 
after fashioning a large pericardial window extending from the right atrium to the peri
cardial reflection of the superior vena cava. In this way, the right mammary graft may be 
delivered through the left thoracotomy. The LIMA is then dissected by thoracoscopy. 
The second stage of the operation consists of performing the left anterior thoracotomy 
and the two bypasses. The distal segments of the IMAs are withdrawn from the thorac
otomy in order to correctly prepare them for anastomoses to the coronary arteries. The 
RIMA may be anastomosed to the LAD, and the LIMA to the obtuse marginal in cases 
of left main disease or double-vessel disease. 

COMMENTS 

The complete dissection of the IMA from its origin at the subclavian artery to the sixth 
intercostal space afforded by thoracoscopic assistance allows transection of all collateral 
branches arising from the LIMA, thus avoiding the risk of coronary steal syndrome. 
U sing this technique, a sufficient length of the vessel is harvested, ensuring adequate 
reach to the LAD target. Postoperative pain is minimized in two ways. First, rib resection 
is averted. Second, because the IMA is already dissected, a thoracotomy incision of only 
4-6 cm is sufficient to approach the LAD and carry out the anastomosis. Moreover, no 
retraction of the thoracotomy is necessary to expose the IMA. 

Most cardiac surgeons currently in practice have little or no experience with 
videoscopic techniques. A period of training is essential to learn to manipulate the instru-
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ments and the thoracoscope. Perfecting the technique of arterial harvesting in animal 
models before entertaining human application is indispensable. Another option is to 
practice thoracoscopic IMA in patients undergoing conventional bypass grafting, prior 
to undertaking the median sternotomy. The extent of dissection and visualization afforded 
by this technique mimics the conditions attained during conventional open IMA harvest. 
In conclusion, videoscopic harvest of the IMA represents an additional tool in our quest 
for a less invasive, safe, and effective myocardial revascularization. 
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INTRODUCTION 

The key issues for satisfactory results with off-pump coronary artery bypass grafting 
(CABG) are accuracy with the anastomosis and safe management of the regionally 
ischemic myocardium. The greatest challenges confronted during creation of the anas
tomosis under beating heart conditions include performance of a well-aligned coronary 
arteriotomy without injury to the vessel back wall, accurately placed toe and heel sutures, 
and prevention of injury to the fragile edge of the arterial conduit and native artery during 
suture placement. With the concerted focus and development over the last 2-3 years, 
substantial headway has been made in these areas. There are now formalized and repro
ducible techniques to ensure optimal presentation of the myocardium and graft artery, for 
local immobilization of the myocardium, and to control the anastomotic site. As a result 
of these developments, the previously held hesitations concerning beating heart CABG 
have been largely averted. 

Myocardial contractile physiology varies widely within and between patients, and 
effective anastomotic site presentation and control requires the ability to both appropri
ately select and effectively utilize one or a number of the available immobilization 
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methods. Among these methods are mechanical, pharmacological, and electrical tech
niques; use of each varies according to the location and number of vessels being addressed 
as well as the incision being used. This chapter reviews the available mechanical, phar
macological, and electric methods of myocardial wall immobilization that have made 
off-pump CABG a viable alternative to conventional myocardial revascularization. 

ANASTOMOTIC SITE PRESENTATION 

The application of minimally invasive CABG was at first largely confined to anterior 
wall vessels, in particular the left anterior descending (LAD) artery. With consolidation 
of the left internal mammary artery (LIMA) to LAD anastomosis and expansion of 
techniques, all vessels (albeit with some difficulty) are now accessible and a variety of 
conduits have been utilized. 

Off pump minithoracotomy approaches demand concerted attention to the optimal 
displacement and positioning of the heart and graft sites. This requires time and often, 
small and serial adjustments in heart position are necessary to allow for hemodynamic 
adaptation. The goal must be an optimally positioned heart with the target vessel situated 
centrally in the wound. In the case of limited anterior thoracotomy, adequate positioning 
within the pericardial cradle is achieved by placement of lateral traction sutures into the 
pericardial edge. As the pericardium stretches, the sutures require repositioning more 
posteriorly in the main body of the pericardial sac until the coronary artery is displaced 
into the center of the incision. Care is necessary to avoid phrenic nerve traction injury 
during placement of the posterior sutures in the pericardial sac. These maneuvers are 
similar whether the LAD, diagonal, or right coronary artery is being grafted. Posterior 
vessels, on the other hand are not accessible via the anterior minithoracotomy approach. 

With off-pump multivessel grafting via median sternotomy, the requirements for lat
eral and inferior wall presentation are more demanding and elaborate. Using sternotomy 
access, the parasternal position of the LAD and right coronary artery are immediately 
apparent and grafting of these vessels requires medial and anterior displacement as 
previously described. For access to lateral and inferior wall vessels, considerable atten
tion is now being focused on techniques of cardiac displacement and dislocation and on 
the tolerance and corrective measures for associated hemodynamic changes. The Octo
pus system (see below), developed by the group at the University of Utrecht (1), is leading 
the efforts in the field of mechanical displacement. Other methods use variously shaped 
and compartmentalized balloons with differential inflation to facilitate anterior and medial 
displacement ofthe heart. Traction and suspensory systems including slings, mechanical 
retractors, and surgical packs have also been developed. Other devices exist and many 
more will be designed to facilitate anastomotic site presentation. 

ANASTOMOTIC SITE STABILIZATION 

For years, hesitation and skepticism over off-pump CABG related to concerns with 
grafting on a moving target. Many techniques have been developed to remedy this prob-
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Fig. 1. Available methods to optimize the surgical field for creation of the coronary anastomosis 
on the beating heart. 

lem and each is selected according to the specific myocardial contractile state at the time 
of grafting. Figure 1 summarizes the available methods. 

MECHANICAL IMMOBILIZATION 

Mechanical methods of immobilization have become the most successful of all 
approaches intended to facilitate coronary grafting on the beating heart. The first mechanical 
principle includes the use of foot-shaped devices that are embedded within the myocardium 
on either side of the grafted vessel so as to dissipate the propagated systolic wave and 
immobilize the graft site within a bridge of myocardium. These devices include the 
Access Platform and Stabilizer (CardioThoracic Systems, Cupertino, CA) and a similar 
system by the United States Surgical Corporation (Norwalk, CT) (Fig. 2). 

The second method involves immobilization with the Octopus device (Medtronic, Min
neapolis, MN) that relies on the use of suction cups to provide fixation of the adjacent vessel 
(Fig. 3) With this device, wide degrees of anterior, medial, and cephalad myocardial dis
placement are feasible. Angles of up to 90° between the axis of the aorta and the heart are 
achievable for optimal presentation. The set-up process may require many minutes for 
optimal tolerance and positioning of the heart for anastomotic site grafting. Further 
improvement is provided by the effects of gravity from appropriate positioning of the 
operating room table-Trendelenburg and/or right and leftward movements. The suction 
cups, carefully attached and with a negative suction pressure of 400 mmHg, allow satisfac-
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Fig. 2. The United States Surgical Corporation System. 

Fig. 3. The Octopus System (Medtronic Inc). 
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tory traction for access. Besides the anterior wall vessels, the system is particularly useful 
for the high lateral wall arteries including the ramus and proximal marginal vessels as well 
as for the inferiorly located posterior descending artery. The left ventricular branch of the 
right coronary artery and the distal obtuse marginal arteries however, are less accessible. 

An integral part of the mechanical displacement technique includes the need for phar
macological and volume therapy to correct and maintain cardiac performance. Judicious 
use of vasoconstrictors, dilators, volume infusion are often required. Particular care and 
experience is needed with these interventions to avoid undue hemodynamic swings that 
may compromise cardiac tolerance during the critical time of anastomosis. 

PHARMACOLOGICAL IMMOBILIZATION 

Pharmacological interventions incorporate a wide range of methods including myo
cardial preconditioning prior to vessel isolation, therapy to reduce myocardial oxygen 
requirements during vessel isolation, reduction in the force of myocardial contractility, 
and the induction of bradycardia and transient asystole for suture placement. 

Induction of Bradycardia 

Beta blockers, particularly the short acting agents like Esmolol (Anaquest Inc., Liberty 
Comer, NJ), have been most widely used. In everyday off-pump clinical practice, use of 
short-acting ~-blockers is associated with wide variation in rate-lowering effect, and undue 
hemodynamic depression may occur. In our early minimally invasive direct coronary artery 
bypass (MIDCAB) experience, use of ~-blockade for this purpose achieved adequately 
tolerated rates a the intended level of 35-45 beats/min in approx 40% of cases (unpublished 
data). In many instances, heart rate may change little yet hemodynamic compromise may 
occur. The more important role of ~-blockers in off-pump grafting may well be in improving 
ischemic tolerance during the coronary artery isolation (2), in reducing myocardial contrac
tility to facilitate suturing conditions, and in minimizing the potential for tachycardia second
ary to other changes and interventions during the procedure. Titrated dose range ofEsmolol 
for these purposes varies from 50-100 jJg/kg/min. Several groups use calcium channel 
blockers, most commonly Diltiazem (Marion Merrell Dow Inc., Kansas City, MO) to 
achieve the same goals. In general, even when rates of 35-40 beats/min are achieved and 
tolerated, in the absence of other stabilization measures, the technical demands of suturing 
remain undue, and hence, the induction of bradycardia alone for suturing should be viewed 
as a relatively unimportant part of the off-pump grafting method. 

Induced Transient Ventricular Asystole 

An induction system of controlled pauses of ventricular contraction can be used to 
provide a transiently still cardiac field that facilitates accurate anastomotic grafting. 
Epicardial pacing back-up-ventricular or atrioventricular-is used when required to 
minimize the pause interval. We have developed a method and new application using 
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Fig. 4. Typical electrocardiographic recording following rapid intravenous bolus administration 
of adenosine. 

adenosine (Fujisawa USA, Deerfield, IL) for this purpose (3). The properties of adenos
ine make it ideally suited for this purpose. Adenosine is an endogenous nucleoside with 
an ultra-short half-life of <10 s that is clinically used for conversion of paroxysmal 
supraventricular tachycardia to normal sinus rhythm. After intravenous injection, the 
agent is rapidly eliminated from the blood by erythrocytes and vascular endothelial cells 
and converted by adenosine deaminase to inosine and adenosine monophosphate (AMP). 
Sinus node activity is depressed and slowing or blocking of atrioventricular nodal con
duction and ventricular arrest can occur. The substance and its metabolites are not toxic 
to the liver or kidneys. Vasodilation of the coronary bed occurs with often a fourfold 
increase in coronary blood flow, a response that is utilized in thallium stress testing. The 
substance is infused in doses ranging from 0.15-0.3 mg/kg with administration by a 
central venous catheter as a rapid bolus. Test boluses using 0.15 mg/kg are given to assess 
the initial response and further doses are given based on the response to the preceding 
bolus and the required duration of the pause. A larger dose for a longer pause is admin
istered for the particularly important coronary arteriotomy. Figure 4 shows the typical 
EKG changes following a rapid intravenous bolus of adenosine. 

Results of our experience with the use of adenosine are shown in Table 1. Hypotension 
secondary to systemic vasodilation and the asystolic pause is usually self-limiting or 
easily reversed or controlled with administration of Neosynephrine (Sanofi Winthrop 
Pharm., New York, NY). Doses of 100-200 mcg are given routinely as a chaser bolus at 
the time of the original adenosine administration. Adenosine side effects were unimpres
sive in our experience of 31 cases and the recognized problems of flushing, shortness of 
breath, asthma, and gastrointestinal discomfort are of little consequence under general 
anesthesia. In our experience, no patients required prolonged pacing and only one patient 
(3.2%) developed atrial fibrillation. Occasionally, reflex tachycardia follows the adenos
ine bolus but this is minimized by the use of background ~-blockade. Because the patients 
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Table 1 
Infusion and Hemodynamic Data for 31 Patients Undergoing 

Off-Pump Revascularization with Adenosine-Induced Transient Asystolea 

Patient data 

Infusion 
Boluses per coronary anastomoses 
Dose per bolus (mg/kg) 
Duration of pause (s) 
Time to complete anastomosis (min) 

Hemodynamic 
Time for arterial blood pressure 

recovery to baseline (±5 mmHg, s) 
% SVO/ fall per bolus 
Time for SV02 recovery to baseline (s) 

a Adapted from ref. 3. 
bM · d . lxe venous oxygenatIOn. 

Mean 

9 
0.24 
6 

18 

35 

7 
36 

Range 

6-14 
0.15-0.35 

3-19 
14-27 

13-48 

5-11 
12-46 
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are nonnothennic, care is required to limit the pause interval and to allow full recovery 
of hemodynamics between pauses. However, as described earlier, the mechanical devices 
have in most situations become more efficacious alternatives. Adenosine nonetheless, 
remains of substantial use in particular to provide the ideal conditions of a transient and 
completely still field for the critical coronary arteriotomy or difficult toe and heel sutures. 
The method is also beneficial in off-pump situations to facilitate suture placement for 
anastomotic hemostasis. 

Other substances have been used for this purpose. Indeed, acetylcholine was originally 
used for intentional pausing to provide a still field during coronary angiography (4). 
However, wide variations in predictability, untoward systemic side effects, and danger
ous repolarization arrhythmias make this alternative much less attractive. These prob
lems have arisen in most substances investigated to date. 

A similar principle has been used experimentally by induction of more extended 
intervals of complete heart block and ventricular asystole with secondary support pro
vided by atrioventricular pacing. The method has been proposed and described by Khanna 
and Cullen (5) in a sheep model. Lidocaine (2 mL, 2% solution) is directly infiltrated into 
the His bundle and proximal bundle branches. Cardiac function is maintained with ven
tricular or sequential pacing and transient cessation of pacing enables a controlled pause 
and still surgical field for creation of the coronary arteriotomy and placement of sutures. 
Using this technique, extended periods of up to 30 min of un de dying ventricular asystole 
were produced. Although in basic principle this method appears valid and promising, 
several areas of concern exist regarding clinical application. These relate to the ability to 
provide reliable and atraumatic bundle infiltration, the potential for escape and repolar
ization arrhythmias, and the possibility of unrecognized intracardiac injury or late con
duction system dysfunction. Although limited by these uncertainties, use of advance 
electrophysiological techniques including bundle localization and transient ablation may 
in the future render this approach more suitable for clinical application. 
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MANIPULATION OF MYOCARDIAL CONTRACTILITY 

Baseline myocardial contractility and dP/dT varies widely in response to intrinsic 
physiology, in particular adrenergic activity, as well as in response to a variety of medi
cations. Therapy that causes a reduction in dP/dT provides conditions where excursion 
of the beating heart becomes significantly diminished and hence, a favorable anastomotic 
milieu is established. Furthermore, a quieter heart can improve the effectiveness of 
available mechanical myocardial stabilization devices. Manipulation of this entity can 
therefore be important in maximizing the ease and accuracy of coronary suturing in off
pump grafting. ~-blockade is particularly effective in reducing dP/dT and for this among 
other reasons, baseline ~-blocker administration is an important preliminary to off-pump 
grafting. In addition, short acting agents are titrated intraoperatively during the anasto
mosis to achieve optimal effect. Esmolol infused to maximum tolerance and response is 
most suited for this purpose, and often, multiple gradually infused doses are required. 
Other agents including a-agonists such as Clonidine (Boehringer Ingelheim Pharm. Inc., 
Ridgefield, CT) (6) and ganglion blocking agents have been used as well. Additional 
myocardial control can be obtained by deepening the level of anesthesia at the time of the 
anastomosis. Although little attention has been directed in the past to these aspects of off
pump coronary surgery, it is becoming clear that use of these approaches in combination 
with mechanical stabilizers can result in optimal conditions for beating heart myocardial 
revascularization. 

It is critical to point out that the concentrated and demanding pharmacological man
agement of the myocardium during off-pump minimally invasive CABG is largely under 
control and initiative of the cardiac anesthesiologist. The degree of intraoperative partici
pation and intervention by the anesthesiologist is at a much greater level than during 
conventional CABG and hence, open communication and dedicated anesthesia teams are 
essential to the success to these approaches. 

ELECTRICAL TECHNIQUES OF WALL MOTION IMMOBILIZATION 

Electrical stimulation of the parasympathetic nervous system for cardiovascular 
manipulation has been used extensively in both experimental and clinical conditions 
(7,8). Using this principle, the vagus nerve can be stimulated by electric current with the 
potential for induction of profound bradycardia and temporary arrest. The resultant pause 
is utilized to enhance suturing on the beating heart. Matheny recently reported his limited 
clinical experience using intermittent vagal nerve stimulation along with cholinesterase 
inhibition with Neostigmine (ICN Pharm., Inc., Costa Mesa, CA) during full cardiopul
monary bypass support (9). The vagus nerve is accessible by both sternotomy and tho
racotomy and can be located as it crosses the aorta just lateral to the phrenic nerve. In their 
study, temporary pacing wires were attached to the nerve and electric stimulation deliv
ered using a continuous 5-s pulse train of 25 Hz and 20 V with a pulse width of 0.1 msec. 
The resultant pause duration was in the vicinity of 5 s. Resting periods between stimu
lations were provided to allow blood pressure recovery. Observations showed that with 
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incremental stimulation there was increasing vagus nerve fatigue and a wide degree of 
variation in the induction of bradycardia and the arrest response. In our own experience 
with electric vagus nerve stimulation in the porcine model, using unilateral and bilateral 
vagi and with similar stimulus signals, the effect was unpredictable. As suggested by 
Matheny and Shaar (9) the length of time required to isolate the nerve, the variability in 
response to stimulation, and the possibility of nerve injury, at present, limit the applica
bility of this technique. For vagal stimulation to gain broad applicability, further 
improvements in regulation and response must evolve. 

SUMMARY 

Myocardial presentation and anastomotic site immobilization remain the most critical 
factors influencing accuracy in off-pump anastomosis. Recent progress has led to a 
variety of mechanical, pharmacological, and electric methods of control. The final strat
egy in practice should be tailored to the individual case but, in most instances, will include 
the combination of a mechanical immobilizing device with one or several pharmacologi
cal manipulations. 
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INTRODUCTION 

Interest in minimally invasive coronary artery bypass grafting (MICABG) on the 
beating heart is growing. The premise for adopting these less invasive approaches is that 
patient morbidity can be reduced without compromising the safety and efficacy of con
ventional CABG. Despite the encouraging early clinical results reported by Benetti (1), 
Buffolo (2), Pfister (3), Subramanian (4), Calafiore (5), and their associates, CABG 
without cardiopulmonary bypass (CPB) via midline sternotomy or minithoracotomy has 
met with concerns of technical limitations and efficacy of anastomosis (6-8). Recently, 
the introduction of surgical instrumentation to facilitate internal mammary artery (IMA) 
harvest, mechanical local immobilization and stabilization of coronary artery target sites 
has enabled standardization of the surgical technique for left internal mammary artery to 
left anterior descending (LIMA-LAD) anastomosis by a minimally invasive direct coro
nary artery bypass (MIDCAB) approach, with predictable good results. 

INDICATIONS FOR MIDCAB 

The indications for MIDCAB have evolved since its inception, and general agreement on 
this topic has not been reached. At present, candidates for this procedure are patients with: 
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Table 1 
Ideal Anatomic Conditions for LIMA-LAD MIDCAB 

LAD> 2 mm in diameter 
Presence of a tublar heart on chest roentgenogram 
Thin chest wall with wide intercostal spaces 
Reoperative coronary artery bypass with deteriorated saphenous vein grafts 
Totally occluded LAD with good collaterals to distal LAD 
Noncalcified LAD 
Left ventricular dysfunction 

1. Prior CABG with failed saphenous vein grafts to the LAD, right coronary artery (RCA), 
or obtuse marginal (OM); 

2. Multiple-vessel disease and significant coexisting morbidities for whom CPB is consid
ered high risk (cancer, renal failure, diffuse cerebrovascular and peripheral vasculopathy, 
aortic atherosclerosis, advanced age, respiratory insufficiency); 

3. Restenosis after percutaneous transluminal angioplasty (PTCA) and stenting; and 
4. Unsuitable LAD, RCA, and OM for PTCA because of severe complex stenosis, or chronic 

total occlusion. 

In addition, current evolving indications include MIDCAB for 

1. "Hybrid therapy," i.e., single-vessel grafting as part of a combined strategy with PTCA 
for patients with triple-vessel CAD; 

2. LIMA-LAD grafting as an adjunct to major noncardiac surgical procedures, e.g., 
abdominal aortic aneurysm repair; 

3. "Culprit" lesions (is complete revascularization necessary?); and 
4. Ischemic cardiomyopathy with anterior wall ischemia. 

Table 1 depicts the current ideal anatomic conditions for LAD-MID CAB today. Rela
tive contraindications for MIDCAB include the presence of an intramyocardial, diffusely 
calcified or small «1.5 mm) LAD, or presence of severe pulmonary hypertension with 
a large left ventricle. Our experience and that of others indicates that if LIMA-LAD 
MIDCAB is performed under these conditions, graft occlusions are more likely to occur. 

SURGICAL TECHNIQUE 

Anesthesia and Intraoperative Monitoring 

Standard cardiac anesthetic techniques are used for induction and maintenance of 
anesthesia. Premedication with oral clonidine (Boehringer Ingelheim, Ridgefield, CT) 
prior to surgery calms the heart during coronary anastomosis. Clonidine inhibits central 
release of adrenergic amines and decreases anesthetic requirements (9), maintaining a 
low heart rate and blood pressure during coronary anastomosis. 

Recently, routine use of temporary single-lung ventilation (SLV) has facilitated direct 
vision of the IMA and has resulted in a reduction in harvest time to 15-20 min. However, 
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caution is to be exercised in using SLY in patients with severe chronic respiratory insuf
ficiency because of an apparent increase in pulmonary complications when the lung is 
collapsed for longer periods of time. At present, SL V is used only during the last 5 min 
of the dissection for exposure of the LIMA near the top part of the thorax, beyond the 
second intercostal space. In patients with advanced obstructive pulmonary disease who 
do not tolerate SLY intraoperatively, conversion to midline or partial sternotomy is 
undertaken to complete the procedure. 

Anesthetic techniques are fme-tuned to allow rapid awakening and extubation of the 
patient routinely while in the operating room. The use of epidural anesthesia and narcotics to 
facilitate extubation and to optimize pain control has recently been initiated. This is particu
larly helpful for patients undergoing midline sternotomy CABG operations without CPB. 

During the period of local coronary occlusion, the depth of anesthesia is increased to 
reduce left ventricular contractility, blood pressure, and heart rate. This is accomplished 
with the use of intravenous ~-blockers or calcium-channel blockers. The use of adenosine 
(Fujisawa, Deerfield, IL) for intermittent cardiac standstill during coronary anastomosis 
has been abandoned. In addition, during the period of LAD occlusion and stabilization, 
deliberate volume loading is performed to diminish the movement of the heart surround
ing the area of local immobilization. 

Routine hemodynamic monitoring, continuous transesophageal echocardiographic 
monitoring of regional left ventricular wall motion, and ST -segment mapping are con
ducted during the entire procedure. Mixed venous oxygen saturation is continuously 
monitored in all these patients. 

Patient Positioning 

All patients undergoing grafting of the LAD, diagonal, proximal, first marginal or 
ramus intermedius arteries are operated on in the semianterolateral decubitus position 
with a 20-30° tilt with a roll underneath the left scapula. For grafting of the second and 
third marginal arteries or posterolateral branch of the circumflex artery, the straight left 
lateral position is used. Finally, for the grafting of the mid- and distal RCA, and the 
posterior descending coronary artery, patients are positioned in the supine position. 

Incisions 

The different incisions used to accomplish optimal exposure are depicted in Fig. 1. 

Anterior MIDCAB 

Grafting of the mid-LAD and second diagonal branch are performed through an 8-cm 
submammary incision placed underneath the nipple over the fourth left intercostal space 
with two-thirds of the incision medial and one-third lateral to the nipple (Fig. 2). The 
pleura is routinely entered and the lung is pushed away gently with gauze. With the aid 
of the new retractor systems, this incision creates a wide visual tunnel for the exposure 
of the entire LIMA, allowing its mobilization up to its origin under the direct vision. The 
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Fig. 1. Skin incisions used for different approaches to MIDCAB procedures. 

Fig. 2. Anterior MIDCAB submammary incision. 

exposure attained is very similar to that achieved during median sternotomy and hence 
quite familiar to most surgeons. Note that skeletonization of the LIMA pedicle is not 
crucial with this approach. 
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Lateral MIDCAB 

Grafting of the second and third marginal branches as well as the posterolateral branch 
of the circumflex artery is accomplished via a 3-in. thoracotomy incision on either side 
of the tip of the scapula in the lateral decubitus position. A short segment of the fifth or 
sixth rib is excised, and the thoracic wall muscles are marsupialized by tacking them to 
the skin edges with heavy sutures. A medium-sized Finnechietto retractor (Codeman Co., 
Johnson & Johnson, Randolph, MA) is used to spread the interspace, and SL V is routinely 
used. The inferior pulmonary ligament is incised and the lung is packed away in the upper 
chest for exposure. The pericardial incision is made posterior to the phrenic nerve, thereby 
permitting easy location of target vessels are located easily with this approach. The radial 
artery or saphenous vein graft from the descending thoracic aorta is used to graft the 
coronary vessels with this approach. 

Inferior MIDCAB 

The distal RCA and proximal posterior descending artery are exposed with a 2.5-in. 
subxiphoid incision. The xiphisternum is excised and bilateral release of the costal dia
phragmatic attachments is performed. Downward displacement of the diaphragm toward 
the abdominal retractor with traction sutures achieves excellent exposure of the target 
vessels. The right gastroepiploic artery is frequently used as a graft. Mobilization of this 
vessel is performed in the standard fashion (l 0). 

Mid-lateral MIDCAB 

An incision is made in the third or fourth intercostal space between the midclavicular 
and axillary lines, rostral to the scapula in the semi anterolateral position as described 
above. This allows exposure of the LAD, first diagonal, ramus intermedius, and first OM 
branches. Composite grafts using the radial artery or saphenous vein from the LIMA have 
been used as double or triple grafts. Recently, bilateral IMA grafting with RIMA-LAD 
and LIMA-OM has been accomplished. 

Right Coronary Artery MID CAB 

Recent introduction of the bucket handle right partial sternotomy (Fig. 1) in the inferior 
sternum with extension onto the third and fifth intercostal space has facilitated mobili
zation of the entire right IMA for anastomosis to the mid- or distal RCA. 

LIMA Harvest and Preparation 

The introduction of a specialized IMA Access Retractor (CardioThoracic Systems, 
Cupertino, CA) (Fig. 3) has standardized harvest of the LIMA. Entry into the left thorax 
is carried out through a submammary incision in the fourth intercostal space. The costal 
cartilage is not routinely excised. The dissection and mobilization of the entire length is 



94 Part II / Less Invasive Approaches to Coronary Bypass Grafting 

Fig. 3. IMA Access Retractor (CardioThoracic Systems, Cupertino, CA). 

performed under direct vision from a lateral approach. The length and integrity of the 
LIMA is well preserved with this technique. In some centers, thoracoscopic visualization 
has been used to aid IMA harvesting ( 11 ,J 2). The isolation of a long length of the LIMA 
is an essential component of the MID CAB operation because it: 

1. Avoids the kinking that occurs at the chest wall takedown when a short IMA is harvested; 
2. Allows a tension-free LIMA-LAD anastomosis; 
3. Reaches the LAD in a large transverse heart or in patients with chronic obstructive 

pulmonary disease (COPD) with large residual lung volumes; 
4. A voids the need to extend the LIMA with other conduits; 
5. Facilitates sequential grafting of the LAD and diagonal artery; and 
6. Alleviates the concern of coronary steal from an incompletely ligated branch ofthe IMA. 

