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   Foreword   

 As a clinician, I have always been attracted to the problem-oriented method not only 
for patient care but also for education. My mentor at Emory, Dr. J. Willis Hurst, was 
a great advocate of the problem-oriented approach to patient care, and 30 or more 
years ago my university, Mercer University, established a medical school with the 
problem-oriented method of education as a centerpiece. The idea of identifying 
problems and then addressing all aspects of those problems in order to answer spe-
cifi c questions is attractive to many clinicians. In medical education, this approach 
certainly keeps the attention of the student better than the traditional digesting of all 
the basic sciences and ultimately applying them to clinical problems. So raising 
questions is important but it is also important to raise the questions about the sub-
jects that do not have a universally-agreed upon answer. That seems to be the objec-
tive of Drs. John Ambrose and Alfredo Rodríguez in crafting this volume on 
 Controversies in Cardiology . Certainly there are controversies, and in this era, we 
are easily convinced that things are happening so fast that the controversies are mul-
tiplying exponentially. But are these questions as pertinent as they were in the 1950s, 
1960s, 1970s or 1980s? One might refl ect on open heart surgery, cardiac electrical 
pacing, defi brillation, percutaneous intervention for coronary artery disease, man-
agement of acute myocardial infarction, and a revolution of effective drugs for 
hypertension, congestive heart failure and atherosclerosis. Many of these issues of 
the prior decades may seem non-controversial now. For the patient whose heart 
beats too slowly to support the circulation, a pacemaker is the answer, and a 10,000 
patient randomized controlled trial is clearly not necessary. Some that are not con-
troversial now were very controversial then. In the late 1960s, coronary bypass sur-
gery for severely symptomatic angina was an example of a highly- controversial 
subject that, at present, has evolved into the question of which form of revascular-
ization should be performed. Drs. Ambrose and Rodríguez have picked 25 of their 
favorite controversies to explore and have recruited leading experts to probe the 
existing evidence, as well as current opinion, about these issues. In addition, sugges-
tions are made for further investigations needed to bring more clarity. The editors’ 
bias is clearly toward coronary artery disease and its diagnosis and therapy. Twenty-
one chapters deal in some manner with coronary disease and its complications and 
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treatment, while only three address the controversies surrounding structural heart 
disease and only one addresses a rhythm disturbance. A different look reveals that 
there are two chapters that address risk and prevention. Nine address coronary inter-
ventions. Another six address other issues of coronary artery disease, and three deal 
with access and cost benefi t issues. Others might select different issues to discuss 
but these favorites of Ambrose and Rodríguez are ones that many of us with a focus 
on coronary artery disease deal with daily in our own practices. Many of these con-
troversies will be settled within the next few years, but many of them will remain 
and be challenges for the judgment of physicians for years to come. Framing com-
mon clinical problems and attempting to answer them is a great contribution because 
that, in fact, is how we think. My former mentor, Dr. Hurst, and Dr. Eugene Stead 
often spoke about writing a book which would include the ten things that every 
cardiologist should know. That book did not materialize, but if it had it would require 
revisions on a frequent basis because not only the answers to our questions but the 
questions themselves continue to change. The controversies of today addressed in 
this book may not be the controversies of tomorrow but we only live in today. Drs. 
Ambrose and Rodríguez have helped us understand where we live today and what is 
needed to gain further understanding of what is needed tomorrow. 

 Piedmont Hospital, Atlanta, Georgia Spencer B. King, III, M.D.  