After harvest, the IMA is clipped underneath the fifth costal cartilage and divided. The 
LIMA distal to this point is frequently smaller and more muscular and, hence, more prone 
to spasm. Prior to division of the IMA, a systemic bolus of intravenous heparin (2 mg/kg) 
is administered and the activated clotting time is maintained at twice the baseline value. 
Next, the IMA is prepared with intraluminal injections of verapamil (Knoll Pharmaceu
tical, Whippany, NJ), and papaverine hydrochloride (Eli Lilly, Indianapolis, IN) in 
heparinized saline. Injections are administered without clamping the IMA pedicle, and 
no hydrostatic dilation of the IMA is performed. Subsequently, the distal end of the IMA 
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is clipped and allowed to dilate while the coronary artery anastomosis is prepared. Rou
tine use of intraluminal verapamil in more than 750 patients undergoing multiple arterial 
conduit revascularization over the past 4 yr has completely eliminated IMA spasm. 
Indeed, the arterial conduits are usually quite large by the time the coronary anastomosis 
is performed. In situations in which a composite T or Y graft from the LIMA is necessary 
for grafting to the diagonal, marginal, or ramus intermedius branches, the construction 
of the composite graft (i.e., radial artery, saphenous vein, inferior epigastric artery) is 
done prior to the LIMA-LAD anastomosis. Just prior to creation ofthe anastomosis, the 
IMA is clamped with a soft, vascular, Fogarty-type bulldog clamp. The IMA is divided 
at the distal end, spatulated, and suspended from the upper medial edge of the thorac
otomy incision with fine sutures of 6-0 Prolene onto the skin. 

Access to the LAD and its Branches 

After the IMA is prepared, the IMA retractor spreader is replaced by an access platform 
(CardioThoracic Systems [CTS)) that carries a coronary stabilizer. The pericardium is 
incised about one fingerbreadth lateral to the IMA pedicle and parallel to the midline. The 
left ventricle is then inspected, the LAD is located, and the pericardium is suspended by 
traction sutures. The laterally placed pericardial traction sutures are pulled cephalad 
toward the patient's suprasternal notch or left shoulder. This maneuver cradles the heart 
and rotates it anteriorly, bringing it to the wound surface. Usually, a small gauze pad can 
be placed underneath the left ventricle to further rotate the heart and bring the LAD to the 
surface. The combination of the pericardial traction sutures and gauze pad under the left 
lung prevents it from being in the way during the creation of the anastomosis. 

After the LAD is deemed suitable, a site for the anastomosis is chosen. Early in our 
experience, the finding of an intramyocardial or extensively calcified LAD resulted in 
conversion to conventional CABG. More recently, however, for the calcified LAD, if 
> 1.5 mm, interrupted sutures were used to complete the anastomosis. With an 
intramyocardial LAD, the intramyocardial tunnel is incised to expose the vessel after 
adequate stabilization of the heart, and the LAD is then "unearthed" by using two lateral 
epicardial mattress sutures with Teflon bolsters placed on the sides of the intramyocardial 
tunnel. In patients with a history of prior CABG to the LAD, very little pericardial 
dissection is needed. The target site of the LAD below the old saphenous vein graft is 
usually immediately under the pericardial incision. In this instance, the pleural cavity is 
not entered, making the operation simpler. 

Coronary Occlusion and Preparation/or Anastomosis 

Two types of suture techniques have been used to achieve local coronary occlusion: 
A double-looped, 5-0 Prolene suture placed proximally and distally to the selected anas
tomosis site, encircling the entire coronary artery, epicardial fat, and accompanying 
veins, with the coronary artery underneath the looped sutures protected by silastic bol
sters; and a silastic retractor tape without double loop (Fig. 4). 
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Fig. 4. Silastic retractor tape used to facilitate coronary target immobilization. 

Ischemic preconditioning is used almost routinely; it entails 5 min of local coronary 
occlusion followed by 5 min of reperfusion, and then is completed by occlusion for the 
coronary anastomosis. Although the exact role of ischemic preconditioning in MIDCAB 
is not established, our clinical experience with this technique has been favorable. Ven
tricular tachyarrhythmias have not been observed in any of the patients undergoing 
LIMA-LAD anastomosis, and unifocal premature ventricular beats were rarely observed. 

Immobilization and Stabilization of the Recipient Coronary Artery 

The technique for anastomosis on a beating heart is technically demanding. Partial 
immobilization of the coronary target site by use of pharmacological agents, including 
intermittent adenosine-induced asystole, has not been successful in predicting or enhanc-
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Fig. 5. CardioThoracic Systems immobilizer with immobilizing foot. 

ing the early graft patency beyond 90% in our hands. We believe this is a result of the 
complex movements of the LAD in a beating heart, occurring in three axis in space 
(longitudinal, transverse, and vertical). The recent introduction of the concept of regional 
cardiac wall immobilization with mechanical platforms, on the other hand, has elimi
nated most of the movement of the LAD in all directions, simulating the anastomotic 
milieu present in the cardioplegic-arrested heart. 

Currently, two types of mechanical stabilization devices are available to achieve re
gional immobilization. The first type relies on local myocardial compression from direct 
pressure exerted on either side of the recipient coronary artery. A variety of such devices 
exist including the CTS stabilizer and rigid circles or rectangles that may be handheld or 
attached to the incisional retractor. To be effective, these devices must indent the myo
cardium firmly to dissipate the propagated systolic wave across the vessel and immobi
lize the artery within a bridge of myocardium. Localized compression is usually well 
tolerated hemodynamically, and it can often be seen on the transesophageal echo
cardiogram, sometimes mistaken for an ischemic akinetic area. Use of one such stabilizer 
(Fig. 5) in the last 172 consecutive LIMA-LAD grafts performed via the MIDCAB 
technique, in our experience, has yielded an early (36 h) graft patency of 96.2%. 

The second type of mechanical device its the Utrecht Octopus (Medtronic, Minneapo
lis, MN) (Fig. 6). This device consists of a system of suction cups on two fixed handles 
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Fig. 6. Utrecht Octopus retractor. "Tentacles" or suction cups are positioned on either side of the 
target vessel. 

that are positioned on either side of the target vessel. This system not only offers immo
bilization but also enables variable degrees of myocardial traction for access to lateral and 
inferior wall vessels. 

Frequent changes in heart size occur during the anastomosis secondary to variations 
in intracardiac volume, afterload, ischemia, and tidal volume. These variations often lead 
to a shift in alignment of the device, and methods to improve these immobilization 
techniques are necessary and certain to optimize the technically demanding situation of 
coronary grafting on the beating heart. 

Visualization and Control of the Anastomotic Site 

Despite the many technical improvements, isolation and control of the anastomotic 
site remains a contentious area. Effective control requires an atraumatic system that 
provides isolation of an adequate segment of vessel, free of bleeding, and with provision 
for dispersing residual blood, which may obscure the anastomosis. We are routinely 
using a blower device to blow the blood away during the anastomosis. As an added 
advantage, the blowing action keeps the incised edges of the coronary artery separated 
like "a spinnaker on a sailboat," greatly simplifying the anastomosis. 

The correct length of the isolated artery is a balance between being too long, with the 
increased potential for excessive and bothersome back-bleeding, and being too short. 
When feasible, the isolated segment should be chosen in order to exclude inflow from any 
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significantly sized visible branches. With an unduly short segment, on the other hand, 
crowding or distortion of the tissues at the anastomotic toe and heel may occur and 
seriously compromise a secure anastomosis. An allowance also needs to be made for 
variable degrees of edema and hematoma formation secondary to tissue injury, during or 
after placement of the vessel-controlling system. With the ongoing beating action of 
the heart, swelling may occur and extend to encroach on the anastomosis. Selection of the 
anastomosis site may be relevant to ensure a successful operation. A more proximal site 
may result in a greater area of distal ischemia and increase the potential for hemodynamic 
instability and arrhythmias during the critical anastomotic period. 

Anastomotic Technique 

After the target site has been immobilized and the ischemic preconditioning completed, 
the LAD is incised for a distance of 4 to 5 mm. The anastomosis is performed with running 
7-D or 8-D Prolene sutures in standard fashion. Over the last year, our technique has been 
modified to use two 8-D Prolene sutures, one at the toe and one at the heel, with three throws 
at each end; the IMA graft is then parachuted down to the coronary artery, and the anasto
mosis is finished on either side. When doing composite or mUltiple grafts to the diagonal 
and the circumflex arteries, the end-to-side anastomosis to the circumflex is completed fIrst, 
followed by the side-to-side anastomosis of the diagonal, and then the final LIMA-LAD 
anastomosis. While the latter is completed, the bulldog clamp is placed distal to the 
origin of the composite graft. In a sequential LAD-diagonal graft, the side-to-side 
anastomosis of the diagonal is performed first. Again, the bulldog clamp is placed distal 
to the diagonal anastomosis to allow perfusion while the LAD anastomosis is completed. 

Following completion of the coronary anastomosis, the looping sutures are removed, 
thus allowing the native coronary artery to fill the anastomosis into the IMA and ensuring 
good flow through the anastomosis. The stabilizer is then removed, and the bulldog clamp 
on the IMA pedicle is released. Protamine is not given routinely. The pericardium is 
widely incised and the IMA pedicle carefully tacked onto the epicardium to achieve a 
30--40° angle of LIMA on to the LAD. The wide pericardial incision has greatly decreased 
the incidence of pericarditis and atrial fibrillation after this operation. The careful align
ment of the LIMA-LAD angle has virtually eliminated the "funny shadows" previously 
seen on early angiography. Routine intercostal block with bupivicaine (Sanofi Winthrop, 
New York, NY) is used to minimize postoperative pain. A small drainage catheter is 
placed in either the pericardial or pleural cavity, the wound is closed, and the patient is 
returned to the intensive care unit (usually extubated). 

Routine postoperative care is carried out with emphasis on early extubation within the 
first postoperative hour and discontinuation of all invasive lines within 6 h. Graft patency 
is tested by immediate, postoperative echocardiographic Doppler color flow analysis of 
the LIMA-LAD anastomosis and by routine angiography between 24 and 36 h after 
surgery. Patients are ambulated within the first 12-24 h after surgery. Follow-up stress 
testing with the use of thallium and a treadmill, as well as repeat evaluation of the IMA 
anastomosis with echo Doppler are performed within a 3 to 6 mo interval. 
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MULTIVESSEL GRAFTING BY MIDLINE STERNOTOMY INCISION 
ON/OFFPUMP 

The exposure used in multivessel grafting by midline sternotomy incision is similar to 
conventional CABG. Preferably, only arterial grafts are used, no aortic manipulation is 
done, and the mechanical stabilizers previously discussed are utilized. A recently intro
duced multivessel platform (CardioThoracic Systems) is the most suitable for approach
ing the posterior vessels. The foot of the device, which is used as a local immobilization 
platform, rotates on a swivel that can be placed in different directions to achieve immo
bilization. The Octopus platform has also been extensively used in approaching posterior 
vessels, however, experience is too limited to comment on its safety and efficacy. Cur
rently, the LAD, RCA, posterior descending, and a high-diagonal or ramus branches are 
the most easily approached for multivessel grafting by midline sternotomy incision with 
the use of these platforms. 

Dislocation of the apex of the heart upward 90° while in a Trendelenburg (head down) 
position is well tolerated hemodynamically in patients with good left ventricular func
tion. In patients with compromised left ventricular function, however, this maneuver is 
commonly complicated by regional ischemia and moderate mitral regurgitation. To 
achieve cardiac dislocation, we use a two-sponge technique: one sponge is placed in the 
transverse sinus and the other around the inferior vena cava, with the right sides of the 
sponges fixed to the chest wall and the left ends free to move around the heart to expose 
and present the target to the surgeon. In our experience, maneuvering of the heart in this 
manner is associated with minimal, if any, hemodynamic compromise. Bilateral detach
ment of the diaphragm from its costal attachments enhances exposure of the posterior 
surface of the heart. Closure of the wound and drainage with pleural and mediastinal tubes 
is performed in standard fashion. 

CLINICAL EXPERIENCE 

Between April 1994 and September 1997, 290 patients with a mean age of 66 ± 12 yr 
(range 36-93) underwent MIDCAB in our institution. Anterior minithoracotomy, 
subxyphoid, lateral minithoracotomy, and right-sided bucket-handle mini sternotomy 
incisions were performed. Using the aforementioned techniques-pharmacological 
bradycardia, local coronary occlusion on the beating heart, local immobilization of target 
arteries with traction sutures, and regional cardiac immobilization with mechanical plat
forms-IMA, gastroepiploic, and radial artery grafting were performed. 

Table 2 depicts the preoperative risk factors among the patients undergoing these 
procedures. Three patients underwent concomitant carotid endarterectomy. Clinical pri
orities for MIDCAB were elective in 168 patients (154 for chronic stable angina, 14 for 
ischemic cardiomyopathy), urgent in 119 patients (postmyocardial infarction or unstable 
angina), and emergent (acute myocardial infarction) in 3 patients. Clinical indications for 
MIDCAB consisted of high-risk comorbid factors prohibitive for CPB in 78 (27%) 
patients, reoperative coronary bypass grafting with high-risk factors for CPB in 81 (28%) 
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Table 2 
Preoperative Risk Factors 

Among 290 Patients Undergoing MIDCAB Procedures 

Unstable angina 
Postmyocardial infarction angina 
Ischemic cardiomyopathy 
Emergency acute myocardial infarction 
Reoperative coronary artery bypass 
CHJiZ with angina 
Ejection fraction <30% 
Chronic mitral insufficiency 
End-stage renal disease 
Prior CVAb 

Severe COPDc 

Prior pneumenectomy 
Diffuse vasculopathy 
Calcified aorta 

aCongestive heart failure. 
b Cerebrovascular accident. 
cChronic obstructive pulmonary disease. 

N 

43 
70 
14 
3 

81 
59 
71 
36 

5 
39 
61 

2 
69 
11 

% 

14.8 
24.1 

4.8 
1 

27.9 
20.3 
24.4 
12.4 

1.7 
13.4 
21 
0.7 

23.7 
3.7 
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patients, restenosis after PTCA and stenting in 95 (33%) patients, religious preference 
(Jehovah's Witness) in 7 (2.4%) patients, and unsuitable proximal LAD for PTCA in 15 
(5%) patients. Conversion rate to midline sternotomy and CPB in the entire series was 
4.8% (14/290), and in the recent 190 consecutive cases, this figure was reduced to 1.6%. 
There has been no mortality in the patients who required conversion to conventional 
CABG. Among the 14 patients who underwent converted conventional CABG, only one 
patient required conversion for bradycardic arrest during LIMA-LAD grafting. This 
patient had successful completion of the operation via sternotomy and CPB. Reasons for 
additional conversion to conventional CABG include technical difficulties during RIMA
RCA right-sided minithoracotomy (5), intramyocardial LAD (3), LIMA injury (3), fatty 
heart (1), and bleeding at the LAD proximal occluding snare site (1). The minimal 
incidence of conversion for hemodynamic deterioration in the 250 patients who under
went LIMA-LAD MIDCAB confirms our impression that the local coronary occlusion 
of the LAD is well tolerated. We believe this is a result of our routine use of ischemic 
preconditioning from the onset of our experience with MIDCAB. 

The high rate of conversion to sternotomy among patients undergoing RIMA-RCA 
MIDCAB grafting (26%), is probably related to the difficulty encountered in immobiliz
ing the RCA and the presence of diffuse disease in this vessel. These factors along with 
the very high early occlusion rate of 20% with the RIMA-RCA graft performed via this 
incision strongly suggest that this operation should be performed only in cases in which 
the RCA is of good caliber and quality, and inpatients with short anteroposterior chest 
diameters. Furthermore, the high patency rates obtained with right gastroepiploic graft-
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ing to the distal RCA or posterior descending artery (PDA) (92%) combined with the lack 
of conversions to conventional CABG suggest that an inferior MIDCAB approach may 
be better to achieve RCA grafting. The introduction of the right-sided bucket-handle 
incision has recently allowed successful reoperative RIMA to mid- or distal RCA in five 
patients with 100% early patency. For patients requiring RCA grafting, presence of a 
totally occluded proximal RCA with collaterals from the left side to the distal PDA and 
RCA is preferable. 

Cardiac-related operative mortality was 1.1 %. The number of coronary anastomoses 
per patient was one in 86%, two in 14%, and three in one patient. Postoperative compli
cations were infrequent. Of interest is the extremely low incidence of neurological and 
renal adverse sequelae (0.36%), and low incidence of atrial fibrillation (7.2%). 
Angiographic and transthoracic Doppler flow analyses of the anastomoses at 36 h post
operatively were performed in 96.7% ofthe patients with an overall patency rate of92%. 

Prior to March 1996, when only conventional immobilization techniques had been 
used, the angiographic patency of LIMA-LAD grafts was 86%. Since that time, regional 
cardiac wall mechanic immobilization was used in the last 124 LIMA-LAD MID CAB 
patients, resulting in an early angiographic patency of97%. The only four occlusions that 
occurred in this latter cohort were owing to an intramyocardial LAD, an extremely 
calcified artery with a 1.5 mm diameter, and a heparin-induced thrombocytopenia with 
white thrombus in the anastomotic site and the native LAD after the operation. Therefore, 
it appears that the graft quality and the proper selection of target site are the sole deter
minants for graft occlusion when mechanical stabilization platforms are used. A cohort 
of 15 patients who underwent LIMA-LAD and who had early patent grafts have been 
sequentially studied at 6-9 mo intervals, and all grafts were found to be patent. During 
a mean follow-up of 12.4 ± 7.4 mo, four patients had expired (1 mo [1],3 mo [2], and 
7 mo [1] postoperatively). For the remaining 247 patients, cardiac event-free survival 
(PTCA, reoperative CABG, readmission with recurrent angina, and congestive heart 
failure) was 95%. Preliminary analysis of the economic impact of MIDCAB compared 
to elective uncomplicated conventional CABG in our institution has shown a consistent 
50% reduction in hospital costs and dramatic reduction in length of stay (13). 

The LIMA-LAD grafting is the most important operation advanced by the MID CAB 
technique. At our institution, this operation is performed in a fashion that closely mimics 
the routine conventional CABG except for the incision and the elimination of CPB. The 
patency of the lateral MID CAB using radial artery from the descending aorta to the 
marginal branches has been excellent. This approach has been carried out in 12 patients 
with a 100% overall patency rate in the 11 patients who underwent the procedure with the 
aid of mechanical immobilization. The superior exposure obtained in eight patients 
operated by midlateral MID CAB incision has uncovered an alternative method of 
approaching both the circumflex and LAD in patients with left main disease in which 
composite grafting of LIMA-radial graft to the LAD and circumflex branches have 
been successfully performed. We are currently entertaining the possibility of RIMA
LAD and LAD-circumflex grafting via the midlateral MIDCAB incision. MIDCAB 
grafting in primary elective or urgent reoperative coronary bypass patients is a safe and 
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effective procedure with good early clinical results especially with LIMA-LAD graft
ing. Regional cardiac wall mechanical immobilization must be incorporated as a stan
dard part of the procedure in all MIDCAB grafting procedures to ensure good graft 
patency. Also, critical evaluation of early and late angiographic results with this opera
tion is essential. It is envisioned that in the next 5 yr, at least 30-40% of coronary artery 
bypass surgery will be routinely performed on a beating heart either with midline 
sternotomy for multiple vessels or with strategically placed minimal access incisions 
for single- or double-vessel grafting. 
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INTRODUCTION 

The prospect of grafting the internal mammary artery (IMA) to the left anterior 
descending (LAD) artery via a thoracotomy without the aid of cardiopulmonary bypass 
(CPB) was first explored by Kolessov in 1967 (1), and further applied by Favaloro (2), 
Garrett (3), Trapp (4), and others. The early wave of enthusiasm for this technique soon 
wavered with the widespread availability of CPB and cardioplegia, which allowed for a 
motionless and bloodless operative field. The unequivocal and widespread success of 
conventional coronary artery bypass grafting (CABG) limited the use of unsupported 
bypass grafting. Two developments in the early 1990s revived the technique of myocar
dial revascularization without CPB: (1) the emergence of minimally invasive technology 
applicable to the chest, and (2) the promising results of "pumpless" bypass grafting 
reported by a number of authors (5-7). 

The promising clinical reports of minimally invasive coronary artery bypass grafting 
(MICABG) demonstrating excellent early patency, low morbidity and mortality, and 
shortened hospital stays stimulated a worldwide interest in these techniques. Our group 
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popularized MICABG through a left anterior small thoracotomy, coining the term the 
"LAST" operation (8). The purpose of this chapter is to describe our updated experience 
and to examine the directions of minimally invasive techniques as they are presently 
evolving in Europe. 

SURGICAL INDICATIONS 

Presently no consensus exists delineating absolute indications for MICABG. The 
decision to perform MICABG at our institution is individualized and is by no means 
generalizable to all patients and to all institutions. Furthermore, we recognize that the 
field is rapidly evolving and that current indications may change. Nonetheless, certain 
indications are shared by several of our European colleagues. Candidates for the LAST 
operation include patients with isolated LAD disease in whom a percutaneous 
transluminal coronary angioplasty (PTCA) was unsuccessful, impossible (occluded 
LAD), or contraindicated (proximal and/or complex stenoses). Patients with two-vessel 
disease (right coronary or circumflex plus LAD) in which the non-LAD vessel is occluded 
and recanalized or with a mild stenosis or stenosis that could be dilated are also consid
ered. In addition, patients with multivessel disease in which the lesion in the other vessels 
can be dilated are suitable candidates. Finally, patients for whom CPB is deemed a high
risk undertaking, including patients with malignancies, renal failure, generalized 
vasculopathy, coagulation disorders, and advanced age, are also considered. 

Contraindications to MICABG are limited to anatomic considerations and are strictly 
related to the impossibility of performing the LIMA-LAD anastomoses because of an 
unsuitable or unreachable LAD. In some patients, unfavorable conditions can be detected 
preoperatively. Presence of left subclavian stenosis or occlusion precludes MICABG 
because it can result in a coronary steal syndrome (9,10). An intramyocardial vessel, 
often discernible at angiography (Fig. 1), is an absolute contraindication to MICABG. 
This particular situation is best diagnosed on oblique right anterior projections in which 
the vessel is seen to progress downward and then, after a few centimeters, tum upward 
(toward the epicardium). An LAD of <1.5 mm or a calcified LAD preclude MICABG. 
Exquisite attention must be given to the area 2-4 cm distal to the second diagonal branch 
because this is the usual anastomotic site. We rely on the evaluation of different 
angiographic projections to show the internal size of the distal LAD, the quality of its 
walls, and its position relative to the epicardial surface. In the majority of cases, however, 
the final decision to proceed or not with MICABG is made at operation. 

SURGICAL TECHNIQUE 

After establishing hemodynamic monitoring, general endotracheal anesthesia with a 
single-lumen endotracheal tube is instituted. Early in our experience, we relied on the use 
of double-lumen endotracheal tubes to optimize left-sided exposure. With increased 
experience, we have abandoned its routine use. Anesthesia is generally induced with 
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Fig. 1. Angiographic demonstration of an intramyocardial LAD. This constitutes a contraindica
tion to off-pump grafting. 

fentanyl and sodium thiopental and maintained with fentanyl and droperidol. Muscular 
relaxation is obtained with pancuronium bromide. To allow rapid awakening of the 
patient, a mixture of nitrous oxide and oxygen is used in the final part of the operation. 

Access to the heart is obtained via LAST in the fourth or fifth intercostal space, 
depending on angiographic criteria. The pleural cavity is entered, the ribs are retracted, 
and the pericardium is incised parallel to the sternum. The LAD is inspected and the 
feasibility of the operation is considered. In the presence of any contraindication (as 
described above), the chest is closed and median sternotomy is performed. The LIMA is 
harvested for a short length (4 to 5 cm), usually extending from the superior intercostal 
space to the level of the inferior rib. In our early experience, if the LAD lay excessively 
lateral, the inferior epigastric artery was used to prolong the LAD in an end-to-end 
fashion (Fig. 2). Occasionally a saphenous vein graft would be used to achieve the 
necessary length (Fig. 3). This technique has been previously reported ( 11). More recently, 
however, increased experience combined with the availability of better instruments, has 
allowed us to procure a longer segment of the LAD. Indeed, the IMA Access Retractor 
(CardioThoracic Systems, Cupertino, CA) has allowed extended IMA dissection to the 
level of the bifurcation inferiorly and first rib superiorly, if necessary. Following sys
temic heparinization (1 mg/kg), 3 mL of papaverine (l mg/mL) are injected into the 
LIMA, and the vessel is clipped distally (11). 
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Fig. 2. The inferior epigastric artery is anastomosed end-to-end to the LIMA to allow grafting of 
an abnonnally lateral LAD. 

The LAD is then occluded proximally and distally using a 4-0 Prolene suture with 
a 25-mm needle, which is passed twice to surround the vessel. To avoid direct compres
sion of the suture on the coronary vessel wall, the needle is passed through a small piece 
of silicon tUbing. The Prolene stitch is then gently snared to ensure a bloodless 
operative field. 

A stabilizer with two feet (CardioThoracic Systems) connected to the retractor is 
positioned parallel to the LAD and pushed down gently. This maneuver minimizes the 
effect of the beating heart on the operative field, lending the LAD virtually motionless. 
No preconditioning of the distal LAD territory is performed. 

The distal LIMA is prepared in the usual fashion. The anastomotic site of the LAD is 
dissected and incised with a scalpel for a distance of 4-5 mm. The anastomosis is created 
using two running sutures of 8-0 Prolene. The anastomosis is created by "parachuting" 
the stitches at the heel and apex and the anastomosis is completed by running the Prolene 
sutures in standard vascular fashion. The LIMA and LAD are unclamped and meticulous 
hemostasis is obtained. During the first part of our experience, we would routinely reverse 
the heparin with a 1: 1 dose of protamine, but we have abandoned heparin reversal more 
recently. A thoracotomy tube is positioned in the chest along with a small catheter, which 
is used to infuse analgesics. The wound is closed in the usual manner. 
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Fig. 3. Use of an interposition saphenous vein graft to achieve LIMA-LAD grafting in a laterally 
placed LAD. 

POSTOPERATIVE COURSE 

The patient is extubated in the operating room, or shortly after arrival to the intensive 
care unit. Routine blood samples, electrocardiogram, and chest roentgenograms are 
obtained. The flow pattern in the LIMA is assessed by continuous-wave Doppler 
echocardiography. Because the LIMA partly remains in its normal anatomic position 
for approximately two to three intercostal spaces, the flow pattern is easily detectable. 
The demonstration of diastolic flow is considered as evidence for a patent anastomosis. 
The flow can be compared with that of the unused right IMA, the flow of which is 
mainly systolic. 

After a few hours of observation, the patients are transferred to the ward. The chest tube 
and pleural catheter are removed on the morning of the first postoperative day. Evaluation 
of LIMA flow is repeated at rest and after acutely induced hypervolemia, by lifting the 
patient's legs and instructing him or her to perform an isometric exercise (12). This 
maneuver induces tachycardia and increases cardiac output. In the absence of a restrictive 
anastomosis, diastolic blood flow velocity increases owing to the larger amount of blood 
needed by the coronary territory. Early in our experience, most patients underwent 
angiography. At present, every patient suspected of having a restrictive anastomosis 
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undergoes angiography. If no problems are found, the majority of patients are discharged 
on the second postoperative day. 

All patients are followed up at our outpatient clinic and at the end of the first and sixth 
postoperative months. All patients are subjected to a stress test and, if possible, myocar
dial scintigraphy is obtained on their second visit. In addition, Doppler evaluation of the 
LIMA-LAD anastomosis is repeated at rest and during hypervolemia, as previously 
described. 

RESULTS 

Between November 21, 1994, and October 20, 1997,540 patients were scheduled to 
undergo LIMA-LAD grafting using the LAST approach. In 28 patients (5.2%), the LAST 
operation could not be accomplished because the LAD was not visible (18), calcified (4), 
substernal (3), too small (2), or the LIMA was injured during harvesting (1). All these 
patients underwent uneventful median sternotomy and conventional bypass grafting. 

Table 1 details the variables of the LAST operation. Mean LAD occlusion time was 
under 30 min. The majority of patients were extubated in the operating room or during 
the first two postoperative hours. Postoperative atrial fibrillation developed in 9% of 
patients but was easily managed with amiodarone. Pericarditis requiring extended hos
pitalization occurred in only 1.2% of patients. Two patients developed a pulmonary 
hernia requiring wound revision. Mean (±SD) length of stay (LOS) was 67.9 ± 30.3 h, 
in many instances owing to a delay in obtaining a postoperative angiogram. Nevertheless, 
nearly 70% of patients were discharged within 2 postoperative days. 

Six patients underwent concomitant vascular operations at the time of the LAST 
operation, including carotid endarterectomy alone in 5 patients and carotid endarterec
tomy and femoro-femoral bypass for limb salvage in 1 patient. 

Perioperative mortality was 1 %, and included 5 patients who died after a mean (±SD) 
of 6.8 ± 7.5 d (Table 2). Causes of death were cardiac, but not operation related, in 
4 patients. One patient had died suddenly owing to an inferolateral myocardial infarction 
with a widely patent graft at autopsy; 1 patient succumbed owing to low output syndrome, 
which was present preoperatively and was not reversed by the LIMA-LAD graft; one 
patient died of cardiac tamponade after he underwent successful stent PTCA of the right 
coronary artery 3 d after the LAST procedure; and 1 patient died of cardiac failure early 
after stent PTCA of the circumflex artery. In addition, massive intestinal infarction was 
the cause of death in 1 patient. 

In late mortality was 1.2%, including 6 patients who died after a mean (±SD) of 130 
± 120 d. Causes of late death were cardiac in 3 patients. One of these was in a patient 
with renal failure who developed bleeding from the LIMA causing hypotension and 
eventual multisystem organ failure. Two patients on chronic hemodialysis died of 
myocardial infarction in previously nondiseased circumflex arteries. One of these 
patients underwent postmortem examination, which documented a patent anastomosis. 
In 3 patients, the cause of death was not cardiac but included malignancy (1), cerebral 
hemorrhage (1), and cirrhosis (1). 
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Table 1 
Intraoperative and Postoperative Variables 

Among Patients Undergoing the LAST Operation 

Variables LAST operationa 

LAD occlusion time (min) 
Duration of operation (h) 
Extubation by 2 h postoperatively 
12-h chest tube output (mL) 
Mean creatinine phosphokinase (CPK)-MB (IU) 
Mean ICU stay (h) 
Mean hospital LOS (h) 
Discharge within 2 postoperative d 

an = 512. Figures are expressed as mean ± SD. 

Table 2 

28.8 ± 7.9 
2.1 ± 0.5 

360 (70.3%) 
171 ± 212 

18 ± 14.7 
4.1 ± 4.2 

67.9 ± 30.3 
352 (68.7%) 

Operative Morbidity, Mortality, and Incidence 
of Repeat Intervention on the LIMA-LAD Anastomosis 

Among Patients Undergoing the LAST Operation 

Morbidity 
Need for blood transfusion 
Reoperation for bleeding 
New onset atrial fibrillation 
Pericarditis 
Delayed chest wound healing 

Mortality 
Peri operative (30 d) mortality 
Late mortality 

Reoperation of anastomosis 
Early «30 d) repeat intervention 

Reoperation 
PTCA 

Late (>30 d) repeat intervention 
Reoperation 
PTCA 

an = 512. 

LAST operationa 

17 (3.3%) 
10 (1.9%) 
46 (9%) 

6 (1.2%) 
15 (2.9%) 

5 (1%) 
6 (1.2%) 

18 (3.5%) 
1 (0.2%) 

8 (1.6%) 
2 (0.4%) 

111 

In 10 of 11 deaths, a patent anastomosis was documented by angiography (3), Doppler 
flow velocity assessment during acute hypervolemia (3), or at rest only (1), or at autopsy 
(3). The remaining patient died of later complications from cirrhosis after a successful 
conventional CABO reoperation for conduit occlusion. 

A total of 26 patients (5.1 %) required reoperation for anastomotic stenosis (10) or 
conduit occlusion (16). Eighteen of these operations occurred within 30 d of the LAST 
operation and 8 were performed at an average of 138 ± 111 d after the LAST procedure. 
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Twenty-five of these patients (96%) underwent reoperation via median sternotomy and 
1 patient via repeat LAST incision. CPB was used in most patients (92%). 

Three patients underwent PTCA for anastomotic stenosis. One patient had a successful 
infrastent PTCA of the LAD for treatment of an early anastomotic stenosis. An angio
gram 4 mo later demonstrated a widely patent anastomosis. A second patient with an 
asymptomatic stenosis detected after an early routine angiogram underwent successful 
PTCA 126 d after surgery. The third patient underwent successful dilation 153 d after the 
LAST procedure. A routine early postoperative angiogram had demonstrated an intact 
anastomosis. 

With increasing experience and better instrumentation, the incidence of reoperation is 
decreasing in our series. In fact, in the last 100 operations, reoperation was necessary in 
only one patient owing to conduit occlusion. 

Four patients underwent reoperation for disease outside the LAD territory at a mean 
(±SD) of 55 ± 53.6 d after the index operation. Two of these occurred very early 
postoperatively (1 and 3 d): in the first case owing to evolving inferior myocardial 
infarction associated with occlusion of a previously moderately diseased right coro
nary artery (RCA); in the second case owing to unstable angina associated with 
subocclusion of a mildly stenosed marginal branch. The two late reoperations (97 and 
119 d) were performed for the treatment of recurrent severe pericarditis in one patient, 
and development of a new LAD lesion, proximal to a distal patent anastomosis and not 
related to the LAD occlusion during the first procedure in the other patient. In this case, 
the LIMA was used to create an intermediate anastomosis leaving the previous distal 
anastomosis intact. 

Eleven patients (2.1 %) underwent scheduled postoperative stent PTCA on the 
circumflex or RCAs. All procedures were successful, but two patients died as described 
previously. 

Postoperative angiography was performed in 318 patients (62.1 %) during the first year 
after operation. The anastomosis was patent in 301 cases (patency rate 94.6%) and patent 
without malfunction in 287 cases (perfect patency rate 90.2%). Combining the results 
obtained with angiography and Doppler echocardiography, a patent anastomosis was 
obtained in 495 patients (96.7 % ) and a nonrestricted anastomosis in 481 patients (93.9%). 

In six patients who underwent serial angiography, anastomotic or conduit malfunction 
resolved without intervention, with a mean interval between angiographic studies of 94 
± 56 d. This observation is likely owing to small clots or adventitial hematomas, both of 
which are known to resolve. Experience has taught us that in the absence of symptoms, 
no drastic decisions need to be taken in the early postoperative period. If an angiographic 
abnormality is documented, repeat angiography is performed 2-3 mo later. 

Thirty-eight patients (7.4%) underwent repeat angiography more than 1 yr after sur
gery (mean ±SD, 17.6 ± 5.3 mo), to evaluate the stability of the anastomosis over time 
and to examine the development of LAD irregularities or stenosis in the proximal and 
distal sites used for transient occlusion. No such irregularities or stenoses were found. 

At a mean follow-up of 16 ± 9.4 mo, 501 patients (97.8%) are alive and remain 
asymptomatic with or without medical treatment with documented negative stress tests 
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in every case. The overall freedom from death, symptoms, and reintervention is 92%, and 
event-free survival is 90.9%. 

No patient has suffered a perioperative or late myocardial infarction in the area tar
geted by the LAST operation. This observation coupled with the late angiographic data 
available in a small proportion of patients strongly suggests that temporary LAD occlu
sion as practiced in this series is a safe and effective technique to allow construction of 
the anastomosis. 

DISCUSSION 

Within a short period, great strides have been made in the development and clinical 
implementation of MICABG on the beating heart. In the past two years, the LAST 
procedure has gained rapid popularity in Italian centers other than ours and in other 
European countries. In fact, many of these centers are now concentrating on the devel
opment of improved techniques for IMA harvesting and LAD stabilization and are 
experimenting on the use of facilitated end-to-side anastomotic techniques. Several of 
these centers participated in the recent MICABG Workshop held in Utrecht in 1996. In 
these institutes, coronary bypass grafting without CPB constituted 1-43% of current 
bypass procedures performed (13). Of 2587 operations reviewed at the workshop with
out CPB, 1071 (41 %) were performed through minithoracotomies. The benefits of this 
approach are most notable in the early postoperative period, with shorter hospital stays, 
shorter convalescent times and earlier return to full social activities. 

The LAST operation, as described herein, is a procedure that can be performed with 
low risk and acceptable midterm results. Surgical technique is becoming safer and repro
ducible, and instrumentation is rapidly evolving. Long-term results of MICABG how
ever, remain to be defined. A randomized clinical trial with angiographic follow-up 
comparing conventional LAD bypass to coronary operation on the beating heart is war
ranted. Although we believe that long-term patency of the LIMA-LAD anastomosis 
using either technique should be the same, our intuition remains to be proven. 

Concerns regarding development of a steal phenomenon owing to preserved IMA 
branches have been raised. Two opposing views have emerged regarding the importance 
of these branches: one is that thoracoscopic operation to harvest the full length of the 
LIMA and ligate all the branches is necessary; the other is that only a short segment of 
IMA needs to be harvested and that branches are not physiologically important. Our 
experience supports the latter view, and in fact, most surgeons performing MICABG 
have not reported this steal phenomenon; nevertheless, longer follow-up is necessary to 
resolve this issue. 

It is important to recognize that a steep learning curve is inherent in the performance 
of this operation, particularly for surgeons accustomed to the optimal exposure and 
stabilization provided by median sternotomy, CPB, and cardioplegic arrest. It may be 
advisable, as suggested by Benetti (14), to first gain experience with CABG with median 
sternotomy on the beating heart. Because of the risk of undesirable arrhythmias during 
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LAD occlusion, it is advisable to have CPB on standby. Some surgeons routinely place 
percutaneous guide wires into the femoral vessels in case emergent CPB is necessary. 
Routine use of transesophageal echocardiography is suggested, particularly during the 
period of LAD occlusion. Should a change in contractility be noted, the artery can be 
readily unsnared and resnared as necessary. 

The role of the LAST procedure vis-a-vis PTCA and stent placement for single LAD 
disease is a topic of great interest. Recent data derived from a randomized trial (15) have 
revealed a 20% restenosis rate after stent placement. The LAST procedure, in our opin
ion, can provide more stable results. Even if interventional cardiologists improve their 
results, the long-term future of a LIMA graft to the LAD is well known in conventional 
bypass grafting (16) and only reproducible by surgical means. 

We predict that MI CABG will continue to grow and become popular among surgeons, 
patients, and institutions. It is critical, however, that we continue to evaluate the safety 
and efficacy of MICABG as it relates to conventional techniques of myocardial 
revascularization. 
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INTRODUCTION 

Fueled by the success of laparoscopic and thoracoscopic techniques, recent develop
ments in minimally invasive surgery are now being applied to cardiac surgery. The 
obvious advantages to the patient include a smaller incision, less pain, an improved 
cosmetic result, and a potentially shorter recovery time. However, owing to the high 
degree of accuracy and precision required for cardiac surgery and the need for cardio
pulmonary bypass (CPB) and myocardial protection for most cardiac surgical proce
dures, methods of minimally invasive cardiac surgery were slow to develop. Newly 
proposed techniques for minimally invasive cardiac surgery had to meet the dual chal
lenges of being less invasive while achieving outcomes equivalent to those of established 
techniques without compromising safety or efficacy. These goals could not be accom
plished on a widespread basis with beating heart techniques, nor could these goals be 
achieved until less invasive methods of extracorporeal perfusion and cardioplegic arrest 
were developed. 

The initial approach to minimally invasive bypass surgery involved working on the 
beating heart through a limited anterior small thoracotomy (LAST) approach, also known 
as "keyhole" surgery or minimally invasive direct coronary artery bypass (MIDCAB). 
Introduced by Calafiore (1) in Europe, this innovative technique quickly spread to the 
United States, and was clinically implemented by Subramanian and Mack et al. (2-4). 
Early results have been encouraging in select patients, but the technique appears to be 
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applicable primarily to patients with single-vessel coronary disease, a group that accounts 
for <5% of the overall cardiac surgical population. Obviously, beating heart procedures 
are not applicable to valvular operations and other complex open-heart repairs. Further
more, a disadvantage of the beating heart technique has been the need to perform the 
coronary anastomosis on a moving heart, which introduces the potential for decreased 
anastomotic precision. It has been speculated, therefore, that this disadvantage will result 
in graft patency rates that are lower than those achievable with standard procedures using 
cardioplegic arrest, especially if the beating heart technique is applied to a wider range 
of patients. The advantages of less invasive cardiac surgery, however, were readily 
apparent in the patients treated with the beating heart techniques and included reductions 
in postoperative pain, hospital stay, and recovery time. Thus, minimally invasive cardiac 
surgery was not only shown to be feasible but was found to offer significant advantages 
to the patients and to have immense popular appeal. 

The next important milestone in minimally invasive cardiac surgery was the develop
ment of an endovascular approach first proposed and described by Stevens and coworkers 
(5) and developed in conjunction with industry. This approach involved the development 
of a new endovascular system for CPB and cardioplegia deli very (Port-Access, Heartport, 
Redwood City, CA), which served as a platform allowing wider applicability of mini
mally invasive cardiac surgery (5). This system relies on the use of peripheral CPB and 
an endoaortic balloon occlusion catheter, and is designed to achieve standard myocardial 
protection without the need for a median sternotomy. This approach gives the surgeon the 
potential to apply fully all the standard techniques of cardiac surgery while minimizing 
access trauma by the use of small thoracotomy "ports." The Port-Access technique 
involves the placement of a group of catheters via the femoral artery, femoral vein, and 
jugular vein. A small thoracotomy "port" incision is then made over the operative target 
to accomplish the bypass or valvular operation. With this newly developed system, the 
heart can be stopped, decompressed, and protected, allowing the surgeon to utilize stan
dard anastomotic techniques on multiple coronary targets with reproducible anastomotic 
precision. Furthermore, the Port-Access approach can be applied to valvular surgery. 

The endovascular bypass and balloon endoclamp system was tested extensively at the 
Stanford University and New York University (NYU) research laboratories (6-8). The 
initial reports demonstrated the safety and efficacy of myocardial protection using 
endovascular CPB and cardioplegic arrest. Other studies from the same groups estab
lished the feasibility of minimally invasive multi vessel bypass grafting and mitral valve 
surgery with the Port-Access system, providing a sound scientific basis for expanded 
clinical use of the system. 

Port-Access coronary artery bypass grafting (CAB G) using the endovascular perfu
sion and cardioplegic arrest system described previously, was introduced in 1996. An 
FDA phase I trial was performed at Stanford University, with subsequent controlled 
clinical trials introduced at NYU and elsewhere. The technique was rapidly adopted in 
more than 100 centers throughout the country, probably because it immediately expanded 
the potential application of minimally invasive cardiac surgery, while allowing the sur
geon to use standard, reliable techniques of bypass grafting. 
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The Port-Access technique is applicable to a much wider range of patients than are 
beating heart methods, including patients requiring multivessel bypass procedures, as 
well as patients with mitral, tricuspid, and aortic valve disease and atrial septal defects. 
The early results have been extremely encouraging, achieving a high level of safety and 
anastomotic reproducibility. In this chapter, we describe the operative technique of Port
Access coronary bypass surgery and report the initial clinical results from our institution. 

OPERATIVE TECHNIQUE 

Anesthesia and Monitoring 

The anesthesiologist is a critical member of the team during Port-Access operations. 
General anesthesia is induced and a double-lumen endotracheal tube or a bronchial 
blocker is placed so that the left lung can be collapsed during harvesting of the left internal 
thoracic artery (LIT A). With increasing experience in the mobilization of this vessel, 
routine single-lung ventilation has become less necessary. For patients undergoing val
vular procedures, standard endotracheal intubation is performed. Following induction of 
anesthesia, special catheters are placed percutaneously via the right internal jugular vein. 
The first is the endovascular coronary sinus catheter, which is advanced into the mid 
portion of the coronary sinus under fluoroscopic guidance. This catheter is used to deliver 
retrograde cardioplegia, which is critical for more complex multivessel procedures and 
valve operations. The second catheter is the endovascular pulmonary vent, which is 
similarly placed in select patients. This catheter is used to decompress the heart and to 
help keep the operative field dry. It is placed fluoroscopically, using a balloon flotation 
technique similar to that used to place a Swan-Ganz catheter. 

The anesthesiologist maintains primary responsibility for patient monitoring, which 
is critical during Port-Access surgery since the entire heart and many of the devices are 
not immediately visible to the surgeon. Bilateral radial arterial lines are usually placed. 
Because an endoaortic balloon is used to occlude the ascending aorta, and because proxi
mal or distal migration could produce either aortic insufficiency or innominate artery 
occlusion with decreased cerebral blood flow, bilateral radial monitoring provides an 
easy method of detecting balloon migration. The pressures in the radial arterial lines 
should remain equal throughout the clamp time. If the pressure in the right radial artery 
drops compared with the pressure in the left radial artery, this may indicate movement of 
the balloon endoclamp with occlusion of the innominate artery, and repositioning of the 
endoaortic clamp may be necessary. In most cases, the balloon clamp can also be visu
alized or palpated to confirm its position. 

Transesophageal echocardiography (TEE) is routinely performed in every patient and 
is a critical part of the monitoring. The aorta is first carefully evaluated for mobile 
intraluminal atheromatous disease, because this would preclude passage of the endoaortic 
clamp. The TEE is then used to assess proper placement of the intracardiac venous 
drainage catheter and the intra-aortic balloon endoclamp. The combination of visual and 
manual examination, continuous bilateral upper extremity blood pressure recording, and 
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Fig. 1. Diagram of a small left anterior thoracotomy. The fourth costal cartilage is removed, 
exposing the UTA immediately below. 

constant echocardiography ensure that optimal endoaortic balloon clamp position is 
maintained. In addition to these measurements, the anesthesiologist must carefully fol
low intraballoon occlusion pressure, proximal aortic root pressure, coronary sinus pres
sure and EKG activity. 

Incisions and Conduits/or CABG 

A small left ( or right) anterior thoracotomy (5-8 cm) is made in the inframammary skin 
fold and the fourth costal cartilage is usually removed, exposing the LIT A (Fig. 1). This 
approach is virtually identical to that used in MIDCAB beating heart procedures. The left 
lung is deflated to maximize exposure and the LIT A is mobilized as a pedicle with the 
accompanying veins. Using a specially designed chest retractor, direct visualization is 
usually adequate for complete mobilization of the LIT A proximally to the first interspace. 
In our experience, the thoracoscope has not been helpful in taking down the LIT A and 
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Fig. 2. Diagram of the mid portion of the UTA, which is utilized as the source of inflow for 
additional conduits. Initially the UTA is not divided but is occluded proximally and distally. For 
each proximal anastomosis, a 3- to 4-mm longitudinal incision is made in the lateral surface of 
the UTA. 

is unnecessary for achieving good mammary length. Specifically designed angled instru
ments, forceps, clip appliers, and scissors aid in the dissection. Distal mobilization is 
possible to below the fifth rib. 

Radial artery conduits or segments of saphenous vein are harvested in standard fash
ion. Papaverine-soaked gauze pads should be kept on most of the radial artery while it is 
being dissected and mobilized, and the vessel is gently distended with dilute papaverine 
after removal. This precaution in combination with the liberal use of intravenous cal
cium-channel blockers may decrease the tendency for spasm (9). 

Proximal Anastomoses for Multivessel Bypass 

After conduit harvesting is complete, the proximal anastomoses are performed. At 
present, the mid portion of the LIT A is usually utilized as the source of inflow (Fig. 2). 
Alternatively, proximal grafts can be brought in a standard fashion off the ascending 
aorta. Full systemic heparinization with 3 to 4 mg/kg of heparin is instituted. The LIT A 
is not divided initially, but is occluded proximally and distally, since it is well positioned 
on the anterior chest wall directly in front of the surgeon. For each proximal anastomosis, 
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Fig. 3. Diagram of the anastomoses between the LIT A and additional conduits, which are per
formed with continuous 8-0 Prolene suture. Depending on the size and flow characteristics of the 
LIT A, one or two "Y" grafts with either vein or radial artery can originate from the LIT A in this 
fashion. 

a 3- to 4-mm longitudinal incision is made in the lateral surface of the LIT A with a #11 
blade and small fine scissors. The slightly beveled end-to-side anastomosis is performed 
with continuous 8-0 Prolene suture (Fig. 3). Depending on the size and flow character
istics of the LIT A, one or two "Y" grafts, with either vein or radial artery, can originate 
from the LIT A in this manner. 

More recently most proximal anastomoses have originated from the ascending aorta. 
These are performed on CPB with the heart decompressed. The aorta is mobilized into 
the field with pericardial sutures. A partial occlusion clamp is placed, and anastomoses 
are performed in the standard fashion. 

Endovascular CPB and Endoaortic Clamp System 

A 2-3-cm transverse groin incision is made just below the inguinal skin crease over
lying the femoral vessels. Proximal and distal control of the common femoral vessels is 
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Fig. 4. Illustration of the dual-port endoarterial return cannula with its obturator. The cannula is 
inserted into the femoral artery over a guide wire. One port is used for peripheral CPB and the other 
to introduce the endoaortic clamp. 

obtained. Under fluoroscopic or echocardiographic guidance, a long venous cannula 
(DLP, Medtronic, Minneapolis, MN; size 28 or 23 French) is passed from the femoral 
vein into the right atrium, with the distal tip positioned in the superior vena cava. The 
venous cannula is then connected to a centrifugal pump (Biomedicus, Medtronic) to 
enhance venous drainage. This is a very efficient system that results in a well
decompressed heart and a dry surgical field. The common femoral artery is then cannu
lated with a dual-port arterial return cannula (Heartport). These cannulae are available in 
21 and 23 French sizes (Fig. 4) and are inserted using the Seldinger technique to be certain 
that the cannula passes easily and atraumatically without obstruction or resistance. This 
safeguard is thought to minimize the risk of aortic dissection that is associated with 
retrograde femoral perfusion. For this reason, significant peripheral vascular occlusive 
disease is a relative contraindication to the use of this system. Once placed, the arterial 
return cannula is secured to the patient to ensure stability during CPB. 

The second limb of the arterial return cannula has a hemostatic valve. The endoaortic 
clamp (Fig. 5) is passed through this limb. Again, a Seldinger technique is used, passing 
a flexible guide wire into the descending aorta initially and eventually positioning 
the guide wire and endoclamp in the ascending aorta approx 3 cm above the aortic valve 
under fluoroscopic or echocardiographic guidance. As our experience has evolved, 
we have increasingly relied on the TEE solely. If the guide wire or endoclamp cannot be 
passed owing to occlusive disease, the Port-Access approach should be abandoned 
because persistant attempts at retrograde perfusion in this situation may result in a fatal 
aortic dissection. When these circumstances arise, it is safer to extend the incision across 
the sternum for central cannulation. 
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balloon 
inflation 

cardioplegia injection 
and aortic root venting 

Fig. 5. Endoclamp. One lumen is used to inflate the balloon and occlude the aorta. A second lumen 
is used to measure the aortic root pressure. A third lumen is used to deliver antegrade cardioplegia 
when indicated. The latter lumen can also be connected to suction in order to vent the aortic root. 
In addition, the guide wire used for insertion of the endoaortic clamp is passed through this lumen. 

Myocardial Protection 

After cannulae placement is completed, CPB is instituted and the temperature is low
ered to between 25 and 30°C. Subsequently, the endoaortic clamp is inflated, confirming 
its position just above the sinotubular junction by TEE. All gradient must be removed 
from the heart so that ejection of blood from the left ventricle does not cause the endoclamp 
to migrate distally. Usually 20-30 mL of saline inflation of the endoclamp balloon is 
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required to occlude the aorta, aiming for a balloon pressure of approx 250-350 mmHg. 
After occluding the aorta, the heart is arrested with either ante grade (through the 
endoclamp proximal sideport) or retrograde (through the percutaneous coronary sinus 
catheter) cold blood cardioplegia. For single-vessel bypass procedures with an intact 
aortic valve, ante grade cardioplegia is adequate, whereas for more complex operations 
or for patients with aortic insufficiency, retrograde cardioplegia may be preferable. Repeat 
injections are given after each distal anastomosis. With this regimen, myocardial protec
tion has been optimal, and results have paralleled the excellent results obtained in our 
laboratory experience (6). 

Coronary Artery Bypass Technique 

With the heart empty on CPB, the coronary arteries are marked for grafting. There is 
usually little difficulty in reaching coronary vessels on both the lateral and inferior walls 
through this incision while the heart is decompressed on CPB. If proximals are to be taken 
off the ascending aorta, there are performed first. The LIT A is divided and the length 
needed to reach its proposed position on the LAD artery is determined. The LIT A is also 
ideal for a sequential graft to a diagonal branch, if necessary. The length needed for the 
other conduits to reach distal anastomotic sites is now determined. Overall graft length 
is much shorter than usual if the conduits originate from the LIT A. Determining the 
appropriate length of the radial artery is less critical than determining the length of the 
vein, since the radial artery has a muscular wall and does not tend to kink as does the vein. 
If anything, a little extra length should be left on the radial artery. Once the heart is 
arrested and protected, the distal coronary anastomoses can be accomplished in the usual 
manner. The most distal bypasses are performed first (i.e., inferior wall before lateral wall 
before anterior wall). We generally use a standard anastomotic technique of continuous 
7-D or 8-0 Prolene. One advantage of the cardioplegic arrest with this system is that 
anastomotic techniques do not need to be modified. Cardioplegia is given after each 
anastomosis, and warming is begun prior to starting the last distal graft. The anastomoses 
are carefully examined for hemostasis while the heart remains arrested and immediately 
after unclamping while still on bypass. 

When all distal grafts have been completed, the balloon endoclamp is deflated and the 
heart is reperfused. Rewarming is completed and the patient is weaned from CPB. The 
endoclamp and the femoral venous and arterial cannulas are removed, and the femoral 
vessels are repaired. Protamine is infused to reverse the heparin. A temporary ventricular 
pacing electrode remains on the right ventricle, a single pleural chest tube is placed, and 
the thoracotomy and groin incisions are closed. 

PATIENT SELECTION 

Most patients with single- or multivessel disease are considered candidates for Port
Access CABG. Aortic insufficiency is not a contraindication to Port-Access CABG, 
since retrograde cardioplegia can be used, and the aortic root can be vented throughout 



126 Part II / Less Invasive Approaches to Coronary Bypass Grafting 

the procedure. Similarly, age per se is not a contraindication, although severe peripheral 
vascular disease (PVD) and intraluminal atherosclerosis involving the aortic arch or 
upper descending thoracic aorta are contraindications. Initial screening for PVD is based 
on history and physical examination. IfPVD is suspected, a distal aortogram with runoffs 
is performed during cardiac catheterization to assess the iliofemoral circulation. Intraop
erative TEE is used to screen for significant intraluminal atheromatous disease in the 
thoracic aorta. The surgeon should be aware of significant PVD or arch atheromatous 
disease prior to opening the chest and, if such disease is present, must consider whether 
to convert to a beating heart or a standard sternotomy approach. 

RESULTS 

During the first 12 mo ofthe NYU experience with Port-Access surgery, 49 patients 
underwent minimally invasive Port-Access CABG. Mean age was 60 yr (range 34-82). 
Sixteen patients underwent single bypass, and 37 patients underwent multivessel bypass. 
Early in the experience, the majority of operations were single bypasses, but more recently, 
most operations were multivesse1 revascularizations. All but one patient received a graft 
to the LAD artery. The radial artery (n = 10) and saphenous vein (n = 20) were used when 
additional conduits were needed for multivessel disease; the LIT A served as the site for 
the proximal anastomosis during the first 6 mo and now more often proximals are brought 
off the ascending aorta. Sequential grafts were used in five cases. Coronary arteries that 
were bypassed included the LAD (n = 48), diagonal (n = 14), obtuse marginal (n = 14), 
posterolateral (n = 3), posterior descending artery (PDA) (n = 5), and right coronary 
(n = 8). One additional patient had a planned two-vessel Port-Access procedure, but was 
converted to a beating heart single-vessel bypass to the LAD when significant PVD was 
encountered intraoperatively. Conversion to sternotomy was not required in any case. 

There were no deaths, strokes, or myocardial infarctions. Complications included one 
early reoperation for pulmonary embolus and graft revision to include an additional graft 
to a nonbypassed vessel. Two patients required angioplasty. Four patients required 
reoperations for bleeding or tamponade. 

Post operative angiograms were performed in 42 of 49 patients (86%), revealing lOO% 
anastomotic patency of the LIT A to LAD (LIT A-LAD) anastomosis and an overall graft 
patency rate of 96%. Three patients were found to have significant spasm in the radial 
artery graft, which responded to an infusion of intracoronary nitroglycerin and intrave
nous Cardizem. The median hospital stay was 5 d, and the average length of time required 
to return to full activity was approx 3 wk. 