Foreword
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  Pref ace   

 It is quite amazing to have been witnesses to the spectacular evolution of cardiology 
over the last 30–35 years. Just consider two achievements – the management of 
acute myocardial infarction and the entire discipline of interventional cardiology. In 
the 1970s, patients presenting with an acute myocardial infarction with ST elevation 
and/or pathologic Q waves on ECG (then designated as transmural infarctions) were 
put to bed rest for about 3 weeks to “recover.” Medications were crude and morbid-
ity and mortality were high. Now, the average length of stay for a patient with a 
STEMI is about 2 days, and in most we aggressively insert metal tubes in their 
thrombosed arteries that remain open with the appropriate technique and medica-
tions. Complications have been drastically reduced and long-term survival and qual-
ity of life have improved. Likewise, the entire fi eld of interventional cardiology was 
no more than a dream in the early 1970s until the pioneering work of Gruntzig and 
others made it a reality. We have evolved from crude balloons to atherectomy, then 
to scaffolds, followed by medicated scaffolds and now disappearing scaffolds. 
Obviously, over these decades, there have been several other examples of these 
paradigm shifts in how our patients are now managed. 

 What has been responsible for these changes? In some, it has been in the devel-
opment of new uses for old medications such as aspirin in ACS, streptokinase for 
STEMI and colchicine in pericarditis. However, the driving force behind most of 
these changes that have revolutionized our approaches has been discovery, inven-
tion and innovation with the development of new medications and technologies. 
And the testing ground for these innovations has been, for the most part, random-
ized clinical trials. Furthermore, 35 years ago there were few standardized 
approaches to management and national guidelines were non-existent. Clearly, sev-
eral organizations, based on various trial data and expert opinion, now provide 
direction and options for therapy in several different patient scenarios. 

 However, with such rapid change comes controversy, and not all situations that a 
cardiologist encounters in caring for patients can always be resolved based on the 
conventional wisdom of the day. Furthermore, the enthusiasm for a new drug or 
procedure frequently leads initially to much “off-label” overuse when the new ther-
apy is introduced to the general patient population. Additional studies in the form of 
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registries, meta-analyses or new randomized trials attempt to focus the therapy by 
identifying those most likely to benefi t from the new discovery. Yet, as evolution 
continues to occur with the development of even newer therapies, technologies and 
approaches, not all situations can be identifi ed in which guidelines or studies pro-
vide an appropriate solution. 

 This is where the editors began a discussion about  Controversies in Cardiology . 
We attempted to identify different topics that had unresolved or controversial data. 
Some of these subjects did not have specifi c recommendations from the guidelines. 
We also considered an approach whereby for each topic there would be a pro and 
con discussion, but rejected this in most chapters as the data might be too repetitive 
and it might also confuse the reader. Nevertheless, we have been able to recruit 
several internationally recognized experts in the fi eld to contribute to the book. 

 Each chapter begins with an introduction that presents the subject matter to be 
considered and outlines where the controversies or unresolved issues exist. It is then 
followed by a balanced and scholarly discussion of the subject. The conclusions 
attempt to suggest possible solutions if they exist or provide the authors’ learned 
opinion on the subject. The book is broadly divided into three sections: cardiovas-
cular risk assessment/pathophysiology, cardiovascular diagnosis and cardiovascular 
management. You will see that for multi-vessel disease and optimal stent design, we 
have requested two separate and different opinions. Also, some might argue that we 
have omitted key topics from the book that are unresolved. While we agree that 
there are other topics that might have been included, we were limited in some cases 
by failure in engaging the appropriate author for the topic and also by space. Finally, 
we are deeply grateful to all of the authors for their hard work in preparing their 
chapters and for Springer Publishing who has been our enthusiastic partner since 
the inception of this project.  

    Fresno ,  CA ,  USA      John     A.     Ambrose  ,   MD, FACC   
     Buenos Aires ,  Argentina        Alfredo     E.     Rodríguez  ,   MD, PhD, FACC, FSCAI     

Preface
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   Part I  
  Special Situations of Controversial, 

Increased, or Unknown 
Cardiovascular Risk 
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    Chapter 1   
 New Risk Factors of Cardiovascular Disease       

       Tushar     Acharya       and     Prakash     C.     Deedwania     

    Abstract     Cardiovascular (CV) disease is the leading cause of death in the US and 
worldwide. Primary prevention of CV disease requires identifi cation and treatment 
of risk factors. Since multiple risk factors coexist and interact leading to overt CVD, 
use of global risk assessment scores like Framingham risk score is recommended to 
identify and target high risk individuals. However, scores incorporating traditional 
risk factors like hypertension, diabetes, dyslipidemia and smoking are imperfect as 
the majority of cardiac events in the general population occur in low and intermedi-
ate risk individuals. This has led to the search for novel risk factors that may provide 
incremental value over and above the traditional risk models in predicting adverse 
CV events and reclassify patients to widen the scope of primary prevention. The 
following chapter aims to provide a comprehensive review of the major emerging 
risk factors by highlighting their background, evaluating supportive evidence and 
providing insight into their potential clinical utility. Unresolved or controversial 
issues will also be addressed.  

  Keywords     Cardiovascular disease   •   Primary prevention   •   Risk factors   •   Risk 
assessment   •   Reclassifi cation   •   Framingham score   •   hsCRP   •   Coronary artery cal-
cium   •   Ankle brachial index  

     In the United States, 1 in every 3 deaths is attributed to CVD and more than 200 
people die as a result of CVD every day [ 1 ]. Coronary heart disease (CHD) alone 
contributes to approximately 1 in 6 deaths per year [ 1 ]. Advancing age and male sex 
are known immutable risk factors. Additionally, there are several well-established 
modifi able risk factors, the management of which serves as the foundation for pri-
mary prevention of CHD events. These risk factors include but are not limited to 
hypertension, dyslipidemia, diabetes mellitus, cigarette smoking, obesity and physi-
cal inactivity (Table  1.1 ). Over the years, we have developed increasing understand-
ing of their causal effect on CVD. From 1961, when the Framingham heart study 
fi rst established hypertension and hypercholesterolemia in the pathogenesis of 

        T.   Acharya ,  MD      •    P.  C.   Deedwania ,  MD, FACC, FAHA      (*)
  Department of Cardiology ,  University of California, San Francisco ,   Fresno ,  CA ,  USA   
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CHD [ 2 ], the fi eld of risk assessment and primary prevention has received  signifi cant 
attention. The adverse cardiovascular effects of cigarette smoking have been docu-
mented in multiple studies, some predating Framingham. Diabetes mellitus has 
emerged as one of the most important predictors of CVD. It is considered a coro-
nary artery disease equivalent as patients with this condition have the same risk of 
future myocardial infarctions as patients with prior myocardial infarction [ 3 ]. 
Aggregate risk scoring systems such as the Framingham risk score (FRS) [ 4 ] (and 
more recently the atherosclerotic cardiovascular disease [ASCVD] calculator) take 
into account multiple cardiac risk factors to predict the likelihood of future coronary 
events. The use of such global risk calculators is desirable as patients with fatal and 
non-fatal CVD often have one or more risk factors [ 5 ] (Table  1.2 ).

    There is usually a latency period between exposure to risk factors and develop-
ment of fi rst CV event. This provides an opportunity to treat high risk patients with 
lifestyle modifi cations and medications. Effective evidence-based medical therapies 
are available to specifi cally address CV risk factors and various medical and govern-
mental agencies have established therapeutic guidelines. Although implementation 
of such therapy(s) can reduce clinical events, adherence is generally poor. Medication 
compliance can be challenging in asymptomatic patients without a prior adverse CV 
event. Prospectively proven global lifetime risk prediction models may help impress 
patients and payers of the importance of therapy even in primary prevention. 

 There has been an emphasis on identifying high risk individuals in whom pre-
ventative therapy would be most benefi cial. However, the majority of CV events 
actually occur in patients with low FRS. National Health and Nutrition Examination 
Survey showed that low risk patients comprise the bulk (85 %) of the general popu-
lation; they in fact constitute 2/3 s of the overall population risk [ 6 ]. Thus, assess-
ment based on traditional risk factors cannot accurately predict CV events in many 
patients, especially those deemed traditionally at low to intermediate risk. This has 
led to the search of novel risk factors for CVD. 