DISCUSSION 

Minimally invasive cardiac surgery represents a significant change in the way cardiac 
surgeons approach heart disease. The basic premise is that by working through a smaller 
incision, the patient will experience less pain, have a shorter hospitalization, and have a 
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quicker overall recovery. Certainly if minimally invasive cardiac surgery is to be widely 
applicable, the operation must be as safe and efficacious as standard procedures per
formed through a median sternotomy. The Port-Access approach with full CPB, 
endovascular aortic occlusion, and cardioplegia delivery allows the surgeon to use stan
dard anastomotic techniques on a still, protected heart. Because the distal anastomotic 
technique is not changed, this approach should presumably achieve patency results that 
are similar to open-chest methods, if patients are selected appropriately. The early data 
from our institution and elsewhere are very encouraging with anastomotic patency rates 
of>96%, which is significantly higher than the reported patency rates with beating heart 
procedures. In our hands, the patency rate of UTA-LAD anastomoses has been 100% 
thus far. In addition, minimally invasive bypass grafting can be used in a significant 
number of patients with multivessel disease using the system and the techniques described 
previously. 

Ultimately, the goals of minimally invasive heart surgery are less trauma and pain for 
the patient, shorter hospital stay, and quicker recovery time, while providing an operation 
that is as safe and effective as conventional surgery. The early results with the Port
Access technique suggest that these goals can be achieved with this system. As minimally 
invasive cardiac surgery becomes widely available, it can be expected that this and other 
techniques will be greatly refined, and that minimally invasive surgery will become 
increasingly applicable to a wide range of cardiac surgical patients. 
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INTRODUCTION 

The enthusiasm for minimally invasive procedures has extended to include the devel
opment of new techniques and instrumentation for saphenous vein harvest. The methods 
for subcutaneous endoscopic surgery have been widely applied in plastic surgery and the 
feasibility of performing such procedures through small incisions in remote subcutane
ous planes has been clearly demonstrated (1). The concept of smaller, more cosmetic 
incisions, less subcutaneous dissection, and reduced postoperative pain has broad appeal 
among both patients and health care providers. Although experience with minimally 
invasive saphenous vein harvest is still limited and short-term reports are just beginning 
to appear in the literature, many centers are now utilizing these methods. The techniques 
and instruments share a set of basic concepts for atraumatic vein harvest and are based 
either on video endoscopy or direct visualization through multiple small incisions. In this 
chapter, we present a synopsis of the techniques and principles of minimally invasive 
saphenous vein harvest. 
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THE NEED FOR AN ALTERNATIVE APPROACH 

The most frequent approach to the saphenous vein is through a long, continuous medial 
skin incision with either scissors or a scalpel. Alternatively, the vein can be harvested 
through multiple smaller incisions, leaving intact bridges of skin in between. Delayed 
wound healing associated with cellulitis, lymphangitis, edema, and inflammation is com
mon in patients undergoing saphenous vein excision (2-4). In the prevention of harvest 
site complications, proper selection of the donor extremity, meticulous closure of all 
layers, and avoidance oflarge skin flaps are important factors (5-6). Adherence to these 
recommendations has decreased the incidence of major wound complications to < 1 % (7). 
However, minor complications are much more common, especially if strict criteria are 
used. Utley et al. (8) reported impaired wound healing in 24% of 1047 patients. In this 
group, impaired healing included cases of mild inflammation, drainage, erythema, or 
tenderness along the wound edge. Persistent lymphorrhea (9) and chronic limb swelling 
secondary to unavoidable division of intradermal lymphatic channels are also associated 
with extensive skin incisions (10). In addition, leg pain, dermatitis, and recurrent cellu
litis can occur with saphenous nerve injury (2,J 1-12). Although the incidence of major 
complications is low, these problems can be devastating in patients with existing periph
eral vascular disease (PVD). Skin separation, nonhealing ulcers, progressive wound 
gangrene, and severe soft tissue infections have significant associated morbidity. These 
complications require aggressive wound care, additional peripheral revascularization, 
or, in rare cases, amputation (13-14). Furthermore, wound complications, however 
defined, most certainly affect the ability to ambulate and return to employment, 
parameters that are frequently unrecognized and are poorly reported in the literature. 

MINIMALLY INVASIVE SAPHENECTOMY: BASIC CONCEPTS 

Isolation of the Vein 

Current approaches to the saphenous vein involve creation of a 2-3 cm incision directly 
over the vein in either the transverse or longitudinal direction. Dissection is carried down 
to the vein using standard instruments, and the vein is encircled. The vein is then harvested 
under direct vision as far as it is possible through this small opening. Once the limit of 
dissection has been reached, the remainder of the procedure is carried out by instruments 
designed to allow visualization of the vein and its branches through a limited number of skin 
incisions or without any other additional incisions, depending on the approach used. 

Creation of Working Space 

Unlike the minimally invasive approaches in the abdomen and thorax where cavities 
naturally exist permitting the introduction and manipulation of instruments, minimally 
invasive subcutaneous saphenous vein harvest requires the expansion of a potential 
space. Indeed, creation of a working space for visualization and careful dissection 
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Fig. 1. SAPHtrak (GSI). 

mandates the development and maintenance of a cavity separating the vein from the 
overlying subcutaneous tissues. 

This space is generally created bluntly anterior to the vein either by digital dissection, 
by use of a specially designed long inflatable balloon (SAPHtrakTM ,or SAPHfinder™, 
GSI, Cupertino, CA) (Fig. 1), or by use of a balloon that is sequentially inflated and 
deflated under direct endoscopic vision as the scope is advanced over the vein 
(VasoView™, Origin Medsystems, Menlo Park, CA) (Fig. 2). Alternatively, a blunt-tip, 
transparent dissector mounted on an endoscope that allows this space to be created as 
the endoscope is advanced with gentle forward motion is commercially available 
(ENDOPATH Subcu-Dissector™, Ethicon Endo-Surgery, Cincinnati, OH) (Fig. 3). 
Since there are very few branches rising anterior to the saphenous vein, this dissection 
is relatively easy and progresses rapidly. Other sequential cutaneous incisions at various 
intervals can be of aid by allowing this dissection to be performed in the reverse direction. 
For dissections in the distal thigh that cross the knee, the common presence of a few 
anterior genicular branches often requires a separate counter incision so that this segment 
can be mobilized under direct vision using standard open techniques. 

Maintenance of Working Space 

Once the tunnel has been created, a variety of available mechanical devices can be used 
to retract the skin and overlying subcutaneous tissues to allow the vein to fall posteriorly. 
In all cases, it is critical to maintain an adequate working space for manipUlation of 
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Fig. 2. Vasoview (Origin Medsystems). 

instruments so that the dissection can proceed atraumatically with visualization and 
ligation of side branches within the tunnel. 

Maintenance of the working space can be accomplished with a standard mediastino
scope or a rigid, specially designed instrument that allows anterior traction on the over
lying soft tissues. In these cases, visualization is only limited by the length of the 
instrument and the elasticity of the tissues. The Vaso View System ™ (Origin Medsystems) 
is the only system that requires the creation of an airtight tunnel that is subsequently 
insufflated with CO2 gas. This most closely resembles the techniques currently used in 
laparoscopic procedures. With this system, additional instruments for dissection and liga
tion require introducing instruments through trocars placed via separate stab incisions. 

Light Source 

In all cases, a good fiberoptic light source is needed to adequately illuminate the tunnel 
and permit visualization of the side branches and the greater saphenous nerve, which lie 
in close proximity. The light source is either mounted directly on the retractor or is 
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Fig. 3. Special instruments designed for saphenous vein dissection (ENDOPATH Subcu-Dissec
tor, Ethicon Endo-Surgery). 

otherwise an integral component of an advancing endoscope so that maximal illumina
tion is present at the leading edge of dissection. 

Dissection of Vein and Ligation of Side Branches 

Dissection of the vein is generally carried out with a variety of long, blunt V -shaped 
or U-shaped instruments (Fig. 3). With these instruments, gentle dissection of subcuta
neous tissues proceeds until either a branch is identified or resistance is met, suggesting 
a potential branch point. Bipolar electrocautery or endoscopic clips are then applied 
1-2 mm away from the main trunk to prevent damage. The branch is then divided with 
endoscopic scissors. In addition to aiding the dissection, these instruments can be used 
to apply traction on the vein to one side or the other, thereby facilitating visualization of 
the side branches. 

CLINICAL EXPERIENCE WITH MINIMALLY INVASIVE VEIN HARVEST 

Reports in the literature are just emerging as more centers gain experience with mini
mally invasive techniques (15-18) . One limitation to all reported series has been the 
small number of patients in whom these approaches have been used. In addition, 
follow-up is limited, which is important in establishing that the veins are indeed har-



134 Part II / Less Invasive Approaches to Coronary Bypass Grafting 

vested atraumatically. For these techniques to be developed universally, the patency of 
the venous bypass must be shown to be at least equivalent to those removed by standard 
open surgery. Nonetheless, these reports uniformly emphasize that minimally invasive 
saphenectomy is feasible with no added immediate morbidity. 

Lumsden and colleagues (16) described the technique of saphenous vein harvest in 
30 patients undergoing lower extremity peripheral bypass. In all cases, the procedure was 
performed using a 1 O-mm laparoscope with a handheld retractor. The saphenous vein was 
harvested from the thighs, legs, or both. The number of incisions used depended on the 
reach of the retractor blades and the length of vein needed. The average length of vein 
harvested was 42 cm, with a mean time of 1.25 h. Minimal postoperative discomfort was 
reported by the patients, although this was not assessed quantitatively. In two patients, 
wound complications occurred. One patient had a 2 x 3 cm area of skin necrosis, and the 
other developed a small blister over the harvest tunnel. Lumsden and colleagues believed 
that both complications were secondary to conduction by electrocautery used during the 
harvest, and did not experience any further complications with bipolar electrocautery. 

More recently, Tevaerai et al. (17) reported the results of a prospective randomized 
study comparing minimally invasive saphenectomy to the standard open technique in 
30 patients undergoing coronary revascularization. Their technique involved multiple 
skin incisions along the leg, placement of a retractor (Mini Harvest System, United States 
Surgical Corporation, Norwalk, CT) (Fig. 4), and dissection under direct vision. Using 
this system, 6-8 cm of vein could be harvested through each incision. They report that 
the incidence of hematoma and edema were reduced in the less invasive group, that none 
of the patients had a wound complication, and that none of the patients expressed pain 
7 d after the procedure. By contrast, in the open group, one patient developed local skin 
necrosis and another had a large skin dehiscence. In both groups, the quality of vein was 
judged to be good (87% in the minimally invasive group vs 93% in the open group, 
p = NS). The time required for vein harvest was not reported, although in all cases, the 
vein had been excised and prepared before starting cardiopulmonary bypass. 

Finally, Allen and Shaar (18) recently reported on their experience in 30 consecutive 
patients who underwent saphenectomy using a video-endoscopic technique. Although 
pain, edema, and wound complications were not evaluated prospectively, in all cases the 
technique proved to be feasible. Most impressive was the reduction in time from 1.5-2 h 
to 35-45 min after the first eight patients. Also, the number of necessary incisions 
decreased from the initial three to four, to one or two in the last 15 patients. 

EXPERIENCE AT COLUMBIA-PRESBYTERIAN MEDICAL CENTER 

Method 

To date, 38 patients have undergone minimally invasive saphenous vein harvest at our 
institution. In 28 of these patients, the saphenous vein was harvested by minimally inva
sive techniques in one leg and open standard technique in the other leg, to serve as an 
internal control. In all patients, the greater saphenous vein was identified and cleared of 



Chapter II/Minimally Invasive Saphenous Vein Harvest 135 

Fig. 4. Mini Harvest System (United States Surgical Corporation). 

all adventitia and connective tissue under direct vision. A vessel loop was placed around 
the vein and the posterior space was enlarged with blunt Metzenbaum scissors. We 
primarily used the Mini Harvest System because it combines a number of features that 
facilitate dissection. This instrument can be stabilized on the leg and is equipped with a 
fixed, fiberoptic, light source. Once an anterior tunnel is created by blunt digital dissec
tion, the prongs are inserted through the incision, allowing anterior traction and adequate 
visualization of the tunnel at all times. The adventitia along the sides of the vein is 
dissected using Metzenbaum scissors or a closed-neck blunt dissector. This dissector can 
be gently pushed alongside the vein separating the subcutaneous tissues. At branch 
points, the tissue plane does not separate with ease, allowing for ready identification of 
branches, which are clipped. Caution is used during the entire procedure to avoid damage 
to the saphenous nerve. A second 2-cm incision is made once the limit of exposure by the 
retractor is reached. After obtaining the desired length of vein, the same procedure is 
repeated in the reverse direction. In general, we have found the dissection to be easier if 
it is performed in the thigh rather than the lower leg. If the desired length of vein is > 18 cm, 
we have found that making additional incisions at appro x lO-cm intervals reduces the 
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amount of time required to harvest the vein. Once the entire length is dissected, the ends 
are ligated, the vein is removed and inspected, and open, side branches are ligated. At this 
time, any excessive adventitia that may still be attached to the vein can also be excised. 
The wound is then irrigated and checked for hemostasis. A medium-sized hemovac may 
be inserted throughout the length of the incision, if there is evidence of excessive bleed
ing. The incisions are closed with two layers of absorbable suture, and the legs are 
wrapped with elastic bandage. 

RESULTS 

Of the 38 patients, 28 were males. Ages ranged from 37-81 yr, with a mean of 64 ± 
7 yr. Hypertension was present in 70%, diabetes in 32%, andPVD in 13% of the patients. 
None of the patients had undergone previous lower extremity revascularizations. Length 
of harvested vein ranged from 16-40 cm, with a mean of 30 ± 6 cm. In all cases, the vein 
was successfully harvested using the described technique, and no conversion to "open" 
was necessary. Harvest time ranged from 18-44 min, with a mean of 29 ± 5 min. 
No wound complications occurred, and at 6 wk follow-up, all incisions had healed well 
with good cosmetic result (Fig. 5). No electrocardiographic or enzymatic evidence of 
perioperative myocardial infarction was observed. Pain and edema evaluated by visual 
analog scale on postoperative d 5 was significantly reduced in all extremities in which 
minimal access techniques had been used (p < 0.05). In the subgroup with bilateral leg 
incisions comparing open to minimal techniques (n = 28), pain intensity and satisfaction 
were similarly improved for the latter group (p < 0.05). 

ADVANTAGES AND LIMITATIONS 

Proponents of minimally invasive saphenectomy advocate that the reduced number 
of skin incisions and less subcutaneous dissection translate into less pain, fewer 
wound complications, and earlier hospital discharge and patient ambulation. As men
tioned previously, the reported results from different centers have only been in a lim
ited number of patients with short-term follow-up. Preliminary results suggest that pain 
control is better, that quality of vein (by gross inspection) is adequate, and that a better 
cosmetic result can be obtained. However, given the relatively low incidence of major 
wound complications, a large number of patients must undergo this procedure before firm 
conclusions can be established regarding wound morbidity, earlier discharge, and 
ambulation. Nevertheless, present reports suggest that minimally invasive saphenectomy 
is feasible and can be accomplished in a reasonable time without any additional imme
diate morbidity. 

Factors against the possibility of the many benefits of this approach are the limitations 
that accompany it and the questions that still surround these procedures. As yet unsettled 
is whether the actual number of skin incisions is important. Should the procedure be done 
under direct vision with long skin bridges, or should the entire dissection be performed 
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Fig. 5. Lower extremities, 6 wk postoperatively. The right leg saphenous vein was harvested using 
conventional techniques. The left lower extremity vein was harvested with minimally invasive 
techniques. 

endoscopically with one or two incisions? If performed endoscopically, as with any new 
technique, it will require personnel training, and because the procedure is technically 
difficult, a learning curve will be necessary. Also, the harvest times are usually longer and 
depend on the expertise of the individual performing the procedure. In addition, endo
scopic approaches require the presence of a video endoscope and/or gas for insufflation. 
This additional equipment may not be cost-effective because the operation can be per
formed with standard instruments available in all operating rooms. Furthermore, extra 
equipment requires more operating room space. 
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CONCLUSION 

At present, it is unclear whether the techniques of minimally invasive saphenous vein 
harvest are associated with a lower rate of wound complications. We emphasize that this 
is a technique in evolution and as with other new procedures, it is associated with a 
learning curve. Improvements in surgical instrumentation and greater experience has 
made this approach to saphenectomy a feasible option. The superior cosmetic results, less 
perioperative pain, and patient satisfaction make it a desirable addition to the cardiac 
surgery armamentarium, but before widespread application of these techniques is adapted, 
long-term angiographic evaluation of these veins must be performed. The potential wide 
application of these approaches ultimately will be determined by the balance between 
reduced morbidity and patient satisfaction and the additional associated cost. 
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INTRODUCTION 

Irrespective of vessel size or specific technique, manual suturing remains the golden 
standard for the creation of vascular anastomosis. Successful creation of anastomosis, 
particularly in small vessels, requires a high level of skill, a long learning curve and a 
substantial amount of time. In addition, the insertion of transmural stitches, even by expe
rienced hands using atraumatic techniques and fine sutures, causes significant damage to 
the vessel wall (1,2). Suture placement results in exposure of the subendothelial matrix to 
the blood stream, setting up a nidus for thrombus formation. The same process occurs at the 
site of the anastomosis in the case of an end-to-end apposition. These thrombotic processes 
can potentially result in anastomotic obstruction, especially in small vessels. Because of 
these limitations, a continuous search for alternative methods to anastomose vessels has 
been at the forefront of vascular surgery and industry alike. The introduction of loupe and 
microscopic magnification and the development of microsurgical instruments and tech
niques (3), however, have improved patency rates of small vessel anastomoses. These 
progresses in surgery have enabled revascularization procedures of the brain and distal 
limbs, free tissue transfer, replantation of digits, and coronary bypass surgery. 

Early efforts to minimize vessel wall damage included the "sleeve" or telescope tech
nique advanced by Murphy (4). In this technique, the upstream vessel is placed inside the 
downstream vessel end and secured with two to four sutures that do not penetrate all 
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layers of the innennost vessel end (5). Several studies have demonstrated equivalent 
patency rates when this technique was compared to conventional end-to-end techniques 
(6). Moreover, this technique was associated with a reduction in operative time. 

Although many efforts aimed at circumventing the problems inherent to manual 
suturing have been tried-including intra--or extraluminal ferrules- the clinical appli
cation of these techniques has been limited and disappointing. Renewed emphasis in the 
development of automatic, semiautomatic, or facilitated methods to create a vascular 
anastomosis has gained momentum with the recent advances in minimally invasive 
myocardial revascularization (7,8). In this context, this chapter reviews the relevant 
anastomotic techniques that deviate from manual suturing. The idea of facilitating the 
anastomoses of tubelike structures is not unique to vascular surgery; thus, whenever 
relevant, a description of these devices is included. 

In general, anastomotic techniques can be categorized as mechanical appliances, which 
can be further subdivided into stapling and coupling devices, and bonding techniques that 
aim to seal the anastomotic site and use glues or laser welding. 

MECHANICAL APPLIANCES 

Staplers 

Staplers were introduced to clinical medicine in 1900s by Hiltl (9), a Hungarian sur
geon who developed a stapling device to perform a distal gastrectomy. The device was 
able to insert two double rows of staples at a time, sealing both sides of the stomach, which 
thereafter could be divided in between the middle of the staple lines. The apparatus was 
heavy and difficult to use; however, it introduced a standard fashion of stapling that 
currently remains in practice: the points of the U -shaped staples were driven through the 
tissues, and as they met the anvil, they were forced to bend, thereby, transfonning the 
staple into a B-shape (10). Countless modifications have resulted in the disposable, easy
to-use systems currently available in gastrointestinal surgery. 

In 1935, von Brucke (11) introduced an instrument for the serial placement of individual 
staples, similar to that in a paper stapler. A slight modification of this device was used in the 
1960s in cardiac surgery to fixate prosthetic cardiac valves and close atriotomies, and in 
vascular surgery to close transverse arteriotomies (12,J 3). Nevertheless, this instrument did 
not gain wide acceptance, most likely because suture technology had already made major 
progress and because the use of stitches was much cheaper, simpler and equally effective. 

Androsov (14) reported on a method of making an end-to-end vascular anastomosis 
by mechanical means with the use of a circular stapler. The original device, fashioned in 
the 1940s, could be used for vessels measuring 1.3-15 mm. Briefly, both vessel ends had 
to be everted 1800 and passed over two bushings that were each held by a clamp. One 
of the bushings contained U-shaped tantalum staples, and the other served as the 
anvil (Fig. lA). To complete the end-to-end anastomoses, the two clamps were mounted 
together, and the staples were driven through the opposed and everted vessel ends and 
closed. After releasing the clamps, the bushings could be removed. The successful clini
cal application of this stapler in 71 patients was reported by the developer ( 14 ). Although 
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A ANVIL RECESS 

Fig. 1. (A) Schematic drawing of the bushings of the ring staple. (B) The Codman stapler. 

modified versions of this stapler enjoyed some clinical use, none have been adopted for 
routine clinical use, for several reasons. First, effective use of these devices required the 
presence of soft distensible vessels to allow for mobilization and eversion. This is diffi
cult, if not impossible, in the presence of diseased atherosclerotic vessels. Second, the 
prototypes had to be reloaded manually, which was time consuming. In some types 
(Fig. IB), this problem was overcome by the use of disposable staple bushings. Finally, 
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Fig. 2. Schematic drawing of the end-to-side stapler. The donor vessel (A) has been everted over 
the anvil bushing and is placed in the recipient vessel (B). Staples are driven from the outside in. 

most independent experts that tested the staplers found their initial use cumbersome (10). 
The last report of the use of this stapler appeared in the literature in 1982 (15). No circular 
stapler for creation of an end-to-end vascular anastomosis is currently marketed. 

Inokuchi (16) developed an end-to-side stapler, and more recently, other staplers have been 
designed and patented for end-to-side anastomosis (17). The general principle involves the 
1800 eversion of the donor vessel, which is subsequently placed inside the arteriotomy in 
the recipient vessel and the vessel walls are then stapled (Fig. 2). Because of the frequent 
development of anastomotic leakage, the future of such devices remains unclear. 

In 1992, Kirsch et al. (18) introduced a new method for microvascular reconstruction 
based on the principle of flanged, nonpenetrating, intimal approximation by an arcuate
legged clip. It has been demonstrated that the use of these clips led to a biologically and 
technically superior anastomoses when compared to the penetrating micro suture , thereby 
eliminating most of the problems related to manual suturing previously discussed. These 
findings have been substantiated by others ( 19,20), and these clips are currently available 
in various sizes, packed in self-loading disposable applicators (Fig. 3). 

A recently introduced device, the "one-shot device" (United States Sur gical Corp., Norwalk, 
CT) (Fig. 4A-D) permits creation of end-to-side and end-to-end vascular anastomoses 
and has been successfully used in peripheral vascular and hemodialysis access surgeries. 

Coupling 

The connection of tubelike structures with the aid of stents, ferrules, or rings without 
staples predates the introduction of stapling. In 1826 a system to bring together two 
segments of small bowel in an inverted fashion was experimentally and clinically used 
(10). In the same year, a ring-pin system for everted bowel anastomoses was presented 
by Henroz (10). This device was received with much skepticism because it relied on a 
mucosa-to-mucosa approximation (Fig. 5), a technique believed at the time, to result in 
failure of healing. Consequently, interest in this device waned. 
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Fig. 3. VCS clip applier. (Reprinted with permission from Autosuture Europe.) 

Fig. 4. One-Shot device (United States Surgical Corp.) for creation of vascular anastomoses. 

The latter part of the 19th century witnessed the introduction of several intra- and 
extraluminal prostheses to facilitate vascular anastomosis. These included ivory cuffs, 
paraffined silver tubes, caramel cylinders, and shin bone of oxen (21-25). The poor 
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Fig. 5. Henroz's ring-pin system for end-to-end bowel anastomosis. (Reprinted with permission 
from ref. 10.). 

Fig. 6. Schematic drawing of anastomosis made according to the principle of Payr' s magnesium 
ring system: one vessel end is everted over the ring, and the complex is subsequently placed inside 
the other vessel end. 

results attained with these and many such devices were not necessarily owing to poor 
design, but related to the lack of sterility, immunohistoincompatibility, and ischemia
reperfusion injury. Many of the developments in the early part of the 20th century were 
spearheaded by Payr (26), who published the use of an absorbable magnesium ring for 
end-to-end anastomoses. The proximal vessel end had to be passed through the ring and 
was everted over it. Subsequently, the distal vessel end was dilated, and the proximal end, 
everted over the magnesium ring, was placed inside the distal vessel end and secured with 
a suture (Fig. 6). This technique was revived in the 1960s (27-29). One ofthe problems 
encountered with all variants of this technique was vessel wall necrosis; this problem was 
alleviated by the use of tantalum perforated rings by Haller (30) in 1965, who reported 
a 92% patency rate in 4-mm diameter vessel anastomosis. 

The 20th century witnessed the development and introduction of several systems 
designed to facilitate vascular anastomoses (see Table 1) (31--41). The basic principle of 
the commonly used ring-pin systems entailed the passage of rings over vessel ends that 
were everted and hooked onto pins. When the two rings were brought together, the pins 
were bent and the anastomoses was secured (Fig. 7). Unlike most previous models, a 
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Year 

1904 
1913 

1940 

1956 

1958 

1960 
1962 
1976 
1979 

1984 
1994 

Table 1 
Important Contributions to the Development of Facilitated Suture 

and Sutureless Anastomoses in the 20th Century 

AuthorlDeveloper Device 

Payr (31) Magnesium-flanged ring-pin system 
Landon (32) Metal ring with everted teeth to secure vessel ends in lieu 

of ligature 
Smith (33) Paraffin-coated dextrose rods to facilitate hand-sewn 

anastomoses 
Donetskii (34) Modification of the Landon ring for end-to-side and 

side-to-side anastomoses 
Tibbs (35) Diamond-shaped ice cone with ring clamps to facilitate 

suturing 
Holt (36) Teflon ring-pin system 
Nakayama (37) Modified ring pin for small diameter vessels 
bstrup (38) Simplified Nakayama ring 
Yamagata (39) Intraluminal polyvinyl alcohol stents and extraluminal 

cyanoacylates for sutureless anastomoses 
Daniel (40) Absorbable anastomotic device for microvascular surgery 
Siebert (41) Renewed application of intraluminal stents 
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device introduced by Ostrup et al. (38,42-44) in 1976 gained wide acceptance in recon
structive surgery after extensive testing by the group. It is the only available system for 
semiautomated vascular anastomoses. In addition, it is very suitable for the creation of 
venous end-to-end anastomosis; the designers also support its use in arterial end-to-end 
and end-to-side surgeries (Fig. 8). 

SEALANTS AND SEALERS 

Glues 

Application of adhesives in surgery has been widespread (46). Their use has, in part, 
emerged out of the frustration with suture-related problems including fistulization, granuloma 
formation, insufficient holding capacity, wound dehiscence owing to early disintegration of 
suture material, and strangulation of wound margins. In vascular surgery in particular, adhe
sives have been used as an adjunctive to sutures. Two groups of tissue adhesives can be 
distinguished: biological glues (e.g., fibrin glue) and synthetic glues (e.g., cyano-acrylate). 

Fibrin Glue 

The first use of fibrinogen as a hemostatic agent dates back to the first decades of the 
20th century (47-49). The clinical use of fibrin as an adhesive was first described by 
Cronkite et al. (50) to fixate skin grafts. The inability to obtain high concentrations of 
fibrinogen led to poor graft fixation and waning enthusiasm for this technique. Rediscov-



148 Part II I Less Invasive Approaches to Coronary Bypass Grafting 

A B 

c D 
Fig. 7. Payr's ring-pin system of 1904: vessel ends are passed through the ring and everted over 
pins after the rings are joined together. 

Fig. 8. Schematic drawing of the 3M Microvascular Anastomotic (ring-pin) System in use for an 
end-to-side anastomosis. 