 A new risk factor should be associated with incident events independent of estab-
lished risk factors. Additionally, it should provide incremental risk assessment. This 

  Table 1.1    Traditional risk 
factors for Coronary Heart 
Disease  

 Non-modifi able risk factors: 
   I. Advanced age 
   II. Male sex 
   III. Family history of coronary heart disease 
 Modifi able risk factors: 
   I. Hypertension: Elevated systolic and diastolic blood pressure 
   II. Dyslipidemia: High total cholesterol, high LDL, low HDL 
   III. Diabetes mellitus 
   IV. Cigarette smoking 
   V. Obesity 
   VI. Physical inactivity 
   VII. Metabolic syndrome and insulin resistance 

   Abbreviations :  LDL  low density lipoprotein,  HDL  high density 
lipoprotein  
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incremental risk prediction is often documented using Receiver-Operator curve 
analysis showing the improvement in sensitivity and specifi city of a risk prediction 
model above that achieved using traditional risk factors (Fig.  1.1 ). This improve-
ment is expressed as an increase in area under the curve (AUC) or the C-statistic. 
Another measure is its ability to reclassify low to intermediate risk patients to high 
risk so as to infl uence aggressiveness of therapy and follow up. In this chapter, we 
will review some of the new and emerging risk factors and evaluate their association 
with incident CV disease, scrutinize their discriminatory power and reclassifi cation 
potential. Unresolved or controversial issues will also be addressed.

      Biomarkers 

 Biomarkers can be objectively measured in the body and serve as indicators of nor-
mal biological function or pathological processes. A number of biomarkers are 
associated with CVD. The following is a description of the most prominent CV 
biomarkers. 

    High-Sensitivity C-Reactive Protein (hsCRP) 

 Infl ammation is an important player in plaque formation and progression. Chronic 
infl ammatory conditions accelerate atherosclerosis. Infl ammatory biomarkers have 
been evaluated for CV risk prediction with specifi c attention to their additive value. 
hsCRP has probably been most widely studied. CRP is an acute phase reactant 

  Table 1.2    New risk factors 
for Coronary Heart Disease  

 Biomarkers: 
   I. High sensitivity C-reactive protein (hsCRP) 
   II. Albuminuria 
   III. Lipoprotein Associated Phospholipase A2 (LP-PLA2) 
   IV. Lipid sub-particles: Lipoprotein (a), Apolipoprotein B 
   V. Natriuretic peptides (ANP, BNP, NT-proANP, NT-proBNP) 
   VI. Cardiac troponin 
 Subclinical atherosclerosis imaging techniques and vascular 
markers: 
   I. Coronary artery calcium 
   II. Ankle brachial index 
   III. Carotid Intima Media Thickness 
   IV.  Endothelial Dysfunction and peripheral fl ow mediated 

dilatation 
   V. Measures of arterial stiffness 

   Abbreviations :  ANP  atrial natriuretic peptide,  BNP  B-type 
 natriuretic peptide,  NT  N terminal  
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produced by the liver in response to Interleukin-6 and Interleukin-1 release as a 
result of infection, trauma or stress. It is a sensitive but non-specifi c marker of 
infl ammation. CRP is also released at low levels in individuals with atherosclerosis 
and this can be detected accurately in the circulation. Only hsCRP should be used 
as a biomarker for use in predicting coronary events. 