Chapter 12/ Approaches to Vascular Anastomosis Surgery 149 

ery and application of fibrin glue was delayed until the 1970s, when advances in labora
tory technology enabled the isolation of highly concentrated clotting factors from plasma. 
Shortly thereafter, Matras et al. (51) described the successful application of fibrin glue 
for microneurorrhaphy in rabbits and reported the first clinical uses of fibrin glue in 
trauma patients and in microvascular surgery (52,53). Arterial anastomoses of the com
mon carotid artery were created using a hybrid technique that combined sutures with 
fibrin glue. Histologic examination of these anastomoses showed no necrosis of the 
tunica media in contrast to what is frequently observed in conventionally sutured anas
tomoses (54). The first report of this hybrid technique in a clinical setting presented 
patency rates of 94% (55). Aksik et al. (56) confirmed the validity of this hybrid tech
nique, substantiated the histologic findings of Matras's group, and pointed out the time
saving effect of this technique. 

More recent experience with fibrin glue has raised concerns regarding potential long
term adverse effects. Moskovitz et al. (57) noted a decreased late patency as compared 
to a sutured anastomosis owing to pseudoaneurysm formation. They concluded that 
fibrin glue could generate adequate strength to prevent bursting but that the seal was not 
durable enough to hold the media of the vessel ends in close enough apposition to allow 
proper healing over time. Therefore, they suggested the addition of factor VIII or the use 
of an anastomotic cuff to prevent this problem. Dowbak et al. (58) reached the same 
conclusion regarding the tensile strength of fibrin-glued femoral arteries. 

In addition to the troubling incidence of pseudoaneurysm formation, investigators 
have described an increased risk of thrombogenicity with the use of fibrin glue. This 
prothrombotic property appears to be related to the presence of positively charged amino 
groups. Indeed, Dowbak and his group found that the use of positively charged fibrin glue 
resulted in a 50% reduction in patency rate at 7 d, whereas anastomoses created with 
negatively charged fibrin glue had a patency rate of 100% over the same time period (58). 

Cyanoacrylate Glue 

Cyanoacrylate glue has been in use since 1960 (59). Its major limitation lies in its 
potential toxicity. Results of experimental application of methyl cyanoacrylate as well as 
butyl cyanoacrylate have been disappointing. Use of these plastic adhesives caused thin
ning of vascular walls, leading to aneurysm formation (60-63). Recently a new glue, 
polyethyleneglyco1400 diacrylate, has been tested in a microvascular setup (64). It has 
been reported to remain stable when properly stored and is polymerized by exposure to 
ultraviolet light. Furthermore, it does not augment local vascular thrombogenicity and is 
nontoxic to living tissues (65). The glue was found to be able to seal small holes in vessels, 
but not strong enough in early testing to support a sutureless anastomosis. 

Laser Welding 

Jain et al. first reported the use of a neodymium yttrium-aluminum-garnet (Nd-Y AG) 
laser for vascular anastomosis (66). Soon thereafter, a favorable report using the argon laser 
appeared (67). Since then, numerous publications have reported the use of lasers for vas
cular anastomosis surgery. Results of these studies paralleled those that emerged from the 
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fibrin glue experience: their use as part of a hybrid technique that combines a few stay sutures 
with laser requires less time than conventional techniques and results in equivalent patency 
rates. Despite initial favorable clinical results (68,69), a high incidence of pseudoaneurysm 
formation and rupture at the anastomotic site (70) has precluded widespread clinical use. 

At least seven different laser techniques have been proposed for creation of vascular 
anastomoses. Many questions remain unanswered, including how laser welding is 
achieved and what the most appropriate settings are for their use. Bass et al. (71) sug
gested that noncovalent interactions between denatured collagen may be responsible for 
tissue bonding. When a CO2 laser is used at high power, the tissue temperature is reported 
to rise to 80-120°C and adhesion, therefore, is thought to occur through melting (dena
turation) of collagen and coagulation of cells in the media and adventitia (72-76). In the 
process of wound healing, this coagulum is gradually replaced by fibrous and muscular 
tissues. It is conceivable that this laser technique may result in a high incidence of 
complications, and, hence, use of low-power CO2 lasers has been advocated (77). Argon 
lasers used for vascular anastomoses generate a surface temperature of 43-48°C, which 
is well below the temperature at which collagen denatures (73). While the mechanism by 
which an argon laser fuses tissue remains uncertain, most researchers believe that protein 
bonds are degraded thermally, allowing proteins to rebind to adjacent proteins. This 
results in smooth tissue-tissue connection (78). Chikamatsu et al. (79) used low-energy 
conditions in applying the argon laser and obtained tissue growth without disturbance of 
the laminar architecture of the vessels and without aneurysm formation. 

The diode laser has been used as a contact laser in microvascular surgery since 1989 
(80). Equal patency rates and incidence of aneurysmal dilation were found when com
pared to a conventionally sutured anastomosis. However, diode laser use was associated 
with faster endothelial healing, a smoother inner vessel surface, less inflammation, and 
normal orientation of collagen and elastic fibers when compared to manual sutures. 
Recently, Godlewski et al. (81) reported on the use of the diode laser in a noncontact 
fashion in a comparative study using the rat carotid artery model. A purported benefit of 
noncontact diode laser application is the lack of the need for an intraluminal stent. The 
avoidance of stent use results in lesser incidence of stenosis and thrombus formation. 
Moreover, the penetration depth of the 830-nm diode laser is said to be more optimal than 
that of the CO2, the argon, and the Nd-Y AG lasers, giving rise to a better and more 
complete sealing of the anastomotic site. Diode lasers cause a shallow injury that occu
pies the entire thickness of the vessel wall and facilitates slight protein denaturation and 
collagen fusion of media and adventitia, while being less thrombogenic than the Nd-Y AG 
laser and less incisive than the CO2 and argon counterparts (79,82,83). 

CREATION OF AN ANASTOMOSIS IN A BLOODLESS FIELD 
WITHOUT FLOW INTERRUPTION 

All techniques that have been covered in the above necessitate a relatively lengthy 
interruption of the bloodflow. In the mid-70s various types of shunts have been advocated 
to circumvent this (84). However these techniques have never become widely used. 
Recently two new interesting techniques have been described in this respect. In one of 
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them the donor vessel is stitched to the exterior of the recipient vessel, whereafter an 
Excimer laser catheter (Medolas GmbH, Amberg, Germany), introduced through a 
sidebranch of the donor vessel, is used to create the arteriotomy (85). In the other tech
nique the bloodflow in the recipient vessel is very shortly interrupted and the arteriotomy 
is made. Subsequently a polyurethane shield is introduced into the vessel after which the 
bloodflow is restored and the anastomosis is created (86). 

CONCLUSIONS 

Despite significant advances in the use of mechanical devices, sealants, and laser weld
ing, manual suturing remains the golden standard for the creation of vascular anastomoses. 
Almost all stapling, clipping, and coupling techniques, when applied to small-diameter 
vessels, require a temporary interruption of blood flow. This factor, until now, has limited 
the acceptance of these devices. With increasing understanding of ischemic precondition
ing and better methods to achieve myocardial immobilization and new shunting techniques, 
it is expected that a method for facilitated coronary anastomosis that is reliable, easy to 
operate, versatile, and cost-effective will become available in the foreseeable future. 
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INTRODUCTION 

Cardiopulmonary bypass (CPB) elicits a well-described systemic inflammatory 
response that results in significant end organ dysfunction in a subset of high-risk patients 
(1-3). Contact of blood with the non physiologic surfaces ofthe bypass machine causes 
coagulopathy and bleeding (4), complement activation (5), neutrophil-mediated pulmo
nary injury (6), hemodilution, and capillary leak (7,8). In patients with left ventricular 
dysfunction, myocardial arrest can result in ischemia with temporary or permanent car
diac impairment. 

To avoid these potential deleterious effects, myocardial revascularization has been 
performed on the beating heart without the use ofCPB (9-11). Despite the development 
of new minimally invasive techniques, at present, complete revascularization is limited 
by the difficulty in visualizing and stabilizing vessels on the lateral and posterior surfaces 
of the heart. The absence of a safety net should the heart fail, further limits cardiac 
manipulation in off-bypass coronary revascularization. 

Great strides have been made in optimizing the surgical field for beating heart 
revascularization. Indeed, the use of pharmacological agents to slow the heart and the 
development of mechanical stabilization devices to reduce cardiac wall motion have 
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Table1 
Available Pumps Used for Device-Supported Myocardial Revascularization 

Pumps 

Nonpulsatile 
Centrifugal (rotary) flow 

Axial flow 

Pulsatile 
Pneumatic 

aNot yet clinically tested. 

Examples 

Biomedicus™ (Medtronic, Minneapolis, MN) 
Sams (3M Healthcare, Ann Arbor, MI) 
HemopumpTM (Medtronic) 
Jarvik Cannula Pumpa (United States Surgical Corp., Norwalk, CT) 

Abiomed™ BVS 5000 (ABIOMED, Danvers, MA) 

resulted in a more controlled environment for coronary grafting. However, the creation 
of an anastomosis under beating heart conditions remains a technical challenge. In an 
effort to further facilitate grafting onto a moving target, pumps capable of unloading the 
left ventricle while maintaining coronary and systemic perfusion present an attractive 
strategy. Some such pumps have been successfully used clinically whereas others are at 
various stages of preclinical development (Table 1). This chapter examines the rationale 
for the use of these devices and reviews the available data regarding their safety and 
efficacy. 

PHYSIOLOGY 

Circulatory assistance can be used in uni- or biventricular configurations. In either 
situation, the patient's lungs act as the oxygenator, eliminating the costs and potential 
sequelae of an in-line oxygenator. Mechanical ventilation maintains normal pulmonary 
metabolism and avoids the transient pulmonary hypertension often associated with long 
periods of pulmonary collapse during CPB. Additional advantages of this method of 
cardiac assistance include the following: 

1. Avoidance of hemodilution; 
2. Reduction of heparin use, blood loss and blood use; 
3. Elimination of protamine reversal; 
4. Faster recovery and convalescence; and 
5. Reduced costs. 

The absence of a cardiotomy sucker on the other hand, necessitates the use of an 
intraoperative cell-saver and rapid blood infusers. 

Decisions regarding univentricular vs biventricular support are usually made on the 
basis of the preoperative pulmonary artery pressures and right ventricular function. 
Moreover, ~-blockade during revascularization may precipitate pulmonary hypertension 
in patients with profoundly depressed preoperative cardiac function. Such situations may 
require biventricular support or avoidance of pharmacological cardiac depression. 
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MYOCARDIAL PROTECTION 

Minimally invasive surgical techniques for myocardial revascularization of the nor
mothermic beating heart are associated with temporary coronary occlusions and regional 
ischemia. The working heart has limited tolerance to ischemia under these conditions, 
and the risk of myocardial damage may be considerable. 

Ischemic preconditioning has been shown to limit myocardial adenosine triphosphate 
(ATP) wasting and to improve postischemic cardiac function (12,13). The mechanisms 
involved in ischemic preconditioning include the stimulation of adenosine (AI) recep
tors, the modulation of ATP-regulated potassium channels, the release of oxygen-derived 
free radicals, and the expression of stress-induced proteins (14). A number of pharmaco
logical manipulations exist to effect these mechanisms, but the most common include 
adenosine stimulation and adrenergic P-blockade. The use of these agents in beating heart 
revascularization not only helps to stabilize the coronary target but also has profound 
effects on myocardial oxygen demand and myocardial reperfusion injury. Although their 
use may be limited in the unsupported heart, device-assisted revascularization could 
potentially allow for marked pharmacological myocardial depression and improved 
myocardial protection. 

Device-supported revascularization likewise offers the protective effect of mechani
cal unloading on the ischemic myocardium. The beneficial effects of left heart unloading 
have been well described (15-18). Several investigators have experimentally demon
strated reductions in acute infarct size when a mechanical decompression is created 
(16,19). Mechanical decompression results in both pressure and volume unloading and 
a subsequent decrease in myocardial oxygen demand (17,20). The relative contribution 
of pressure unloading is significantly increased in the experimentally P-blocked state 
resulting in a logarithmic reduction in myocardial oxygen requirements. By reducing 
myocardial wall tension, resistance to flow through obstructed coronary arterial beds 
may also be decreased. If coronary flow is maintained, an increase in perfusion to the 
ischemic regions of the ventricle can occur (21). 

CLINICAL RESULTS 

Left Ventricular Dysfunction 

In view of the theoretical benefits afforded by device-supported revascularization, 
initial clinical applications of this evolving technology were used in patients with com
promised left ventricular function. Sweeney and Frazier (22) first reported the use of 
device-supported revascularization among a population of patients with profoundly 
depressed preoperative left ventricular function (average ejection fraction = 22 % ). It was 
hypothesized that avoidance of CPB, aortic cross-clamping, and cardioplegic arrest in 
this high-risk population of patients might reduce postoperative morbidity and mortality. 
The presence of mechanical ventricular assistance also allowed for continued circulatory 
support in the postoperative period should postcardiotomy cardiogenic shock ensue. 



158 Part II I Less Invasive Approaches to Coronary Bypass Grafting 

Fig. 1. Cannulation scheme used for biventricular support with the Biomedicus centrifugal pump 
during beating heart revascularization. 

The majority of the 43 patients initially reported by Sweeney and Frazier (22) under
went biventricular support using the Biomedicus centrifugal pump (Fig. 1). Inflow from 
the left heart was established via direct left ventricular apical cannulation. Patients with 
documented left ventricular thrombus had inflow cannulations via the left atrial append
age, the right superior pulmonary vein, or the aorta by advancing the cannula retrograde 
across the aortic valve. Blood was returned to the patient via standard aortic cannulation. 
Inflow to the right-sided ventricular assist device was created via standard right atrial 
cannulation, and outflow was established by cannulating the main pulmonary artery. By 
decompressing the right heart, right ventricular support facilitated optimal exposure of 
the posterior ventricular and obtuse marginal vessels. 

An average of 3.7 bypass grafts was constructed in this series, and 20 patients required 
at least one coronary endarterectomy, demonstrating the degree of stabilization that could 
be achieved with this system. All the patients were weaned from right-sided support in 
the operating room; however, five patients required prolonged left ventricular assistance 
postoperatively. All but one was weaned from left-sided support in the intensive care unit. 
There were two deaths (4.6%): one from low cardiac output in a patient with preoperative 
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cardiogenic shock, and one from a cerebrovascular accident in a patient with a preopera
tive fluctuating neurological exam. Average hospital stay was 10.5 d and no patient 
experienced a worsening of cardiac function when compared with preoperative status. 

Given these initial clinical results, device-assisted beating heart coronary artery bypass 
grafting (CAB G) has become an attractive alternative for patients at extremely high risk 
for postcardiotomy cardiogenic shock. Although centrifugal pumps have been used in the 
majority of patients, a newer generation of pumps including temporary pneumatic devices 
(e.g., Abiomed BVS 5000) and axial flow pumps (e.g., Hemopump) may also be used for 
uni- or biventricular support. If weaning from such devices is not possible in the post
operative period, excellent results may be obtained with early conversion to implantable 
devices (23,24). 

Normal Ventricular Function 

With the feasibility of device-assisted CABG demonstrated in high-risk patients, short
term left ventricular assist devices (LVADs) are now being explored as an alternative to 
CPB for routine myocardial revascularization. The most widely studied device for this 
purpose has been the Hemopump. 

The Hemopump is a catheter-mounted axial flow pump with an inflow catheter that 
can be advanced retrograde across the aortic valve into the left ventricular cavity (Fig. 2). 
The cannula measures 8.5 cm in length and 8.1 mm (24 Fr.) in diameter. The outflow is 
via a second port in the catheter, which ejects blood into the ascending aorta. The 
Hemopump must be placed through either a graft or a purse-string in the ascending aorta 
and advanced through the aortic valve, into the left ventricle (25-27). The position ofthe 
cannula in the left ventricle is confirmed by manual palpation. At a maximum speed of 
26,000 rpm and a pressure difference of 70 mmHg, the device can provide non pulsatile 
flow approximating 5 L/min. A smaller 14 Fr. version provides only 1 to 2 L/min of flow 
but can be inserted percutaneously via the femoral artery. 

In experimental studies, the Hemopump demonstrates excellent unloading of the 
normal and ~-blocked ventricle with corresponding decreases in myocardial oxygen 
consumption (17,18,28). It has been used as a support system for high-risk angioplasty, 
as a ventricular assist device in the setting of postcardiotomy cardiac failure, and as a 
percutaneously introduced device for ischemic cardiogenic shock (25-27,29,30). 
Sweeney and Frazier (22) used the Hemopump in five of their patients undergoing device
assisted CABG as a left ventricular assist device in combination with right-sided 
Biomedicus support (22). 

Presently, Lonn et al. (31) have the most experience with the Hemopump as an 
alternative to CPB for routine myocardial revascularization. Patients with normal 
ventricular function have undergone isolated left heart support and myocardial depres
sion via ~-blockade. In their initial report of 25 patients undergoing multivessel 
revascularization with Hemopump support, they demonstrated promising results with 
no patients requiring blood transfusions and no patients experiencing postoperative 
renal or pulmonary failure. In contrast to the early experience of device-assisted 
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Fig. 2. Catheter-mounted 24 French Hemopump. The device must be advanced across the aortic 
valve either through a graft sewn to the ascending aorta or through an aortic purse-string. 

revascularization for high-risk patients, no patients with normal cardiac function and left 
ventricular Hemopump support required right ventricular assistance despite aggressive 
~-blockade. 

With the emergence of minimally invasive direct coronary artery bypass (MIDCAB) 
via smaller incisions, some researchers have advocated the use of the percutaneous 
Hemopump as an adjunct to present techniques. The application of this approach awaits 
further investigation, but it may improve the stabilization, visualization, and myocar
dial protection now encountered with MIDCAB. Randomized studies will be necessary 
before device-assisted CABG can claim major outcome advantages over the standard 
CPB-supported myocardial revascularization techniques successfully used in most 
patients. 
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Fig. 3. Compact axial flow pump (Jarvik Cannula Pump) being developed by the United States 
Surgical Corporation. Standard cannulas are attached to either end of the device and provide 
isolated left heart bypass. Inflow cannulation can occur via the left ventricular apex (pictured) or 
the left atrium, and outflow is via standard aortic cannulation. 

FUTURE DEVELOPMENTS 

Developments are currently under way to design compact, easily inserted, left heart 
bypass systems for device-assisted beating heart myocardial revascularization. One such 
system, the J arvik Cannula Pump, uses a small axial flow pump in line with standard 
bypass cannulas and tubing (Fig. 3) (20,32,33). The device, a modification of the Jarvik 
2000, is a lO-mm diameter axial flow pump that incorporates a tiny electric motor within 
its housing. The motor drives the pump impeller via a short shaft that is supported on 
blood-immersed bearings. In its current design, the pump is inserted into the left ventricu
lar apex. A flexible wire-reinforced outflow cannula dotted with inlet holes permits blood 
to enter the pump directly from the ventricular chamber. At a low wattage, and operating 
at 10-15 % overall efficiency, nonpulsatile flows of 5 Llmin and 80 mmHg of pressure 
can be obtained (34). At a speed of 15,000 rpm, the Jarvik pump can completely unload 
the left ventricle and achieve non-pulsatile systolic aortic wave tracings while maintain
ing optimal left atrial pressures (0-5 mmHg) (20). Reductions in left ventricular end
diastolic and end-systolic pressure result in a 66% reduction in left ventricular external 
work under baseline conditions, and an 83% reduction in the depressed ventricle. More 
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Fig. 4. Jarvik Cannula Pump controller. Entire bypass loop fits comfortably on operating 
room table. 

important, right ventricular pressures, pulmonary artery flow, left ventricular filling, and 
systemic oxygenation remain unchanged during axial flow unloading, even under COn
ditions of profoundly depressed ventricular contractility. 

The entire bypass loop fits comfortably on the operating table (Fig. 4). A single 
electrical cable and a pressure monitoring line are connected to an easy-to-use controller. 
An electromagnetic flow probe can be attached around the outflow tubing, to display 
continuous pump flow. The pump is equipped with a bubble sensor that triggers imme
diate cessation of function should air be detected at the inflow cannula. A ventricular 
pressure transducer regulates ventricular unloading. 

Experimental results indicate that complete myocardial unloading can be achieved 
without hemolysis or end organ damage (32). In animal models, internal mammary artery 
to left anterior descending anastomoses can be performed easily, and access to all coro
nary territories is possible without hemodynamic collapse. Clinical trials are currently 
being designed to test the safety and efficacy of this system as an alternative to CPB for 
routine myocardial revascularization. 

CONCLUSIONS 

Device-assisted myocardial revascularization is an evolving technique to be added to 
the coronary surgeon's growing armamentarium of surgical options. Although presently 
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used only at skilled LV AD centers, emerging device developments may serve to broaden 
the use of this technique, particularly in patients undergoing beating heart revascular
ization. Randomized clinical studies will be necessary to determine if device-assisted 
CABG offers outcome advantages to standard CPB. 
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INTRODUCTION 

Cost-containment policies have required a fundamental reexamination of surgical 
practice. Increasingly government, third-party payers, and the public have expected that 
surgical treatment will be delivered on an ambulatory or short-term basis. This environ
ment, coupled with the success of laparoscopic interventions in reducing postoperative 
trauma and shortening the length of stay (LOS) without increased morbidity or mortality, 
has recently extended to affect the practice of cardiac surgery. 

The result has been the emergence of less invasive surgical approaches for the treat
ment of patients with congenital and acquired heart disease. Nowhere has the effect been 
more pronounced than in the care of patients with coronary artery disease. Indeed, 
increasing numbers of patients are undergoing less invasive surgical approaches to myo
cardial revascularization. Although the early results of these approaches are encouraging, 
long-term patency and survival rates are unknown. Coupled with these uncertainties is 
the question of whether these less invasive operations provide an economic benefit. At 
first glance, reduced intensive care unit (lCU) and hospital stay, lower morbidity, and 
accelerated return to work translate into lower costs. However, these advantages may be 
mitigated by longer operating room times and unsuspected hidden costs such as reductions 
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in the threshold for surgical intervention and increases in the demand for these procedures 
(1). This chapter examines the data available regarding the cost analysis of less invasive 
coronary bypass grafting. 

CLINICAL EXPERIENCE AT CHRISTIANA HOSPITAL 

Between April 1996 and April 1997 , 67 patients underwent minimally invasive direct 
coronary artery bypass (MIDCAB) procedures at Christiana Hospital. All procedures 
were performed on an elective basis except for two patients who underwent urgent 
revascularization after institution of intra-aortic balloon pump support. The study popu
lation consisted of two subgroups of patients. The first was comprised primarily of young 
patients facing high-risk angioplasty (± stent placement) or failed repeated procedures. 
This group were not considered to be candidates for conventional coronary artery bypass 
grafting (CABG) because of patient preference or because of the limited nature of their 
coronary artery disease. The second cohort consisted of patients not considered to be 
candidates for either conventional CABG or angioplasty ± stent. Most of these patients 
had undergone prior coronary grafting. 

COST ASSESSMENT 

Charts of all patients undergoing MIDCABG procedures were examined to identify 
the charges associated with the procedures. Ratio of cost to charges was calculated as 
needed using standard conversion factors for the facilities included. Preoperative risk 
factors and postoperative complications were tallied to identify outliers skewing the 
hospitalization expenses. Charge information for DRG 107 from the Medical Center of 
Delaware was compared with cost data gathered from the "Cardiology Preeminence 
Roundtable," an advisory board that evaluated the clinical and financial impact of mini
mally invasive cardiac surgery by evaluating changes occurring within the 1200 member 
institutions. 

Additional cost information was extrapolated from the New York State Database, 
which is a nonvoluntary mechanism for studying all CABG procedures performed in the 
state. Only data from 1995 were used for analysis. In addition to identifying major patient 
comorbidities and demographics, specific complication and LOS information is avail
able for 52 MIDCABG patients, 548 conventional single CABG patients, and a total of 
19,224 coronary bypass patients receiving no other cardiac procedure. No direct financial 
information is available within the Database. 

OPERATIVE TECHNIQUES 

At the Medical Center of Delaware, all patients underwent standard induction of 
general endotracheal anesthesia, as per cardiac anesthesia protocols, with a double
lumen endotracheal tube and were placed in the supine position. One of three thoracic 
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incisions was used to gain cardiac exposure-full sternotomy, hemisternotomy, or left 
anterior thoracotomy. 

Myocardial stabilization was performed in several fashions as the technique evolved, 
but most recently has been performed with the suction octopus device (Medtronic, 
Minneapolis, MN). This stabilizer has the advantage of minimal myocardial depression 
and excellent visualization because the area of interest is retracted into the field rather 
than compressed into the pericardium. Two-dimensional epicardial beacon motion mea
surements on beating pig hearts has demonstrated that the baseline cardiac motion in all 
three dimensions of 12-18 mm can be reduced reliably to 1 mm (2). Postoperatively, 
suction hematomas are visible; however, in animal studies at 6 wk postoperative follow-up, 
no evidence of trauma was evident, even by light microscopy. In our series, 10 patients 
had multiple bypasses, 2 had partial femoro-femoral bypass, and 1 had intraoperative 
conversion to a conventional CABG. 

SHORT-TERM RESULTS 

All patients were extubated in the operating room. There were no intraoperative deaths 
nor returns to the operating room during the same hospital stay. Two postoperative deaths 
occurred owing to arrhythmia and myocardial infarction in a nongrafted territory. Mean 
hospital stay was 2 d. These factors were important variables in allowing hospital charges 
to average approximately half ($14,676) that of conventional CABG ($22,817) and to 
approximate that of stenting ($15,000). When only the higher risk CABG patients are 
studied, the MIDCABG cohort charges are higher than the lower risk cases, but progres
sively less expensive than conventional procedures performed in higher risk patients. 
Part of the divergence in cost is owing to renal insufficiency and the neurologic sequelae 
of placing older, sicker patients on cardiopulmonary bypass (CPB). If hospital reim
bursement for CABG without catheterization is equivalent to the 1997 Medicare rates for 
large urban areas ($17,687), the break-even point looms close. 

Similar estimates for hospital costs (rather than charges) were made by the Advisory 
Board Company for two U.S. institutions. For DRG 107, the conventional approach cost 
was $6000 compared with $5309 for MID CAB and $4477 for average risk transcatheter 
approaches. For a second hospital, the conventional CABG cost was $12,197 compared 
with $8018 for single-stent intervention and $7174 for the MIDCAB and $5455 for a 
percutaneous transluminal coronary angioplasty (PTCA). Much of this advantage resulted 
from a reduction in LOS from an average of 5.6 d for conventional CABG to 1.8 d for 
MIDCAB. The additional savings were owing to an elimination of perfusion expenses 
including disposables, which averaged $1200 per case. Reduction in ICU, ventilation, 
and rehabilitation time were additional contributing factors. Overall, MID CAB proce
dures resulted in average profits per case to the hospital of just over $10,000 in compari
son to approx $5000 per conventional CABG, $3500 for PTCA alone, and less than $1000 
for stents. Indeed, when multiple stents were used, facilities generally lost revenue on the 
procedure. Needless to say, managed care companies are already attempting to capture 
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Fig. I. LOS by surgical priority. Postoperative LOS did not differ significantly between MIDCABG 
and conventional CPB cases for elective, urgent, and emergency cases. However, urgent and 
emergency cases overall had significantly longer recovery times than elective cases (p < 0.0001). 

this potential revenue stream by identifying and specifically reimbursing for MIDCAB 
procedures. 

From the New York State Database for 1995, the importance of acuity (elective, 
urgent, or emergency), age (70-yr-old divide), and ejection fraction (40% divide) as 
predictors of LOS becomes evident (Figs. 1-3). Interestingly, younger patients did not 
benefit from MIDCAB as much as older patients in terms of LOS over conventional 
procedures. The number of grafts created did not affect LOS. LOS for patients unde
rgoing conventional CABG was 6.8 ± 3.3 d, not significantly different from the LOS for 
MIDCABG patients (6.8 ± 4.2 d) (Fig. 4). This overall similarity was owing to the 
inclusion of extremely high risk cases within the MIDCABG group who had an inordi
nately long LOS even in comparison to the conventional high-risk CABG population 
(10.2 vs 7.3 d). Therefore, cost savings from these procedures were mainly related to 
avoidance of perfusion expenses and shorter operative times. In the Columbia-Presby
terian database, a conventional single-vessel CABG operation had an intraoperative time 
of 179 ± 51 min compared with 112 ± 24 for a traditional MIDCABG approach. 