 The role of CRP in atherosclerosis is complex and there is ongoing controversy 
regarding its mantle as a causative agent versus a marker of vascular infl ammation 
[ 7 ]. High levels of CRP are associated with endothelial dysfunction, monocyte che-
motaxis and platelet mediated pro-atherogenic effects. CRP attached to oxidized 
LDL particles can be found in lipid rich plaques. However, this does not establish a 
cause and effect relationship, particularly since animal and some human research 
data have failed to establish a crucial role of CRP in the causation of atherosclerosis. 
Genetic over expression and extraneous injection of CRP in animal models have 
failed to show increased atherosclerosis. Additionally, gene variants associated with 
high CRP expression in humans have not shown any signifi cant association with 
adverse CV events. Thus, CRP might just be a marker for infl ammatory changes 
related to atherosclerosis rather than a key player in the process itself. 

 Even though causality is contentious, there is substantial evidence that increased 
CRP is associated with poorer CV outcomes. An analysis of the Multiple Risk 
Factor Intervention Trial (MRFIT) showed a signifi cant correlation between high 
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  Fig. 1.1    Receiver Operator characteristic curves demonstrating the principle of incremental risk 
prediction. Area under the curve ( a ) represents the cardiovascular risk as predicted by established 
model like Framingham risk score (FRS) that incorporates traditional risk factors. Area under the 
curve ( b ) represents risk as predicted by FRS + novel risk factor. Addition of novel risk factor, in 
this example, moves the curve up and towards the left increasing the sensitivity and specifi city of 
the new model       
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hsCRP levels and subsequent CV mortality in healthy but high risk middle age men 
[ 8 ]. The Physicians’ Health Study showed high levels of hsCRP can predict future 
MI and stroke [ 9 ]. The Women’s Health Study found hsCRP to strongly predict CV 
events compared to LDL [ 10 ]. A meta-analysis of 22 studies found levels >3 mg/l 
were associated with a 60 % increased risk of coronary events versus levels <1 mg/l 
independent of established risk factors [ 11 ]. 

 Does hsCRP add to CV risk prediction over and above traditional risk factors? 
Studies adding hsCRP to a CV risk prediction model have shown only moderate 
improvement of AUC. In MESA, coronary calcium score, carotid intima-media 
thickness, brachial fl ow-mediated dilatation and ankle brachial index performed 
better than hsCRP in improving AUC [ 12 ]. Other studies failed to show any improve-
ment in risk prediction model at all [ 13 ]. The Reynolds risk model incorporates 
hsCRP and family history to the traditional Framingham risk factors and has shown 
to add incremental value [ 14 ]. However, most of this increment is derived from 
recalibration of known risk factors with minimal contribution from CRP. HsCRP 
does reclassify intermediate FRS patients and a low hsCRP value downgrades them 
to low risk. This reclassifi cation, however, is not as robust as that derived from other 
testing like coronary calcium scoring. 

 CRP levels vary among population subgroups. BMI, diet, exercise, infection, 
smoking and alcohol consumption also infl uence levels. Interval measurements in 
the same individual may be signifi cantly different making risk stratifi cation based 
on a single measurement diffi cult. Another issue is the threshold of hsCRP to be 
used in clinical practice. JUPITER (Justifi cation for the Use of Statins in Prevention: 
An Interventional Trial Evaluating Rosuvastatin) used a cut-off of 2 mg/l for com-
paring groups [ 15 ]. This value is not universally acceptable. In MESA, 3 mg/l per-
formed better than 2 mg/l in predicting events. More importantly, based on 
representative samples, over 1/2 of the United States population has a CRP level 
>2 mg/l [ 16 ]. 