Although not directly germane to the immediate perioperative expenses, longer-term 
complications will raise the societal costs of this approach, as has been demonstrated in 
high-risk or three-vessel angioplasty. In our series, follow-up was at 1-, 6-, and 12-mo 
intervals. Catheter intervention was required within 3 mo in 8.9% of patients; no further 
interventions were required in these or any other patients during the study period. 

DISCUSSION 

Since its introduction in 1967, CABG has become a reliable surgical treatment for 
severe coronary atherosclerosis. Three major randomized trials performed in the 1970s-



Chapter 14 I Economics of Less Invasive Cardiac Operations 169 

12 
.-... o MIDCABG 
<I.l 
>. r--- p=O.024 --, 
(1:1 • CPB 

"0 
'-' 
>. 9 r--- p:NS --, 
(1:1 ... 
(/) 

..... 
0 

..c:: .... 
0.0 6 c: 
~ 

....l 
~ 
> 
;j 3 
\.0 
~ 
0.. 
.9 
CIJ 

6.09 0 
A... 0 

age < 70 age?: 70 

Fig. 2. Age stratification. Patients older than 70 yr recover more quickly from MIDCABG than from 
conventional CPB. Older and younger MIDCABG patients had similar recovery times; however, 
older patients receiving CABG on CPB had a longer recovery time than younger CPB patients . 
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Fig. 3. Ejection fraction stratification. Patients with normal ejection fractions (.:::40%) had similar 
recovery times from MIDCABG and conventional CPB, as was the case for those with depressed 
ejection fractions. CPB patients with depressed ejection fractions, however, had significantly 
longer recovery times than CPB patients with normal ejection fractions, a difference not seen in 
MIDCABG patients. 

the VA Study (2), the European Cooperative Surgical Study (ECSS) (3), and the Coro
nary Artery Surgery Study (CASS) (4)-compared surgical with medical management 
of coronary artery disease, and identified patient populations in which surgery achieved 
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Fig. 4. Risk histogram. The percentage of MIDCABG patients with more than five preoperative 
risk factors (50%) was significantly greater than the CPB population (32%), suggesting that a 
higher risk group of patients are being selected for MIDCABG. 

superior results. These conclusions provided the framework for the establishment of 
today's indications and reimbursement for coronary artery bypass surgery. 

More recently, these data have been extrapolated to justify referring patients for less 
invasive angiographic procedures ranging from percutaneous transluminal angioplasty 
to intraluminal stenting. The success of these modalities has varied and has impacted the 
perceived financial benefits to society of the procedures, especially since longer-term 
complications are often not evident early and are not captured in cost accounting. 

CPB with pump oxygenation is used for nearly all conventional coronary bypass 
operations (5), and is associated with a wide variety of adverse effects, which will in
crease postoperative costs. In particular, pulmonary (6,7) and central nervous system 
complications (stroke, seizures, and impaired consciousness) are leading sources of mor
bidity and cost increases and have been attributed, in large part, to the effects of CPB (8-
10). Myocardial dysfunction occurs commonly following CPB and may require prolonged 
inotropic support, particularly in patients with poor preoperative ventricular function, 
older age, or prolonged duration of aortic cross-clamping (11). In a recent study in which 
220 cardiac operations were performed without CPB, and compared with similar opera
tions done on bypass, the off-bypass group demonstrated no differences in mortality but 
significant decreases in transfusion requirements and incidence of postoperative myocar
dial dysfunction, which translates into reduced costs (12). 

Candidate patients for MIDCABG have more of a bimodal distribution of comorbid 
factors than the more classic bell-shaped pattern in which conventional CABG patients 
fall (Fig. 4). The high-risk cohort skews the cost data ofthis group of patients, as can be 
seen in the New York State Database in which the LOS for the two groups were almost 
identical. Preoperative morbidity factors were much more predictive of LOS than the 
number of grafts performed. However, the cost of managing sicker patients appears to be 
reduced if managed by MID CAB rather than by conventional approaches, based on our 
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limited early experience. Despite the high-risk nature of many of these cases, the inability 
to demonstrate a reduced LOS in a statewide survey reflects the inability of physicians 
in 1995 to adapt to the possibility of discharging patients early, even if the less-invasive 
procedure would allow this prospect. Changing practice patterns are equally important 
to the technical learning curve of the procedure if potential cost-saving benefits of the 
procedure are to be recognized. 

For the healthier patients able to undergo any potential revascularization procedure, 
the early cost data support the superiority of the MID CAB approach. However, long-term 
efficacy data are lacking, so the overall financial benefits may be limited. As was seen 
in the EAST trial (13), early financial benefits will evaporate if medium-term complica
tions require repeat interventions with some crossover to conventional CABG. 

Other studies have supported these findings. Fonger et al. (14) demonstrated in a 
cohort of 100 patients that MIDCABG patient charges were $13,415 in comparison to 
$21,414 for conventional CABG and $13,415 for stents and $7803 for PTCA. However, 
this study was performed prior to the rapid anticoagulation and hospital discharge pro
tocols now used for stent cases, and overstates the cost of these procedures. 

Additional and more recent support of these findings by King et al. (15) confirmed that 
in the early peri operative period, MIDCABG costs ($10,129 ± 1104) approximate PTCA 
($9113 ± 3039) and are less than conventional CABG ($17,816 ± 1043), p = 0.0028. 
Much of this benefit resulted from the reduced LOS of the MIDCABG cohort (2.7 ± 0.3 d) 
compared to conventional CABG (4.8 ± 0.5 d), p = 0.009. The authors in this study argue 
that since 20% of invasive cardiology procedures will require repeat interventions within 
6 mo, these costs should be included in the decision to pursue this approach (15). In a 
similar fashion, if MIDCABG procedures are found to have a predictable early failure 
rate, the estimated costs of the procedure must be increased accordingly. 

Ultimately, the cost-effectiveness of this approach to revascularization, like the many 
that have preceded it, will be dependent on the longevity of the benefit. We should be 
interested in the annual cost of quality life gained rather than simply the early 
periprocedural cost information. Quality, not cost, must be established first. 
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INTRODUCTION 

In addition to the achievements in technique and technology that off-pump myocardial 
revascularization presents, minimally invasive coronary artery bypass grafting 
(MICABG) has subtly made quality of life (QOL) a major concern of cardiac surgeons 
around the world. Advances in treatment and the subsequent decline in CABG surgery 
mortality rates over the last 20 yr introduced a need to incorporate these subjective 
measures in studies evaluating treatment efficacy (1) . The most recent elevation of QOL 
to the forefront of the medical decision-making process stems directly from the unfailing 
invocation of patient preference as a primary benefit balancing the known risks of 
MICABG. This may present a renewed opportunity to commit the focus of medicine 
more closely and consistently toward patient preferences for outcomes. 

The objective and subjective outcome goals for MICABG have already been defined 
by the known risks and benefits of the two alternative methods of revascularization: 
conventional CABG with cardiopulmonary bypass (CPB), and percutaneous transluminal 
coronary angioplasty (PTCA). Any conversation on outcomes will necessarily require 
understanding of the substantial body of research already accomplished by investigators 
of these two procedures. A second challenge to fruitful discussion is the inconsistency in 
methods and reports from studies on MICABG. Off-pump myocardial revascularization 
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is offering a surgical alternative not only to patients with single-vessel disease not ame
nable to PTCA, but also to subpopulations of patients with coronary artery disease for 
whom CPB represents a considerable risk. This diversity disallows blanket statements on 
treatment efficacy for a single MICABG population. The delineation of preoperati ve risk 
factors, surgical technique, and outcomes is essential for the MICABG learning curve 
and any long-term comparative evaluation. Furthermore, standardization of outcome 
measures across treatments will be vital to our understanding of MICABG and its role as 
an alternative or adjunct procedure to PTCA and CABG. 

Our discussion will proceed as follows: 

1. MICABG's role as an intervention vis-a-vis the shortcomings of current treatment alter
natives. 

2. The techniques currently used to measure QOL and the standards set by PTCA and CABG. 
3. Our recommendations for a battery ofQOL measures to standardize these outcomes for 

this field in its infancy. 

BASELINES SET BY PTCA AND CABG 

For the convalescing individual, QOL is not separable from medical outcome. Post
operative pain, time to extubation, intensive care unit (ICU) length of stay (LOS), inci
dence of complications, need for reoperation, and length of hospitalization are parameters 
by which the surgeon measures a successful operation. They also clearly affect the QOL 
of a patient. It is reasonable to suggest that a protracted hospitalization and convalescent 
course will significantly alter patient QOL in the early postoperative period. Similarly, 
longer term variables by which both physician and patient mark operative success, such 
as the relief of angina, exercise tolerance, need for repeat interventions, incidence of 
myocardial infarction, and longevity, have a close correlation with QOL issues. 

The cohort of coronary artery disease patients with only proximal left anterior 
descending (LAD) artery stenosis resembles most closely the patients who currently 
undergo MICABG (2). In a randomized trial comparing the results ofPTCA to grafting 
of the left internal mammary artery to the LAD on the arrested heart for isolated proximal 
LAD stenosis in 134 patients, Goy et al. (3) reported that the rates of cardiac-related death 
and myocardial infarction were not significantly different between the groups at a median 
follow-up of 2.5 yr (3). However, there were substantial differences between the groups. 
PTCA patients were taking more antianginal medications than the CABG cohort. Free
dom from adverse events was 86% in CABG-treated patients and 43% in PTCA-treated 
patients. The rate of restenosis in the PTCA group was 32%, with repeat angiography in 
44%, repeat PTCA in 15 %, and the need for CABG in 16%. Furthermore, a 58 % restenosis 
rate was reported among the patients who underwent repeat PTCA. By contrast, only 3% 
of CABG patients required any repeat intervention. Even though the authors described 
restenosis in the PTCA group as benign, it is reasonable to infer from the relatively high 
frequency of adverse events in the PTCA group that the QOL among these patients may 
have been adversely affected. This study suggests one of the primary potential benefits 
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of MICABG: providing the angina-suffering patient with a long interval free of symp
toms and repeat interventions. 

Ovrum et al. (2) recently reported perioperative data for 99 patients undergoing 
elective CABG for single vessel disease. The risk profile indicates a younger population 
(57.7 ± 7.3 yr) with normal ejection fraction and low incidence of diabetes mellitus. The 
average ischemic time for this patient population was 15.3 ± 9.6 min and total bypass time 
was 29 ± 13 min. No homologous blood products were given, minimal morbidity was 
noted, and no deaths were observed (2). These near optimal results demonstrate the 
challenge that MICABG faces in attempting to provide a superior clinical result to this 
relatively healthy population. 

Zenati and associates (4) showed the potential impact of MICABG on early recovery 
in a small study comparing 17 minimally invasive direct coronary artery bypass 
(MIDCAB) recipients with 33 routine CABG patients. The authors reported that 41 % of 
the MICABG patients and none of the conventional CABG patients were extubated in the 
operating room; in addition, 42% of conventional CABG patients received blood prod
ucts whereas none in the MICABG cohort were transfused. The LOS in the ICU was 
12.3 ± 3.3 h for the MICABG group and 32.3 ± 12.6 h for the conventional group. 
Moreover, 59% of MICABG recipients were discharged home within 48 h compared 
with none in the conventional cohort. 

Data obtained from the New York State Database, a mandatory registry of all coronary 
bypass procedures performed in the state, demonstrates that the early experience with 
MICABG procedures is associated with complication rates similar to those seen for 
conventional single-vessel graft procedures (Table 1). 

Within the CABG population, gender and age, as well as factors such as low ejection 
fraction and diabetes, are associated with higher complication rates. MICABG may 
therefore prove to be the better surgical decision for certain at-risk subpopulations, but 
not others. Additionally, we may see a trade-off in postoperative comorbidity factors, 
such that patient preference may indeed prove to be the single most vital component to 
the surgical decision-making process. Aiding in that process will be objective data such 
as that compiled by the New York Database that outlines rates of complications for a 
given profile and a given surgery, but also reasonable data on how others have seen their 
QOL affected by these postoperative complications. 

Gender Differences 

Gender differences acquire greater acceptance with ongoing investigation. Several 
studies have noted that women present with more preoperative risk factors at the time of 
surgery (e.g., age, history of smoking, diabetes, small frame size) (5-7). But even when 
matched for age, angina class, and severity of coronary artery disease, women still have 
operative mortalities that are twice that oftheir male counterparts (8). Women are more 
likely to undergo single- or double-graft procedures and, consequently, experience shorter 
operative, cross-clamp, and CPB times. Nevertheless, men spend less time on mechanical 
ventilation, in the ICU, and in the hospital postoperatively (9). Women have lower 2-yr 
graft patency rates and inferior early, late, overall, and event-free survival (10). 
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Table 1 
New York State Database Complication Rates for Single-Vessel Graft Procedures: 

Comparison of Conventional and Minimally Invasive Techniques 

Conventional 
MICABCa CABd p value 

Age (yr) 65 .9 ± 1.4 61.8 ± 0.5 0.013 

Complication (%) 
Cerebrovascular accident 0 5 NS c 

Transmural myocardial infarction 0 2 NS 
Nontransmural myocardial infarction 0 5 NS 
Deep wound infection 0 2 NS 
Reoperation for bleeding 0 3 NS 
Return to OR 1 2 NS 
Heart block requiring pacemaker 2 2 0.04 
Sepsis/endocarditis 0 3 NS 
Gastrointestinal bleeding/perforation/infarct 0 4 NS 
Renal failure/dialysis 0 2 NS 
IABPd inserted in OR 1 10 NS 
Respiratory failure 3 17 NS 
Brachial plexopathy 1 0 0.08 
Phrenic nerve palsy 0 0 NS 
Malignant ventricular arrhythmia 4 10 0.03 
a 
n = 52. 

b n = 548. 
cNot significant. 
dlntra-aortic balloon pump. 

In the short-term, women have reported different recovery profiles than men. Measur
ing physical recovery, emotional affect, and symptoms 1, 3, and 6 wk post-CABG, 
Artinian and Duggan (11) observed that women reported greater ambulatory difficulty, 
higher depression scores, and were less able to manage household activities than men. 
The investigators also found that women complained more of symptoms of illness at each 
ofthe time points. Similarly, Carey et al. (12) observed that women consistently ranked 
their health status as lower than their male counterparts annually for up to 15 yr post
operatively. Because a smaller frame is anatomically preferable for most MICABG 
approaches and because women appear to be more sensitive to the adverse effects of CPB, 
one may speculate that MICABG may improve both subjective and objective outcomes 
for women by the avoidance of CPB and by decreased operative and anesthesia time. 

Elderly and Others 

An increasing number of patients in their 80s and 90s are undergoing myocardial 
revascularization (13,14). Indeed, Chocron et al. (15) reported that in 1993, 15% of 
patients who underwent open-heart surgery were over 75 yr old and that the percentage 
was increasing yearly, reflecting a general trend toward an older population ( 15). For this 
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cohort of patients who undergoes CABG, perioperative mortality and morbidity rate are 
high and length of hospitalization and duration of convalescence are increased. Glower 
et al. (16) and colleagues reported a 30-d mortality of 10% and a rate of significant 
in-hospital complications of 29%. Similarly, Cane et al. (17) reported a 9.1 % hospital 
mortality rate and a 49% incidence of perioperative events among their cohort of older 
patients who underwent CABG .17 At our institution, a statistically significant difference 
in the incidence of cerebral dysfunction was noted between elderly open-heart patients 
when compared with both younger open-heart surgery patients or with elderly patients 
undergoing noncardiac procedures (18). 

In another study, a 7 % operative mortality and a 3-yr survi val rate of73 % was observed 
among more than 200 octogenarians who underwent isolated CABG. At a mean follow-up 
of 36 mo, this elderly cohort of patients rated their overall state of health as 77 (0-100 scale) 
on a QOL instrument measuring mobility, self-care, pain, daily activities, and anxiety (19). 

Pain, fatigue, and sleep disturbance are frequent complaints among elderly CABG 
patients at long-term follow-up. A strong correlation in health satisfaction with the 
ability to accomplish basic functions (e.g., ambulation and self-care) was reported 
among CABG patients 80 yr old and older, but despite a 92% improvement in New 
York Heart Association (NYHA) class, 22% of this patient population reported dissat
isfaction with their health (20). 

PTCA has been an attractive option among these older patients because of its lower 
morbidity and mortality in the short term. Life expectancy for the very elderly ( 80 yr) 
is approx 6 yr (20,21), therefore, QOL has even more importance as an outcome for this 
patient population. MICABG represents a potentially attractive third option to provide 
a single medical intervention without the associated disadvantages of a major operation. 
Initial results for MICABG in the elderly and high-risk populations have been reported 
by several institutions (1,22-25). 

Because mortality rates remain high for patients with substantial comorbidities such 
as renal failure, diffuse vasculopathy, or pulmonary insufficiency (26), QOL has not been 
sufficiently addressed for survivors of high risk CABG and PTCA. 

As Nielsen et al. (27) pointed out, there is a striking absence of QOL data for survivors 
of procedures associated with high rates of mortality. But the decision-making process 
for the high-risk patient would certainly benefit from better understanding of QOL out
comes for each of the medical choices now available to them. Our treatment of coronary 
artery disease, which may consist of a lifelong series of interventions, can be made more 
successful with the comprehensive understanding of the risks and benefits of repeat or 
complementary PTCA, the various surgical approaches and techniques, and patient 
expectations. 

MEASURING QOL 

The trinity of QOL end points for cardiac patients in the past has consisted of return 
to work, freedom from angina, and physical activity. The increasing age and illness of 
candidates for myocardial revascularization often precludes the relevance of the first of 
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these, while the latter two, often closely correlated, provide a limited view of outcomes 
based primarily on functional status, rather than the patient's opinion of the same. 

The Randomized Intervention Treatment of Angina (RITA) trial compared the results 
of initial treatment strategies of PTCA and CABG on patients with angiographically 
proven CAD and angina. Although interim results at the 2.5-yr follow-up showed no 
significant difference in prognosis between treatment groups, Pocock et al. (28) were able 
to elucidate QOL differences using the Nottingham Health Profile (NHP). This tool has 
been utilized successfully as an indicator of the limitations on health imposed by disease 
and has been validated in several studies on treatment evaluations (29,30). The 38-item 
questionnaire delineates the realm ofQOL into six fields: physical mobility, pain, energy, 
sleep, emotional reaction, and social isolation. Items are weighed so that a continuous 
distribution of scores is possible. The NHP was administered to 1011 patients in the RITA 
trial at baseline, then 6 mo and 2 yr postrandomization to treatment group. Improvements 
were noted in both groups over time, but statistically significant differences between the 
two treatments were not observed in the six individual fields. However, because CABG 
results consistently showed slightly better results over PTCA in each category, the overall 
NHP score showed a statistically significant improvement in CABG patients compared 
with PTCA recipients. At 6 mo, the mean difference in favor of CABG was 1.21 items 
(p = 0.07); at 2 yr, the difference was reduced to 0.79 items (p = 0.1). The impaired scores 
in the PTCA group were correlated to an increased chance of persistent or lingering 
anginal pain (28). 

In the Bypass Angioplasty Revascularization Investigation trial, results again showed 
no significant differences in mortality and myocardial infarction at 5 yr postoperatively 
between treatment arms (28). Recently investigators reported the results of the annual 
administration of the Duke Activity Status Index (DASI) to 934 randomized patients of 
this trial (31). This index, which consists of 12 questions measuring functionality in 
activities common to daily living, weighs scores based on known metabolic equivalents 
expended in each activity (32) (Table 2). 

For the first 3 yr following the initial treatment, CABG-treated patients had better 
scores than PTCA patients. This suggests that the relief of angina symptoms has a 
profound effect on physical function, discernible in an index specific to that field of 
QOL (31). 

Physical function and alleviation of disease symptoms, however, are insufficient 
determinants of QOL. Low self-esteem, lack of interest in social interaction, sexual 
dysfunction, and depression have been noted in patients, despite good physiological 
outcomes (33). For example, Eriksson (34) reported a 10% incidence of postoperative 
depression following CABG; 22 % of 101 male patients were dissatisfied with the results 
of their surgery, despite an improvement in NYHA classification. Sjoland et al. (35,36) 
convincingly demonstrated the limitations of a focus on physical functionality. In a 2-yr 
follow-up to CABG surgery, patients underwent exercise testing as well as the NHP 
profile. Moderate to mild correlation between overall QOL and exercise tolerance was 
observed, most closely between exercise tolerance and the two fields of physical mobility 
and pain. Yet, although the greatest improvement in exercise tolerance was seen in men, 
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Table 2 
DASI to Measure Functional Capacity in Daily Living Activities 

Can you 
1. Take care of yourself, i.e., eat, dress, bathe, or use the toilet? 
2. Walk indoors, such as around your house? 
3. Walk a block or two on level ground? 
4. Climb a flight of stairs or walk up a hill? 
5. Run a short distance? 
6. Do light work around the house such as due sting or washing dishes? 
7. Do moderate work around the house such as vacuuming, sweeping floors, or carrying in 

groceries? 
8. Do heavy work around the house such as scrubbing floors or lifting heavy furniture? 
9. Do yardwork such as raking leaves, wedding, or pushing a power mower? 

10. Have sexual relations? 
11. Participate in moderate recreational activities such as golf, bowling, dancing, doubles 

tennis, or throwing a baseball or football? 
12. Participate in strenuous sports such as swimming, singles tennis, football, basketball, or 

skiing? 

the better improvements in overall QOL came from women (35,36). This suggests that 
physiological well-being and physical functionality represent an incomplete image of 
QOL, one that needs to be complemented by impressions of emotional status, social 
functionality, cognitive performance, and general perception of health and disease. 

A final point of QOL and surgical intervention is made by Chocron et al. (37) and 
associates. These investigators prospectively enrolled 215 elective open-heart patients in 
a study utilizing the NHP. CABG significantly improved QOL parameters as early as 
3 mo postoperati vely, most markedly among patients who were younger than 70 yr of age. 
Of all the parameters evaluated, the only one that failed to match a normal population at 
3 mo postoperatively was sleep. This study suggests that any potential improvement in 
NHP QOL variables in a MICABG population would be limited primarily to the imme
diate postoperative period. These QOL parameters would likely include items such as 
length of hospitalization, strength and early mobility, pain and discomfort of the surgery, 
and duration of early convalescence (37). 

Our institution has begun a number of studies that will provide useful baseline data for 
comparative QOL studies. Our own functional recovery index, in development, began 
with an intent to look at the effect of different surgical incisions on patient recovery in 
the immediate postoperative period. Using a series of range of motion exercises and 
pulmonary function tests, we intend to bring quantitative and qualitative data to the 
debate on surgical approaches for MICABG. Patients scheduled for elective bypass 
surgery are tested preoperatively to establish baseline values of vital capacity, minute 
ventilation, range of upper body motion, and pectoral muscle strength. The pulmonary 
function tests measure respiratory muscle range and pain associated with breathing. A 
handheld Wright spirometer measures the expiratory flow volumes. The range of motion 
tests are horizontal adduction, lateral abduction, and forward flexion of the shoulder. The 
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Fig. 1. Short-term functional recovery following elective median sternotomy for open
heart surgery. Pulmonary function tests and pectoral muscle strength are evaluated regard
ing pain caused by these activities at different time points and graded on a visual analog 
scale (O-to). 

normal ranges for these test are 900 , 1800 , and 1800 , respectively. Pectoral muscle strength 
is assessed with the patient supine: horizontal shoulder adduction is repeated with hand 
weights of 1-5 lb. Each measure is followed by patient assessment of pain, using an 
II-point visual analog scale. Physiological parameters are investigated postoperatively 
every 2 d during in-patient stay, and then at the 2- and 6-wk points again. 

Preliminary results on 50 CABG patients demonstrate quick recovery from median 
sternotomy (Fig. 1). Patients deny overall pain greater than mean = 5 (on visual analog 
scale) by the second postoperative day. By the time of discharge (6.8 ± 2.4 d), the mean 
pain report is 2.4, with recovery to baseline of range of motion and pectoral muscle 
strength. Vital capacity is approx 70% at the 14th postoperative day, with no reported pain 
from exertional use of the relevant muscle groups. During postoperative interviews on 
d 14 or 42, the major complaint is related to generalized fatigue, not localized pain related 
to the surgical wound. 

Our protocol has been revised to incorporate greater participation from the patient and 
the patient's family. Provided with written and verbal instructions, patients perform the 
range of motion exercises, pulmonary function tests, and strength assessment regularly 
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during the interim between discharge and the 6-wk surgical follow-up visit. Emotional 
effect is monitored during this period, as well as during the in-patient stay, with visual 
analog scales and relevant portions of the NHP. Likewise, overall physical recovery is 
assessed with repeat administration of the DASI and the physical function and pain sections 
of the NHP. In collaboration with our institution's Health Outcomes Department, long
term QOL changes are examined by follow-up NHP administration every 6 mo for 2 yr. 
The Division of Cardiac Anesthesiology has standardized a battery of neuropsychometric 
exercises, administered perioperatively, to elucidate the risk of cerebral dysfunction not 
only between groups of patients undergoing on- or off-pump myocardial revascularization, 
but also among the various risk profiles. Our efforts, we believe, provide the comprehensive 
examination of QOL and functional recovery in both the short- and long-term frames of 
reference that are needed for comparison between surgical treatments. 

CONCLUSION 

We are today under the influence of two often conflicting forces pushing cost-effective 
medicine and high-tech science. MICABG is an example of this conflict. In terms of 
resource utilization, this surgery is reflecting highly desirable short-term outcomes such 
as decreased operating times, decreased ICU time, and shorter overall hospital stays. But 
as a result, our outcome measures are less scientific. By sending our patients home sooner, 
we drive them that much more quickly out of our reach and call that a favorable outcome 
when in fact it is only a questionable one. In our subjective and objective assessments, we 
all too often leave out precisely what it might mean to a patient to be sent home 48 h after 
open-heart surgery. 

In the same way that we have not examined truly the correlation between economic 
benefit and patient preference, we have not evaluated the relationship between psycho
logical well-being and patient satisfaction with that state of well-being. What is perhaps 
most unique about MICABG procedures is the mythology surrounding their ability to 
produce higher levels of patient satisfaction, so reported without the sustained focus and 
analysis that surgical problems typically receive. Since this superficial treatment of 
subjective outcomes will not likely survive beneath the scrutiny of well-controlled clini
cal trials investigating MICABG efficacy, we are facing a new opportunity to define and 
standardize a valid and meaningful method of measuring patients' QOL. The interest and 
participation of surgeons and physicians in this process may prove as instrumental to the 
improvement of patient outcomes as MICABG, the technique that serves as both subject 
of and catalyst to this welcome discussion. 
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INTRODUCTION 

This chapter focuses on a new approach to minimally invasive mitral surgery, per
formed via a minithoracotomy incision using telescopic video assistance. The term 
"minimally invasive" has different connotations, even among those surgeons considered 
pioneers in the field. For some, the term implies reduction of access trauma by use of a 
smaller incision; for others, the term connotes avoidance of cardiopulmonary bypass 
(CPB). Yet others consider the combination of both necessary to merit this rubric. 

At present, "less invasive" valve operations require CPB support, and hence, consid
erations have related to size and location of the access incision, direct aortic clamping vs 
intraluminal balloon occlusion, use of modified perfusion technology, and adequacy of 
myocardial preservation. 

EVOLUTION 

Whereas clinical experience with minimally invasive approaches to the mitral valve 
is limited to 2 yr, these operations hold significant promise because, unlike coronary 
bypass procedures, their success is not contingent on detailed vascular anastomoses. 

The use of limited sternal incisions has been shown to provide excellent exposure to 
the mitral and aortic valves, allowing good operative results with low perioperative 
mortality (1-5). The Port-Access™ (Heartport Technology, Redwood City, CA) technique, 
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which relies on the use of limited incisions, intra-aortic balloon occlusion, and 
cardiop1egic arrest, was first adapted to mitral valve procedures by Pompili et al. (6), who 
performed mitral valve replacements in a canine model and four in-patients. Shortly 
thereafter, Falk et al. (7) from the University of Leipzig and Colvin and associates (8) 
described early successful clinical experiences with port-access minimally invasive mitral 
valve surgery. At present, the New York University group has performed over 100 mitral 
valve repairs and replacements with low mortality and minimal morbidity. 