 HsCRP has increasingly been used to guide statin therapy after JUPITER. JUPITER 
was a large multi-center trial that randomized 17,802 healthy low to intermediate 
risk men and women with LDLs <130 mg/dl and hsCRP level >2 mg/l to Rosuvastatin 
20 mg daily versus placebo. The trial was stopped early after a median follow up of 
1.9 years after a signifi cant reduction (44 %) in combined primary outcome (MI, 
stroke, revascularization, hospitalization for unstable angina or CV death) was seen 
in the Rosuvastatin group. Rosuvastatin reduced LDL by 50 % and CRP by 37 %. 
The greatest reduction in the primary outcome was in patients with a reduction in 
both LDL and CRP. Some argue that the positive results could be explained by LDL 
reduction alone. Even in the absence of LDL reduction, the pleiotropic effects of 
statins with normal or low LDL levels are well established. Thus, while statins low-
ered CRP, there is no evidence to suggest that their benefi ts were attributable to their 
CRP lowering effect. Additionally, JUPITER did not have a low LDL (<130 mg/dl) 
and CRP (<2 mg/l) arm making it impossible to demonstrate the lack of statin ben-
efi t with low CRP. Lastly, some believe that the anti-infl ammatory properties of 
statins are due to their LDL lowering effect. Ongoing trials using anti-infl ammatory 
agents like Methotrexate and Interleukin-1 antagonists in patients with chronic 
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infl ammation might shed some light on the specifi c role of infl ammation suppres-
sion without lipid lowering. 

 Due to signifi cant controversy, the enthusiasm for hsCRP in the guidelines has 
decreased. The 2010 ACCF/AHA guidelines for CV risk assessment in asymptom-
atic adults gave hsCRP measurement a level IIA recommendation for deciding 
statin therapy in patients meeting JUPITER criteria [ 17 ]. A IIB recommendation 
was given for men >50 and women >60 years at intermediate CV risk. The 2013 
guidelines have lowered all hsCRP recommendations to no higher than IIB [ 18 ].  

    Albuminuria 

 Microalbuminuria is often considered as poor man’s marker of endothelial dysfunc-
tion. Microalbuminuria is generally seen in patients with diabetes mellitus and 
hypertension. The American Diabetes Association recommends a yearly urinalysis 
for all diabetic patients. Since 24 h urine collection is cumbersome, early morning 
samples for albumin-creatinine ratio have been used for diagnosis. Microalbuminuria 
is a ratio of 30–300 mg/g and macroalbuminuria as >300 mg/g. Multiple cohort 
studies have linked urinary albumin excretion to CVD risk. A meta-analysis of 26 
studies (n = 169,949) showed a positive correlation between albuminuria and inci-
dence of coronary disease [ 19 ]. Macroalbuminuria had twice the risk and those with 
microalbuminuria had a 50 % greater risk of developing CHD irrespective of coex-
isting hypertension, diabetes and renal function status. Urinary albumin excretion in 
Framingham and the Cardiovascular Health Study showed minor improvement in 
the C-statistic [ 20 ,  21 ]. The later study showed risk reclassifi cation with the urinary 
albumin-creatinine ratio. Subjects with calculated Framingham risk of 5–10 % with 
urine albumin >30 g/mg had an observed CHD incidence of 20 % versus 6.3 % in 
the same risk category with lower urine albumin. 

 The 2010 ACCF/AHA guideline considered microalbuminuria reasonable (class 
IIA) for CV risk assessment in asymptomatic patients with diabetes or hyperten-
sion. For asymptomatic adults without these conditions but still at intermediate risk, 
the level of recommendation was IIB [ 17 ]. The 2013 ACCF/AHA guidelines, citing 
uncertain contribution of microalbuminuria for risk assessment, have excluded 
urine albumin measurement in asymptomatic adults [ 18 ].  

    Lipoprotein Associated Phospholipase A2 (LP-PLA2) 