By the end of 1997, 412 patients worldwide had undergone port-access minimally 
invasive mitral valve operations with a 3.2% overall mortality and 2.2% stroke rate 
(unpublished results). Recent reports have raised concerns regarding the potential of 
retrograde aortic dissection and occlusive balloon displacement in patients undergoing 
these procedures (9). These and other concerns have prompted the examination of alter
native balloon catheter designs and the evaluation of video-assisted techniques to the 
mitral valve. 

The first description of video-assisted mitral valve surgery was reported by Kaneko 
et al. (10). Carpentier et al. ( 11) performed the first video-assisted mitral valve repair via 
a minithoracotomy using ventricular fibrillation. Three months following this report, the 
first completely video-assisted mitral valve replacement using a minithoracotomy, a 
percutaneous transthoracic aortic cross clamp, and retrograde cardioplegia was reported 
(12,13). Most recently, the spectrum of operations using video-assisted techniques has 
expanded, including the repair of atrial septal defects (14) and mitral valve reoperations 
(15). Vanermin and colleagues in Aalst have performed nearly 50 operations using port
access technology and video assistance. 

The early clinical experience with minimally invasive mitral valve surgery performed 
by Mohr et al. (9) relied on the use of three-dimensional (3D) secondary vision. They 
authors found that video assistance was most helpful for replacement operations; how
ever, the ability to perform mitral reconstructions was limited by this approach. Chitwood 
et al. (16) reported on 31 patients undergoing mitral valve surgery with the aid of tele
scopic video assistance. In these operations, secondary vision was advantageous for both 
extirpative and reparative surgeries. Recently, Loulmet et al. (17) described the use of a 
tiny intracardiac camera to repair mitral valves through limited thoracotomy or sterno
tomy incisions. The intracardiac device was found to be particularly useful for the visu
alization of subvalvular structures; however, two-dimensional visualization was limiting. 
At present, 3D digital imaging (Vista™, Boston, MA), using a headset display, is under
going evaluation, and early results are encouraging. It is foreseeable that the development 
of improved visualization methods, tactile feedback mechanisms, and tiny ports and 
incisions may lead cardiac surgeons to an era of "virtual" mitral valve surgery. 

THE "MICRO-MITRAL OPERATION" 

At the East Carolina University, modifications of conventional operative technology 
have been used to develop the Micro-Mitral Operation (MMO). The surgical approach 
includes the use of a mini thoracotomy, direct transthoracic aortic clamping, telescopic 
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video assistance, atrial centrifugal pump-assisted venous return, peripheral arterial per
fusions, and modified instrumentation (Fig. 1) (12,13,16). 

Preoperative Preparation 

Independent left lung ventilation is obtained with a double-lumen endotracheal tube 
or a right-sided bronchial blocker. A Swan-Ganz catheter is inserted into the pulmonary 
artery via a left internal jugular vein approach. Subsequently, the patient is positioned as 
shown in Fig. 2. The right chest is elevated 40° with the shoulders tilted back. The right 
arm is suspended across the chest on a padded holder or positioned by the side, but 
residing behind the posterior axillary line. In women, a 6-cm inframammary line is drawn 
just rostral to the anterior axillary line. The location of the right femoral artery is marked 
and external defibrillator pads are positioned posterior to the right scapula and at the left 
anterior axillary line near the fifth interspace, thereby covering the greatest cardiac mass. 
A transesophageal probe is inserted and a baseline echocardiogram is obtained. 

Technical Considerations 

A small incision is made overlying the right common femoral artery and the vessel is 
exposed. A 5-0 polypropylene purse-string suture is placed longitudinally. Following 
heparinization, a 17-19 Fr. Biomedicus™ Medtronics, Minneapolis, MN) arterial can
nulais advanced over progressive dilators into the proximal iliac artery using the Seldinger 
technique (Fig. 3, p. 192). Avoidance of arterial clamps allows distal perfusion to be 
maintained throughout cardiopulmonary perfusion. When femoral cannulation is con
traindicated or not possible, central cannulation is performed. A purse-string suture is 
placed just proximal to the innominate artery and an arterial cannula is introduced using 
the Seldinger technique via an incision or a thoracoport under videoscopic assistance. 

The right fourth rib is exposed via a 6-7 -cm submammary skin incision with extrapectoral 
cephalad dissection. A bony fragment of the fourth lateral rib was removed in the early 
experience (Fig. 4, p. 193). More recently, the fourth rib has been divided and a Tuffler or 
a "thoracic lift" retractor (United States Surgical Corp., Norwalk, CT) is positioned to deflect 
soft tissues while minimizing rib spread (this maneuver reduces postoperative pain). 

Following entry into the parietal pleura, the right lung is deflated and the pericardium 
is opened under direct vision, 2 cm ventral to the phrenic nerve. The incision is carried 
cephalad to the aortic reflection. Silk retraction sutures are placed to approximate the 
anterior pericardial edge and skin incision tightly. A transthoracic hook (Scanlan Inter
national, Minneapolis, MN) is used to withdraw the posterior pericardial edge retraction 
sutures through the chest wall (Fig. 5, p. 194). This maneuver rotates the heart in a 
counterclockwise fashion, effectively displacing the left atrium ventrad. Lateral pericar
dial edge retraction minimizes telescope obstruction and lens contamination. Optimal 
direct-vision exposure allows access to the base of the aorta, the atrio-caval junction, and 
the right superior pulmonary vein (Fig. 6, p. 195). 

Because the right atrial appendage is not ordinarily reachable through the incision, 
three alternative approaches to attain venous return have been used. A 2-0 pledget
reinforced Ticron suture is placed in the midright atrium and a thin-walled 24 Fr. Biomedicus 



Fig. 1. Instruments: Custom instnunents designed for the video-assisted MMO. (A) The transthoracic 
aortic cross clamp is shown in two "pincer tip" lengths. The sliding mechanism precludes wound impinge
ment. (B) Specially designed forceps and knot-tier used for the MMO. Note the specialized diamond 
platform-tipped forceps used for (left to right): needle retrieval, delicate tissue manipulation, thickened 
valve tissue, and knot-tying/valve prosthesis seating (Scanlan International, Minneapolis, MN). 
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Fig. 2. The patient is positioned with the right chest turned upward 40°. The inframammary 
incision is made just anterior to the axillary line. Recently we have made a more lateral incision. 
The cephalad "x" mark represents the prospective insertion site for the transthoracic cross clamp 
in the third intercostal space, and the caudal "x"mark indicates the location of the thoracoport for 
the 5-mm telescope. 

venous cannula is introduced through the purse-string. Alternatively, a 19 or21 Fr. venous 
cannula may be inserted percutaneously into the right atrium through the right internal 
jugular vein or via the femoral vein. A Biomedicus centrifugal pump is used for assisted 
venous drainage. Perfusion is begun and the systemic temperature is lowered to 26°C. 

A 5-mm thoracoport (Genzyme-DSP, Boston, MA) is inserted through the fifth inter
costal space, posterior to the thoracic incision (Fig. 4). Prior to camera insertion, the 
position of the distal tip of the port should be anterior to the pericardial edge and in direct 
line with the superior pulmonary vein, and should be verified. A 5-mm 0° telescopic 
camera is then passed through the port. 

With videoscopic assistance, a purse-string suture is placed along the anterior ascending 
aorta, just distal to the right coronary origin (Fig. 6). A suction-vent cardioplegia catheter is 
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Fig. 3. Femoral arterial cannulation (left to right): Either a 2-cm vertical or transverse inci
sion is made over the femoral vessels. A small 5-0 prolene purse-string suture is placed in 
the common femoral artery. A guide wire is introduced using a blunt-tipped needle and is 
passed into the proximal aorta. Using the Seldinger technique, progressive coaxial dilators are 
passed over the guide wire. Finally, a 19-21 Fr. Biomedicus perfusion cannula is passed 
into the proximal iliac artery over the wire. Venous cannulation can be attained using similar 
techniques. 

inserted either through the wound or via a separate port. A 4-mm incision is then made in 
the third intercostal space just cephalad to the videoport to allow passage of the transtho
racic aortic clamp. Under videoscopic guidance, and with great care not to injure the right 
pulmonary artery, the clamp is positioned with one prong behind the ascending aorta 
through the transverse sinus (Fig. 7, p. 196). Proper positioning of the clamp should be 
confirmed with the video camera. Using this technique, the heart becomes less dis
placed than when the operation is performed via median sternotomy, which minimizes 
introduction of air into the aortic root. Although ante grade cardioplegia has provided excel
lent myocardial protection, occasional retrograde cardioplegia is administered via an 
echocardiographically guided coronary sinus catheter. 

Sondergaard's groove is dissected for only 1-2 cm. A small left atriotomy is made just 
medial to the right superior pulmonary vein entrance, and a small ribbon retractor is 
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Fig. 4. External operative view. A segment of the fourth rib has been removed. Recently we have 
only divided this rib anteriorly and distracted it inferiorly. The transthoracic cross clamp is shown 
inserted through the third intercostal space and in front of the superior vena cava. The aortic 
clamp is shut. The 5-mm camera transverses the chest wall via the thoracoport. Note that the 
camera tip is in direct line with the superior pulmonary vein. 

introduced to expose the mitral valve. The retractor is configured so that "towing in" will 
elevate the interatrial septum, allowing the anterior mitral leaflet to hang freely. Trans
thoracic retractors (Heartport™ and Genzyme-DSP) also may be used to maximize 
exposure (Pig. 8, p. 197). In the presence oflarge left atria, the lateral walls tend to fall 
in, and, hence, early placement of commissure sutures establishes correct anatomic ori
entation and facilitates exposure. 

For mitral valve repair, our technique includes the use of the Carpentier-Edwards 
Physio™ annuloplasty ring and the Baxter-Cosgrove™ band. Because the latter extends 
posteriorly between the fibrous trigones, fewer sutures are required. Early placement of 
annuloplasty sutures clearly facilitates camera visualization. These sutures are placed 
in a counterclockwise fashion starting at the right fibrous trigone or the commissure 
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Fig. 5. Operative exposure. Cross-section of the human thorax as seen from the below. The soft 
tissue retractor is inserted at the fourth rib level through the removed segment. The lung is partially 
deflated. The pericardial incision lies 2 cm anterior to the phrenic nerve and in juxtaposition to the 
interatrial groove. A 2-0 silk retraction suture has been placed through the edge of the pericardium 
and passed through the lateral chest wall to retract the dorsal pericardial edge slightly toward the 
posterior chest wall, preventing camera obstruction. The anterior suture retracts the heart toward 
the posterior chest wall to retract the dorsal pericardial edge slightly toward the posterior chest 
wall, preventing camera obstruction (arrow). The anterior suture retracts the heart toward the 
incision, bringing the aorta and mitral annulus close to the wound for access. 

(Figs. 9 and 10, pp. 198-199). The sutures exiting posteriorly are placed last because they 
tend to obstruct camera visualization. The sutures are arranged serially and suspended 
tightly from external suture guides. Reorientation after annular passage becomes very 
difficult via the small incision. Only after the annular sutures are in place should recon
structive procedures be performed. 

For mitral valve replacement, subannular pledgeted 2-0 sutures are placed serially 
while the anterior leaflet is progressively "snipped" in counterclockwise fashion. This is 
carried along the anterior annulus; the posterior leaflet and sub valvular apparatus are left 
intact. In some instances, supra-annular everting mattress sutures are placed. The com
bination of these two suture techniques has resulted in no early perivalvular leakage. 
Moreover, this method facilitates videoscopic anterior placement while minimizing the 
risk of posterior leaflet impingement into the mechanical prosthesis. We favor the use of 
the standard St. Jude™ (St. Paul, MN) mechanical prosthesis, although rotatable valves 
preserve maximal flexibility for best orientation. In those instances in which tissue 
valves are used, only sub- or supra-annular pledgeted sutures are used, and both native 
leaflets are preserved. 
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Fig. 6. Thoracoscopic view. This view should be available after introduction of the telescopic 
camera in the third intercostal space. A purse-string for the cardioplegia cannula is placed on the 
anterior aorta (left). An atrial purse-string suture has been placed for direct atrial cannulation 
through the incision (right). The junction between the superior vena cava, superior pulmonary 
vein, and right atrium is the major "sighting" point when inserting the camera. Note that the 
pericardium has been distracted from camera view. 

For both mitral valve repair and replacements, anterior sutures require video assis
tance whereas posterior sutures often can be placed by direct vision. Maneuvers at the left 
trigone and commissure are best accomplished with the left hand and with the aid of 
a 30° telescope. Optimal needle stability is essential while placing sutures through the 
mitral annulus. This is best achieved by the use of short grip, thin-bodied needle holders. 
Following completion of the annular sutures, the extrathoracic prosthesis is lowered into 
place through the small atriotomy. 

The left trigone suture is tied first, followed by the right trigone and the posterior
middle sutures. A modified valve positioner/knot tier (Fig. 1) is used to seat the valve and 
secure the knots. It is critical that the first two knots slip in order to affect ideal prosthesis 
tissue apposition while precluding suture breakage. Using a guillotine-type suture cutter 
(Scanlan International), the remaining sutures are tied and cut. 

The left atriotomy is closed under direct vision using monofilament suture. A 
transvalvular vent is not used routinely. Prior to aortic clamp release, venous return is 
decreased while both lungs are ventilated and the intracardiac air is evacuated through 



Fig. 7. Transthoracic aortic occlusion. (A) Intraoperative photograph depicts the transthoracic 
clamp jaws being positioned around the aorta. The posterior jaw is positioned, using video assis
tance, through the transverse sinus. Care must be taken to avoid injury to the right pulmonary artery 
and to assure total aortic occlusion. (B) The clamp has been closed and ante grade cardioplegia is 
being administered via the aorta. The venous cannula can be seen in the lower right foreground. 
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Fig. 8. Intrathoracic operative view. The interatrial septum is being retracted ventrally using a 
transthoracic retractor. The thoracoscopic camera provides an excellent view. The tip of the 
camera should be behind the operating instrument to minimize conflicts. 

the atriotomy suture line and the aortic vent. Other de-airing maneuvers are performed 
with the patient in the Trendelenburg position. Undertransesophageal echocardiographic 
guidance, partial aortic occlusions and other de-airing maneuvers are carried out until 
complete evacuation of air is documented. Recently, we have insufflated CO2 into the left 
atrium to displace air. After the transthoracic aortic cross clamp is removed, the posterior 
aorta is examined with the aid of the videoscope. Thereafter, the patient is weaned from 
CPB, and a thoracotomy tube is placed through the camera port-site. In most instances, 
temporary epicardial pacing wires have not been necessary. However, when needed, they 
are best placed before weaning from bypass. 

CLINICAL EXPERIENCE 

The experience at East Carolina University (ECU) with the MMO includes 43 cases 
with a single perioperative mortality owing to arrhythmia 27 d after discharge. These 
consecutive patients were operated upon by one surgeon between May 1996 and October 
1997, and are compared with a contemporary historical cohort. This latter group is com
prised of the previous 100 conventional mitral operations performed by the same surgeon 
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Fig. 9. Intrathoracic suture placement. Annuloplasty sutures are being placed along the posterior 
portion of the mitral annulus. Note that short-nosed needle holders are used. These prevent needle 
slippage when placing sutures at the odd angles often necessary with this videoscopic method. 

between January 1992 and January 1997. Patients who underwent concomitant coronary 
artery bypass grafting were excluded from both groups. We have done five MMOs 
successfully in Europe that are not included in the ECU studies. 

Table 1 gives demographic profiles f~r both groups. The cohorts were similar for 
age, gender, and New York Heart Association (NYHA) functional class. Fifteen MMO 
patients (36%) underwent mitral valve replacement, and 28 (64%) had mitral valve 
repair. Pathological findings in patients undergoing MMO were similar to those of 
patients undergoing conventional operations and included degenerative changes in 
23 patients, annular dilation in 2, rheumatic disease in 15, and healed endocarditis in 
3. Table 2 gives the operative techniques for both groups. No MMO patients required 
conversion to larger incisions or sternotomy, and no mitral valve repairs required 
secondary replacement. MMO patients had statistically significant longer cardiopul
monary and cross-clamp times but still benefited from a reduced need for packed red 
blood cell transfusions. No aortic clamp injuries occurred and all patients were easily 
weaned from bypass. Early postoperative electrocardiograms demonstrated inferior 
lead changes, which were transient in nature in several patients in our early experience; 
no Q-wave myocardial infarctions were seen. As assessed by transesophageal 
echocardiography, postoperative ventricular function did not deteriorate in any patient. 



Fig. 10. Intraoperative mitral valve repair. (A) Multiple 3-0 tgon annuloplasty sutures have been 
placed videoscopically with an annuloplasty ring lowered into place. Medial commissure and 
anterior valve leaflet are seen. A sucker tip is being used to position the ring. (B) The completed 
videoscopic mitral repair is shown, and the saline test demonstrates no leakage. 
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Table 1 
Demographic Profile of 143 Patients Who Underwent Mitral Valve Surgery 

with Minimally Invasive or Conventional Approaches 

Age 
Mean ± SEM 
Range 

% Female 
Preoperative NYHA class 

I 
II 
III 
IV 

Ejection fraction (%) 
<40% 
>40% 

an = 43. 
bn = 100. 
cp = 0.001. 

Conventional mitral 
MMOa valve surgerl 

59 ± 2.2 59.3 ± 1.4 
18-77 29-78 

58 53 

7% 8% 
47% 42% 
40% 40% 

7% 10% 

9% 0.37 c 

91% 0.63 c 

Table 2 
Type of Surgery and Intraoperative Variables in Patients Undergoing Mitral Valve Surgery 

Operative technique 
Valve replacement 
Valve repair 
Annuloplasty alone 
Annuloplasty + quadrangular resection 
Annuloplasty + chordal replacement 
Annuloplasty + chordal transfer 

Intraoperative variables 
Cross-clamp time (min) 
CPB time (min) 
Perioperative packed red blood cell transfusion (U) 

an = 43. 
bn = 100. 
1=0.0001. 
p = 0.01. 

MMOa 

15 (35%) 
28 (65%) 
16 (57%) 
10 (36%) 
2 (7%) 
0 (0%) 

125 ± 4.9 
125 ± 4.9 
1.0 ± 0.1 

Conventional mitral 
valve surgery b 

43 (43%) 
57 (57%) 
27 (47%) 
17 (30%) 
5 (9%) 
8 (14%) 

92 ± 3.6c 

92 ± 3.6c 

3.0 ± O.ld 

In one patient who underwent MMO, a moderate leak was detected postoperatively, 
and the patient underwent valve replacement 15 mo later. 

Table 3 depicts intensive care unit (leU) parameters including length of respiratory 
support, length of stay (LOS), postoperative blood loss, and complications. Patients 
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Table 3 
Comparison of ICU Parameters and Postoperative Complications Among Patients 

Undergoing Mitral Valve Surgery 

ICU Parameters 
ICU stay: if ventilated <48 hr (hr) 
ICU stay: total group (hr) 
Respiratory support (hr) 
Total thoracotomy tube output (mL) 

Complications 
New onset atrial fibrillation 
Deep venous thrombosis 
Phrenic nerve injury 
Neurologic deficit 
Reexploration for bleeding 
30-d mortality (%) 

an = 43. 
bn = 100. 
j=O.04. 
p = 0.02. 

MMOa 

21.1 ± 2.2 
30.2 ± 6.7 
13.6 ± 2.7 
578 ± 84 

7 (16%) 
1 (2.3%) 
1 (2.3%) 
0 (0%) 
0 (0%) 
1 (2.3%) 

Conventional mitral 
valve surgery b 

48.7 ± 8.2c 

48.7 ± 8.2d 

23.7 ± 5.3 
687 ± 84 

20 (20%) 
0 (0%) 
0 (0%) 
3 (3%)c 

4 (4%)c 

2.20% 

undergoing the MMO benefited from reduced ventilatory support times and reduced ICU 
stay. Forty -one of 43 MM 0 patients (95 % ) required less than 48 h of respiratory support; 
for this cohort, overall ICU stay was significantly shortened compared with the conven
tionally operated group. Eighty-four percent ofMMO patients were discharged from the 
hospital between the third and fifth postoperative day; in the last half of the series, the 
length of hospitalization was reduced to 3.5 ± 0.1 d. 

An identical proportion of patients in both groups developed postoperative atrial fibril
lation. Among MMO patients, major complications included one episode of deep venous 
thrombosis and one instance of phrenic nerve palsy. Two patients required more than 
48 h of ventilatory support. The conventional group had a significantly higher incidence 
of perioperative neurological deficits and reoperations for bleeding; in fact, no such 
adverse sequelae were seen in the MMO group. Whereas MMO patients received signifi
cantly fewer transfusions than the sternotomy cohort, 40% ofMMO patients still required 
some blood product transfusion. No in-hospital deaths were recorded for MMO patients; 
one patient died at home 27 d after operation from a presumed arrhythmia; postmortem 
examination demonstrated an intact prostheses. Perioperative (30 d) mortality was simi
lar for both groups. One late death occurred in the MMO group related to prosthetic valve 
endocarditis. 

Follow-up for MMO patients was 100% and averaged 24 ± 2.5 wk. With the exception 
of the two patients who developed major complications, all patients reported little or no 
postoperative pain and a rapid return to normal activities. At follow-up 95% of MMO 
patients were in NYHA class lor II, compared with 54% preoperatively. Charge and cost 
reductions in the MMO patients (27% and 34% less than the sternotomy group, respec
tively, p = 0.02) resulted mostly from reduced LOSs. 
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SUMMARY 

The initial experience with the MMO is encouraging and demonstrates that complex 
mitral valve repairs and replacements can be approached safely and performed using lim
ited incisions and video assistance. Although difficult to quantify, our experience suggests 
that resection or division of a bony portion of the rib, rather than the costal cartilage, results 
in improved cosmesis and reduced postoperative pain. This approach reduces the amount 
of retraction that must be exerted on the chest wall to optimize exposure and perhaps 
explains the diminished postoperative pain experienced by these patients. 

The mitral valve exposure afforded by the MMO precludes the need for an extended 
atrial incision, which is often necessary with ministernotomy or parasternal approaches. 
The transthoracic aortic clamp method appears safe and effective and requires few addi
tional resources or customized supplies; in addition, anterograde cardioplegia alone 
provides excellent cardiac protection. Video assistance during clamp placement reduces 
the risk of right pulmonary or left atrial appendage injury and serves to confirm adequate 
aortic occlusion. Although intraluminal balloon occlusion catheters have been developed 
and clinically implemented, concerns regarding the possibility of aortic dissection and 
balloon migration-with potential disastrous neurological complications-remain. Fur
thermore, the we of these devices may be limited in patients with small-diameter aortas 
or significant aorto-iliac disease. Antegrade perfusion catheters with an aortic occlusion 
balloon are being developed and may be safer than retrograde perfusion methods. 

Our experience with MMO in 13 patients suggests that, using small atriotomies, video 
assistance is essential for providing optimal instrument access and exposure. Indeed, 
visualization of the trigonal/commissural regions, anterior mitral annulus, and intra
cardiac subvalvar structures would have been difficult without videoscopic assistance. 
Furthermore, excision of tissue, placement of sutures, positioning of the prosthetic valve, 
and tying of knots are all greatly facilitated by thoracoscopic vision. For reconstructive 
work, the thoracoscope is of the utmost help in papillary and subvalvar repairs (Figs. 10 
and 11). Secondary vision is of particular benefit in patients with large anteroposterior 
diameters, obese body habitus, and in patients with large left atria. The operation will 
be greatly enhanced with the advances in 3D visualization and the development of tactile 
feedback mechanisms. Practice of the above techniques during conventional mitral valve 
operations enhances the development of video dexterity. 

The use of vortex venous drainage allowed for adequate cardiac decompression; how
ever, care must be taken to prevent air leakage around purse-string suture sites. Although 
retrograde aortic dissection has been reported, we were able to establish excellent arterial 
perfusion with the use of thin-walled arterial cannulas placed using the Seldinger tech
nique without any instances of dissection in our published report. Since that time, how
ever, one patient developed an aortic dissection requiring conversion to a sternotomy. It 
is clear that advances in cannula design are necessary to facilitate aortic insertion through 
a port or small incision. 

Increases in the numbers oflaparoscopic cholecystectomies performed have been attrib
uted, among other factors, to the ease of performing the operation, particularly in instances 
when the indication for the operation is not entirely clear. Clearly the decision to repair a 



Chapter 16/ Minimally Invasive Mitral Valve Surgery 203 

mitral valve should not be driven by the operative approach, but by the pathology ofthe 
valve and the patient's symptoms. The optimal mitral valve operation should take pri
macy over the approach, and quality should never be compromised to minimize hospital 
cost, improve cosmesis, or to lessen discomfort. In this series, the same selection criteria 
used for patients undergoing conventional mitral valve surgery were applied to potential 
candidates for the MMO. Although the operative times were longer for patients under
going the MMO, the costs were offset by the shorter leU stay and shorter overall hospital 
stay. Quality of life issues including satisfaction with the procedure, return to work, 
discomfort, and performance of daily activities are difficult to evaluate in retrospect. A 
prospective evaluation of these parameters is important to assess fully the potential 
benefits of this and other minimally invasive approaches. 

Our experience suggests that a minimally invasive approach to mitral valve surgery 
based on the use of small incisions and videoscopic assistance is safe and feasible and 
results in reduced leU and hospital stays, transfusion requirements, postoperative dis
comfort, and cost. The long-term reliability of this and other minimally invasive 
approaches to mitral valve surgery, however, remains untested. Thus, despite rapid 
developments in this field, we must embrace the new technologies with cautious enthu
siasm and healthy skepticism. Only when the morbidity, mortality, quality of life, and 
long-term reliability of these approaches approximates the excellent results obtained 
with conventional operations, should these procedures find a solid niche in the armamen
tarium of the cardiac surgeon. 
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INTRODUCTION 

New incisions, foreign to "traditional" cardiac surgeons, are now being touted as a new 
answer to approach cardiac valvular structures. We and others, convinced that access to 
the heart could be achieved via a modification of the traditional sternotomy, have elected 
to perform pediatric heart operations via a partial sternotomy; i.e., only a portion of the 
sternum is divided in the midline. This approach incorporates traditional cannulation 
techniques with more limited exposure to the heart. 

Owing to the flexibility of children's tissues, the partially divided sternum is stretched 
open with a retractor. We have also adopted a less invasive approach to aortic (and mitral) 
valve operations in adults. The rationale for this approach was simple: both the aortic and 
mitral valves are midline structures and both lie in a plane that can best be viewed 
obliquely from above the patient's right shoulder. Furthermore, upper sternal division 
brings the surgeon directly down on the aorta and right atrial appendage for traditional 
cannulation of structures for venous return and arterial inflow. However, unlike children, 
the inflexible adult sternum was "T'd" off at the second, third, or fourth intercostal space 
in addition to dividing it in the midline. Although many terms can be used to describe 
these sternal divisions and many variations of the inverted "T" now exist such as 
hemisternotomy, partial sternotomy, limited sternotomy, etc., we have added the term 
"ministernotomy" to describe this form of limited access to the heart and great vessels. This 
chapter presents an overview of the first consecutive 100 patients who underwent aortic valve 
procedures at our institution. The operative technique is detailed and the clinical results are 
reviewed for this less invasive approach to aortic valvular surgery. 

From: Contemporary Cardiology: Minimally Invasive Cardiac Surgery 
Edited by: M. C. Oz and D. J. Goldstein © Humana Press Inc., Totowa, NJ 
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OPERATIVE TECHNIQUE 

An upper sternal mini sternotomy is utilized for all work on the aortic (and mitral) 
valves, as well as the ascending aorta. As mentioned previously, because of its inflex
ibility, the partial sternotomy must be extended with a transverse incision into an 
intercostal space. It is important to emphasize that the sternal incision merely cuts the 
sternum; the surrounding tissues including the internal mammary arteries (IMAs) are 
left undisturbed. Once the sternal edge is cut, no further advancement into the intercostal 
space is necessary. 

The level of sternal division necessary to provide access to the base of the heart 
varies greatly with body habitus, presence of emphysema, and heart position within the 
chest. Early in our experience, the sternum was divided routinely at the third intercostal 
space. However, with increasing experience and with the aid of trans esophageal echo
cardiography (TEE) to locate the aortic annulus, the proper intercostal space can be 
located. The position of the aortic annulus is determined, and by measuring with a tape 
measure from the edge of the manubrium to the depth of the echo probe, the skin 
overlying the appropriate intercostal space is marked. In general, a third or fourth 
interspace T will suffice; however, in the presence of severe emphysema or when aortic 
root replacement is contemplated, the fourth intercostal space is chosen. As familiarity 
with this technique increases, higher intercostal spaces can be used. Usually, a 3-in. skin 
incision is made (Fig. 1). 

All sternal divisions are performed using an oscillating saw with a narrow blade as 
routinely carried out in conventional redo sternotomies. Once divided, a small Finochetti 
retractor is placed to separate the upper sternal edges (Fig. 2). Thymic tissue is divided 
with electrocautery and the pericardium is opened. Traction on the lower sternal edge 
allows further opening of the pericardium. Once opened, the pericardial edges are sewn 
to the skin, delivering the cardiac structures further into the incision. Smaller pericardial 
needles are used to aid in this process. 

Cannulation sutures are placed on the ascending aorta in the standard location. In the 
case of aortic valve work, a dual-stage oval venous cannula is utilized through an atrial 
purse-string (Fig. 3). This and an additional purse-string for retrograde cardioplegia are 
most easily placed by the first assistant who has the best view of the right atrium. A 
retrograde cardioplegia cannula (Gundry RCSP, DLP, Grand Rapids, MI) is placed 
through a second purse-string, just inferior to the atrial appendage. The retrograde can
nula is placed blindly, flushing the pressure line to the distal port and watching for a rise 
in pressure to indicate engagement of the coronary sinus. Once engaged the balloon is 
inflated. Rising coronary sinus pressure confirms placement (1). If unsuccessful, TEE 
can be used to guide insertion of the retrograde cannula (2). If access is still not achieved, 
placement on bypass with the lungs collapsed will allow the surgeon to place a finger near 
the inferior vena cava to push the cannula into the sinus. 

Once on bypass, venting of the left heart can be accomplished in one of several 
different ways. First, the right superior pulmonary vein can be cannulated easily once the 
lungs are deflated and the heart is emptied (this maneuver is also the easiest when per-
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Fig. 1. Skin and sternal incisions for ministernotomy. Note the inverted T at the level of the third 
intercostal space. 

formed by the first assistant). Second, a vent can be placed through the dome of the left 
atrium or dropped through the aortic valve annulus. Finally, direct venting of the pulmo
nary artery can be utilized. 

The aortic valve is visualized easily via mini sternotomy . Visualization is improved by 
allowing the surgeon access to the patient's right shoulder, permitting him or her to "look 
down the barrel" of the aortic valve. A right-angle aortic cross clamp is placed on the aorta 
(Fig. 3). Aortotomy and the remainder of the aortic procedure proceeds following stan
dard techniques. To aid visualization, gentle traction on the venous cannula further pulls 
the aortic annulus into view. 

Standard techniques for aortic valve repair or replacement are utilized. Sutures may 
be tied directly (Fig. 4). De-airing techniques are aided greatly by TEE, locating pockets 
of air. Gentle shaking of the heart combined with lung ventilation and momentarily 
limiting the venous return is usually all that is needed to de-air the left cardiac chambers. 
If necessary, forceps handles or pediatric defibrillator paddles can reach all areas of the 
heart, even through this limited incision. 
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Fig. 2. A small sternal retractor exposes the ascending aorta and right atrial appendage for con
ventional cannulation. 

Myocardial protection has been accomplished primarily via retrograde, continuous 
warm blood cardioplegia, but we have also used cold, intermittent blood anterograde and/or 
retrograde cardioplegia without difficulty. Because replacement of a dislodged retro
grade catheter may prove difficult in a tiny incision, arrangements to change to ante grade 
or direct coronary ostial cannulation are recommended, particularly in cases in which 
only retrograde cardioplegia via ministemotomy is being entertained. In 5% of cases, we 
were unable to place the retrograde catheter and modified our technique to cold blood 
ante grade cardioplegia instead. Defibrillation was rarely necessary. Pacing is not rou
tinely instituted, but atrial or ventricular wires can be placed and brought out through an 
interspace. In this regard, it is important to place the ventricular wires on the right ven
tricle while the heart is still decompressed. 
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Fig. 3. Right atrial and aortic purse-string sutures have been placed, and cannulation for institution 
of cardiopulmonary bypass (CPB) including arterial, venous, retrograde, and venting cannulas 
have been inserted. The aorta is being cross clamped with a right-angle clamp. 

Following completion of the procedure and removal of cannulas, a 19 Fr. Blake 
(J & J, Cincinnati, OH) drain is placed around the heart within the pericardium and 
brought out lateral to the IMA in an intercostal space and connected to a Heimlich valve 
grenade suction device (Fig. 5). The upper and lower sternal edges are wired together with 
separate wires, and then the two upper edges are reclosed with wires. Extubation is 
anticipated within the operating room or shortly thereafter. 

CLINICAL EXPERIENCE 

The results of our first consecutive 100 patients is reported herein. Ministernotomy 
was accomplished in all patients. In four other patients, all adults, planned mini sternotomy 
was aborted when the aortic annulus was found to be at or below the xyphoid (n = 2), 
or when adhesions were felt to be too difficult to dissect in a reoperation for aortic root 
replacement (n = 1), or when anasarca rendered the sternum to be 4 in. below the skin 
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Fig. 4. The ministernotomy approach allows excellent exposure of the aorta for aortotomy and 
aortic valve repair or replacement. 

surface (n = 1). In these cases, conventional median sternotomy was carried out and the 
operation proceeded uneventfully. 

Once CPB was under way, no patient required conversion to full sternotomy. Defibril
lation was required in 2% of patients. No patient required inotropic support to be weaned 
off bypass, and most patients (98%) were extubated immediately or within 4 h of opera
tion. Two patients with severe new onset aortic regurgitation required overnight support 
with mechanical ventilation. 

Hospital stay ranged from 1-20 d (median 2.6 d). Patients were generally discharged 
home on postoperative d 2 or 3, although five patients (including one redo aortic valve 
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Fig. 5. A drain has been placed around the heart within the pericardium and brought out lateral to 
the IMA in an intercostal space and connected to a Heimlich valve grenade suction. Sternal 
incision is closed with four wires as depicted. 

replacement) went home on the first postoperative day. There were no readmissions, no 
wound complications, and no deaths. One patient receiving oral anticoagulation devel
oped a late pericardial effusion that was tapped uneventfully. Two postoperative cere
brovascular accidents were observed, including a patient who was maintained on 
suboptimal Coumadin therapy. 

COMMENTS 

Minimally invasive surgical access to most areas of the body is available and increas
ingly expected by the public. Minimally invasive procedures frequently force upon the 
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surgeon limited access or control, both anathemas to heart surgeons accustomed to being 
ready to control directly almost any untoward situation. Moreover, many minimally 
invasive cardiac operations propose utilizing incisions that are foreign to many practicing 
surgeons, and involve cannulations of structures such as the femoral vessels, which, 
although routinely used in the past, are now rarely utilized owing to the known sequelae 
associated with their use (3,4). Although thoracoscopic techniques will undoubtedly be 
applied with increased frequency to cardiac surgery (5), we would make a plea that a 
transitional step utilizing known techniques performed through smaller "holes" seems 
logical, allowing the cardiac surgeon to operate readily within a comfort zone based on 
years of practice and training. 

With these concepts in mind, we proposed and now utilize mini sternotomy to access 
the heart for all adult valvular and ascending aortic operations. In our early experience 
with retrograde cardioplegia and redo operations, we determined that CPB could be 
initiated and cardioplegia delivered with only the ascending aorta and a small portion of 
the right atrium freed from adhesions (1). With increasing experience, it becomes clear 
that there is no reason to dissect the entire heart in redo aortic and mitral valve operations, 
when all the surgeon is operating on is the valve(s). If exposure ofthe entire heart is not 
necessary in reoperative cases, why then would it be necessary in supposedly simpler 
first-time operations? 

The ascending aorta and right atrial appendage, the two structures necessary for insti
tution of CPB, are essentially upper midline structures and hence easily reached follow
ing upper sternal division. These two structures are also within the reach of paramedian 
or transverse sternal incisions, but one or both IMAs are sacrificed with these alternative 
approaches. Additionally, neither of these approaches approximates the intrinsic expo
sure of the base of the heart with which cardiac surgeons are so familiar. It is true that L, 
J, or reverse J incisions can also provide similar exposure. However, we believe that 
symmetric division of the sternum allows each IMA to be stretched slightly, rather than 
one side being stretched considerably. 

The use of a parasternal incision for aortic valve operations has been described re
cently by Cosgrove and Sabik (6). The technique requires a 10 cm right parasternal 
incision and common femoral vessel cannulation. The incision extends from the lower 
edge of the second costal cartilage to the superior edge of the fifth costal cartilage. The 
third and fourth costal cartilages are excised, and the right internal thoracic artery is 
ligated. Aortic replacement or repair was undertaken in 25 patients using this limited 
access with no postoperative deaths, reoperations for bleeding, cerebrovascular acci
dents, or wound complications. 

Benetti et al. (7) and colleagues in Argentina described their limited experience with 
a 6-cm incision in the third intercostal space, an Access Platform device (CardioThoracic 
Systems, Portola Valley, CA), and femoral vessel cannulation to replace the aortic valve 
in two patients. 

Minimally invasive heart surgery ideally should allow the practicing surgeon to con
tinue to utilize tools and approaches familiar to cardiac operations. In this sense, 
mini sternotomy utilizes standard retractors, cannulas, myocardial protection strategies, 
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and surgical techniques. Furthermore, the approach, although limited, allows for the 
introduction of fingers to tie knots and large instruments to remove or cut calcified valves. 
The only difference between conventional exposure and mini sternotomy is that the latter 
permits the surgeon access to only that portion of the heart with which he or she is 
interested, rather than "seeing" the entire cardiac structure. However, unlike other "mini" 
approaches, should the surgeon want or need to have immediate access to the entire heart, 
simple completion of sternal division provides full cardiac exposure. 

The role that small incisions play in patient well-being and comfort should not be 
underestimated. Because we haven't been able to correlate patient discomfort with extent 
of sternal division, we have used small skin incisions and a somewhat larger sternal 
incision to accomplish aortic root replacement. The small skin incisions have been uni
formly praised by the patients, and to date, there have been no wound complications. 
Prospective evaluation of the impact of limited incisions and sternotomies on quality of 
life and length of stay parameters will require randomized studies comparing conven
tional approaches with "mini" techniques. 

Our clinical experience with lOO adult aortic valve operations suggests that 
mini sternotomy in combination with standard cannulation techniques and the use of 
smaller pericardial drainage devices results in rapid extubation, decreased LOS, and 
improved patient comfort and mobility without compromising surgical outcome. 
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INTRODUCTION 

Minimally invasive cardiac surgery for the treatment of congenital heart disease (CHD) 
continues to expand from simple extracardiac procedures to repair of intracardiac defects. 
The incentive for the development of such techniques is the avoidance of the known long
term morbidity of thoracotomy and sternotomy in children, as well as the reduction of 
postoperative pain, respiratory dysfunction, and length of hospital stay. 

Most extracardiac procedures can be performed through multiple 2- to 4-mm incisions 
(thoracostomies). They avoid muscle division and do not require rib retraction. Table 1 
lists these procedures. Advances in endoscopic suturing techniques and instrumentation 
should allow for continued expansion to more complex extracardiac procedures includ
ing repair of coarctation of the aorta. 

Repair of intracardiac congenital heart defects has been performed successfully and 
requires novel cannulation strategies, specialized instrumentation, and advanced visual

ization technology. Repair of atrial and ventricular septal defects and tetralogy of Fallot 
have all been reported using a variety of minimally invasive approaches. 

The long-term goal is to perform surgery for CHD totally by thoracoscopic or 

transvascular techniques maintaining the precision, accuracy, and safety of conventional 
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Table 1 
Congenital Heart Operations Currently Performed 

with Minimally Invasive Approaches 

Ligation of PDA 
Division of complete vascular rings 
Ligation of systemic-to-pulmonary artery collaterals 
Creation of pericardial window 
Thoracic duct ligaton 
Aortopexy for airway compression syndromes 
Diaphragmatic plication 

open surgery. This chapter presents an overview of the most commonly performed 
operations for pediatric patients with congenital heart defects. 

HISTORICAL PERSPECTIVE 

Application of minimally invasive thoracic surgery in children began over 
20 yr ago when Rodgers (1) and others first used thoracoscopic techniques to the 
diagnosis of intrathoracic lesions. Thoracoscopy for biopsy of pulmonary parenchymal 
and mediastinal masses was performed in 800-g infants to adult-sized adolescents. The 
principles established during this early experience are the foundation for current 
techniques. 

In 1991, Laborde (2) was the first to perform a minimally invasive video-assisted thor
acoscopic procedure for CHD by successfully ligating a patent ductus arteriosus (PDA) 
with a titanium surgical clip. This early experience was outstanding and inspired others to 
pursue the extremes of patient size and complexity. Subsequently, Burke et al. (3) reported 
on the closure of the PDA in premature infants as small as 575 g. 

Complete vascular ring division has been accomplished in those patients with either 
right aortic arch, aberrant left subclavian artery, and a left-sided ligamentum arteriosum 
or a double aortic arch with an atretic left (anterior) segment (4,5). Division of patent 
segments of complete vascular rings has, to date, required a limited thoracotomy to intro
duce conventional vascular clamps because instrumentation to achieve thoracoscopic 
control of vascular structures has not been sufficiently miniaturized. 

Subsequently, additional procedures have been performed utilizing the same instru
mentation and endoscopic techniques. In addition to those listed in Table 1, ligation of 
persistent left superior vena cava, placement of permanent epicardial pacemaker leads, 
and placement of central nervous catheters directly into the right atrium all have been 
accomplished (3,6). 

The repair of intracardiac congenital defects presents a number of challenging obsta
cles; however, several centers have reported successful operations. Atrial septal defects 
(ASDs) have been closed via subxyphoid (7,8), limited right anterior thoracotomy 
(6,9-11), mini right posterolateral thoracotomy (12), partial sternotomy (13), and totally 
thoracoscopic (6,9) approaches. Early experience with repair of ventricular septal 
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defects (VSDs), tetralogy ofFallot and transposition of the great arteries has been limited 
but encouraging (11-13). 

Open-chest procedures may be facilitated by endoscopic visualization of remote anato
mic structures. Cardioscopy has been performed as a method to visualize intracardiac struc
tures or pathology that are challenging to access without ventriculotomy (14). Repair 
of atrioventricular valves and muscular VSDs, and removal of misplaced clam-shell 
devices and intraventricular thrombus have been accomplished (6,13). 

RATIONALE 

Justification for a video-assisted thoracoscopic approach in the pediatric patient must 
be compelling because the results for conventional surgery via median sternotomy have 
been excellent. The primary advantage of this approach is the reduction in tissue trauma 
and its consequences. Clearly, reduced acute morbidity from painful incisions and shorter 
length of intensive care and hospital stay are important incentives; however, the long
term effects of thoracotomy are far more significant. With regard to the latter, mus
culoskeletal defects such as scoliosis, winged scapula, shoulder girdle abnormalities 
(decreased strength and range of motion), chest wall asymmetry, and chronic pain syn
dromes have been reported with the more severe manifestations seen in younger patients 
( 15-18). Additionally, significant breast deformities have been reported in up to 20% of 
female patients. 

Sternotomy is well tolerated in children but may be associated with a number of 
potential cosmetic issues. Wound healing may lead to an unattractive scar in an obvious 
location, and the sternum may heal with bony prominences or asymmetry. 

EXTRACARDIAC PROCEDURES 

Patent Ductus Arteriosus 

After induction of general anesthesia, a transesophageal echocardiography probe is 
positioned, and the patient is placed in the right lateral decubitus position. Four thoracos
tomies (2-4 mm) are performed (Fig. 1), and the pleura is entered via muscle-splitting 
incisions. Reusable ports are placed through the thoracostomies to aid the manipulation 
and reintroduction of instruments. A 30° high-resolution videoscope (2.7 mm for patients 
<4 kg, 4.0 mm for patients >4 kg) is placed first to allow introduction of all instruments 
under direct vision. Through a second port, a lung retractor is placed. The remaining two 
ports are used for passage of the operating instruments and electrocautery. 

Once the lung is retracted anteriorly and inferiorly, the mediastinal pleura is incised 
with electrocautery from the mid-descending aorta distally onto the left subclavian artery 
proximally. The PDA is then exposed with electrocautery and blunt dissection. Careful 
attention is paid to avoid injury to the recurrent laryngeal nerve. Once the dissection is 
complete, an appropriately sized titanium clip is applied. Transesophageal monitoring 
allows confirmation of complete interruption of flow with echo-Doppler technology. If 
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Fig. 1. Port placement for video-assisted thoracoscopic surgery. 

persistent flow is documented, a second clip is applied. If adequate dissection of the PDA 
has been performed and the ductus is not> 1 cm in diameter, one or two clips should 
suffice. For a larger PDA, the duct may first be encircled with suture and ligated with 
endoscopic knot-tying techniques. Once the PDA diameter has been reduced with the 
application of sutures, a surgical clip may be easily applied. 

Once hemostasis is attained and lymphatic vessels have been controlled with electro
cautery, all instruments are removed under direct thoracoscopic vision. A small chest 
tube is placed via one of the thoracostomies, and the lung is reexpanded. The incisions 
are closed with absorbable suture. The patient is extubated in the operating room, and the 
chest tube is removed if there is no significant drainage or pneumothorax. After 2-4 h in 
the recovery room, the patient is transferred to a monitored bed overnight and then 
discharged home the next morning. 

Over 700 procedures have been performed in the four centers with largest experience 
in patients ranging in age from 1 d to adulthood (CMC Porte de Choisy, Boston Children's 
Hospital, Cedars-Sinai Medical Center, Miami Children's Hospital). There have been no 
operative mortalities or significant intraoperative hemorrhage. Transient recurrent 
laryngeal nerve palsy has been very rare. In most instances, length of hospital stay for 
elective patients is 1 d (2 ,3 ,6). 

Division of Vascular Ring 

Following induction of general anesthesia, tracheobronchoscopy is performed to assess 
the baseline extent of upper airway compression. The technique for the division of com
plete vascular rings is similar to that of PDA ligation. Four thoracostomies are made. 
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Exposure is achieved by retracting the inflated lung inferomedially. The left subclavian 
artery is easily seen and is used to guide the dissection. Using cautery dissection, the ring 
elements are dissected free from the underlying esophagus and surrounding structures. 
Patients with a double aortic arch, an atretic anterior segment distal to the left subcla
vian artery, and a left ligamentum arteriosum require division of the latter two struc
tures between surgical clips (Fig. 2A-C). By contrast, patients with a right-sided aortic 
arch and an aberrant left subclavian artery require only division of the ligamentum 
arteriosum (Fig. 2D,E). Fibrous bands over the esophagus are fully divided. A thoracos
tomy tube is placed through one of the aforementioned incisions, and the remainder of 
the wounds are closed in standard fashion. Tracheobronchoscopy is repeated to assess 
acute changes in the degree of airway compression. The degree of reduction in compres
sion varies from subtle to dramatic depending on the severity of tracheomalacia. 

If a patent vessel requires division to accomplish vascular ring division, i.e., PDA or 
anterior aortic arch, the posterior two thoracostomies may be connected to improve vascu
lar access and allow introduction of vascular clamps. To minimize chest wall trauma, the 
ribs are not spread. Proximal and distal control is achieved and the vascular structures are 
divided between surgical ligatures. Visualization can be maintained thoracoscopically. 

The largest experience with this procedure has been reported by Burke et al. (4) who 
described eight patients with a median age S mo (range 40 d-S.S yr) and a median 
weight of 6.2 kg (1.8-17.1 kg) who underwent video-assisted thoracoscopic vascular 
ring division. All had successful ring division with symptomatic relief and no mortality. 
One patient required prolonged hospitalization for management of a chylothorax. 

Other Extracardiac Procedures 

Modification of the thoracostomy locations allows for the performance of many 
tasks. The basic principles of endoscopic surgery are applied to afford adequate visual
ization and instrument access to operative sites. Ligation of systemic-to-pulmonary artery 
collaterals, creation of pericardia I window, ligation of the thoracic duct, aortopexy, and 
other simple extracardiac procedures can be readily accomplished. 

INTRACARDIAC PROCEDURES 

The repair of intracardiac defects with minimally invasive techniques requires modi
fication of cannulation, cardiopulmonary bypass (ePB), and myocardial protection strat
egies. There are several options for cannulation including femoral, cervical (carotid 
artery, jugular vein), thoracoscopic, as well as through limited thoracotomies (Fig. 3A-D). 
Several factors influence the choice of site-most important is the size of the patient. For 
infants and children under 10 kg, use of the carotid artery, jugUlar, and femoral veins is 
an option to direct cannulation. For larger patients, femoral arterial and venous cannu
lation will allow full cardiopulmonary support. The option of partial or full cannulation 
via thoracostomies or limited thoracotomy has become increasingly feasible and offers 
the advantage oflimiting the number of incisions and avoiding the disadvantages of groin 
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Fig. 2. (D,E) (continued) Vascular ring division in patients with a right -sided aortic arch and an 
aberrant left subclavian artery. 

cannulation. Myocardial protection may be provided with fibrillatory or cardioplegic 
arrest depending on the procedure performed and the size of the patient. Secundum ASD 
closure can usually be performed with fibrillatory arrest. If more complicated procedures 
are to be accomplished, cardioplegic arrest may be performed with the aortic cross clamp 
placed through the wound, through a separate incision/port, or via endoaortic occluder. 
The latter is currently available only for patients larger than 40 kg. 

ASD Closure 

As mentioned earlier, several approaches have been applied to close ASDs, including 
totally thoracoscopic methods (Fig. 4). All provide excellent exposure to the ASD and 
substantially decrease the morbidity and cosmetic effects of a full sternotomy. 
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Fig. 3. (A,B) Cannulation options. 
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Femoral V 

Fig. 3. (C,D) (continued). 
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Fig. 4. ASD incisions. 

Through a limited right anterior thoracotomy, all cannulae may be placed, however, this 
requires a larger incision. Therefore, direct cannulation of the femoral artery, internal 
jugular vein, and either the femoral vein or the inferior vena cava can be used to minimize 
the length of incision and degree of retraction (Fig. 3B,C). If the inferior vena cava cannula 
is exteriorized through the future site of the tube thoracostomy, the incision may be reduced 
to 4-5 cm. Furthermore, if a videoscope is used, minimal rib retraction is necessary. A caval 
snare is required around the inferior vena cava; however, if active venous drainage is used, 
a caval snare around the superior vena cava may not be necessary. Drainage is excellent and 
there is minimal air return as the superior vena cava collapses just proximal to the right 
atrium. Clearly, this arrangement is appropriate only for fibrillatory arrest. The leads from 
the fibrillator are easily placed through the incision. Direct suture or patch closure of the 
ASD is performed. Care should be taken to avoid excessive suction of blood from the left 
atrium to minimize trapped air in the pulmonary veins. Standard de-airing techniques are 
performed with the patient rolled to the left so that the plane of the ASD is horizontal. The 
fibrillator is then discontinued and the right atrium is closed in the usual fashion. Normal 
sinus rhythm generally returns spontaneously; however, if this is not the case, cardioversion 
via transcutaneous R2 pads is performed. A right pleural drain is placed and the patient is 
weaned from CPB. Once hemodynamic stability and hemostasis are ensured, all wounds 
are closed with absorbable suture. The patient is extubated in the operating room and trans
ferred to the recovery room for 4-6 h, and then discharged home on postoperative d I or 2. 
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The transxyphoid approach may be performed through a midline or transverse incision 
over the xyphisternum (7,8) (Fig. 4). A Rultract (Cleveland, OR) suspension retractor is used 
to elevate the sternum while a self-retaining retractor is used for lateral exposure. The femoral 
artery is generally utilized for arterial cannulation; however, the aorta may be reached 
directly through the subxyphoid incision in some patients. The superior vena cava is 
cannulated through a purse-string suture in the right atrium using a balloon-tipped cath
eter. The inferior vena cava may be drained either directly or via the femoral vein. Once 
CPB is initiated, the heart is fibrillated and a right atriotomy is performed. The ASD is 
directly exposed en face and easily closed with conventional instrumentation. 

Partial sternotomy can be used to perform ASD repairs through a low midline incision. 
The sternotomy is extended to a level that allows adequate exposure, typically to just 
below the sternal angle of Louis (second interspace). All cannulae are placed through the 
incision and standard techniques are utilized. 

The most recent report on thoracoscopic ASD closure was presented by Chang et al. 
(9) who described eight patients ranging in age from 2-69 yr, and with a mean pulmonary 
blood flow to systemic blood flow ratio of 3.4 ± l.3, who underwent the procedure via 
a right anterior minithoracotomy and femoro-femoral or femoro-atrial CPB. Mean opera
tive time was 2.2 ± 4.5 h. Successful primary closure with no morbidity or mortality was 
achieved in all patients. 

Other Intracardiac Repairs 

VSDs may be approached through limited right anterolateral or posterolateral thora
cotomies, or via partial sternotomy. By and large, the repair is most effectively accom
plished with a cardioplegically arrested heart. The aorta may be occluded by cross 
clamping through the limited incision, or via separate endovascular access with an 
endoaortic occluder in larger patients. 

Repair of a VSD and tetralogy of Fallot has also been described utilizing a controversial 
right ventriculotomy via a limited left anterior thoracotomy (11). Attempts to minimize or 
eliminate the ventriculotomy have reduced the long-term morbidity of VSD or tetralogy 
of Fallot repairs, and, therefore, this approach has clear disadvantages. VSD repair has 
also been successfully carried out through right posterolateral minithoracotomy with 
all cannulae and instrumentation placed through a single incision (12). 

Finally, repair of complex CRD has been performed via partial sternotomy (14). It 
requires no specialized instrumentation or endoscopy. Upper partial sternotomies are 
carried from the suprasternal notch to the third or fourth intercostal space and offer 
excellent exposure to the great vessels as well as the aortic and mitral valves. A lower 
partial sternotomy is usually carried from the xyphisternum below to the second or third 
interspace and offers excellent exposure to the right atrium and right ventricle. Both 
incisions offer adequate exposure for cannulation and repair. 

CARDIOSCOPY 

The use of the videoscope during open procedures to allow access to remote or 
poorly accessible intracardiac locations has been an important advance in surgery for 
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congenital acquired heart disease (13). This technique allows accurate technical 
maneuvers to be performed while minimizing retraction, dissection, and/or the need for 
ventriculotomies. Examples of its application include removal ofleft ventricular throm
bus, repair of difficult to expose mitral valves (especially in malrotated or positioned 
hearts), removal of displaced septal occlusion (clam shell) devices, repair of subaortic 
stenosis, and closure of muscular ventricular septal defects. In addition, this technique 
provides a videoscopic record of repairs that may prove to be helpful in the subsequent 
care of individual patients, as a method to illustrate techniques not visible to those other 
that the surgeon and as an investigative tool to further understand the results of current 
techniques (Fig. 5). 
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FUTURE DIRECTIONS 

For further progress toward accomplishing the goal of complete repair of congenital 
heart defects by thoracoscopic and/or transvascular techniques, miniaturization and 
refinement of instrumentation, cannulae, visualization equipment (through flexible scopes) 
and development of innovative new techniques must be pursued. The concept of perform
ing intracardiac repair of a variety of pathologies on the beating heart is under investigation 
and will require a new generation of technology including through-blood imaging 
(blood-displacement videoscopes), as well as task-specific instruments. Robotics may 
offer additional assistance in the performance of complex and/or fine maneuvers. 

It was recently stated that minimally invasive surgery for intracardiac repair of 
CHD was "avant garde" therapy whose time has "not yet come" (19). If recent progress 
is any gage of the pace of future development in this field, not only has the time come, 
but minimally invasive surgery is becoming standard practice. 
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