 Lipoprotein Associated Phospholipase A2 is an enzyme produced by lymphocytes 
and macrophages that hydrolyzes oxidized phospholipids in LDL. Products of this 
degradation (lysophosphatidylcholine and oxidized nonesterifi ed fatty acids) are 
pro-infl ammatory and promote atherosclerosis [ 22 ]. LP-PLA2 activity is directly 
related to smoking and LDL and inversely related to HDL levels. Lipid lowering 
therapy reduces LP-PLA2 levels. 
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 Elevated LP-PLA2 in the plasma and increased LP-PLA2 activity are associated 
with cardiovascular disease. Meta-analyses of 14 studies (n = 20,549) found an odds 
ratio of 1.60 (95 % CI 1.36–1.89) for association between LP-PLA2 and CV disease 
after adjusting for traditional risk factors [ 23 ]. Atherosclerosis Risk in Communities 
(ARIC) study and Rancho Bernardo study showed small improvements in AUC 
with the addition of Lp-PLA2 to CV risk prediction [ 24 ,  25 ]. However, two different 
trials evaluating LP-PLA2 inhibitors found no benefi cial effect on coronary events 
and other outcomes [ 26 ,  27 ]. 

 The 2010 ACCF/AHA guidelines thus gave measurement of LP-PLA2 a luke-
warm IIb recommendation [ 17 ]. The 2013 guidelines have not recommended 
LP-PLA2 [ 18 ].  

    Lipoprotein (a) (LP [a]) 

 Lipoprotein (a) is a lipid sub-particle synthesized in the liver that consists of apoli-
poprotein B100 linked to apolipoprotein (a). Its exact function in humans is unknown 
but it has been linked to foam cell formation, infl ammation and thrombosis. LP (a) 
in many studies has been associated with poor CV outcomes. A recent meta- analysis 
of 24 prospective cohort studies, showed that in patients with 3.5-fold higher LP (a) 
levels, there was a small increase in CHD (risk ratio 1.13) and stroke (risk ratio 
1.10) [ 28 ]. There is insuffi cient data to suggest any incremental risk benefi t from 
measuring LP (a) levels beyond traditional risk factors. 

 Measurement of LP (a) or other lipid sub-particles for risk stratifying asymptom-
atic individuals was not recommended (class III) by the ACCF/AHA guideline from 
2010 [ 17 ] and was not mentioned by the 2013 guidelines [ 18 ].  

    Natriuretic Peptides 

 Natriuretic peptides (Atrial natriuretic peptide, B-type natriuretic peptide, 
N-terminal-proatrial natriuretic peptide and N-terminal-pro B-type natriuretic 
peptide) are released from the myocardium in response to wall stress. Their util-
ity in diagnosis and prognostication in heart failure is well established. Population 
based studies from North American (including Framingham) and Europe have 
found higher levels of natriuretic peptides to be associated with a higher inci-
dence of MI, stroke, heart failure, CV death and all-cause death in asymptomatic 
patients [ 29 – 31 ]. This association may be secondary to underlying left ventricu-
lar hypertrophy and subclinical myocardial damage from hypertension or isch-
emia though this is speculative. The relationship between BNP and future CV 
events has neither been rigorously tested for incremental increase in the 
C-statistic when added to traditional risk factors, nor evaluated for risk 
reclassifi cation. 
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 ACCF/AHA 2010 risk assessment guidelines advised against checking them in 
asymptomatic patients (class III recommendation) [ 17 ]. The 2013 guidelines have 
not discussed their role [ 18 ].  

    Troponin 

 Cardiac troponin is the preferred biomarker to detect myocardial necrosis in acute 
coronary syndromes. Troponin elevation is also seen in situations of high myocar-
dial demand and non-ischemic conditions like renal disease, heart failure, sepsis 
and stroke. Methods for troponin detection have become increasingly more sensi-
tive and the new generation ultra-sensitive assays can detect troponins even in the 
general population. Increased troponin levels with high sensitivity assays may be 
associated with poor CV outcomes in asymptomatic patients. Participants (aged 
54–74 years, n = 9698) in ARIC with elevated cardiac troponin T (≥0.003 μg/L) had 
a higher incidence of CAD, heart failure and all-cause mortality after adjusting for 
traditional risk factors, renal function, hsCRP and natriuretic peptides [ 32 ]. Younger 
asymptomatic individuals (aged 30–65 years, n = 3546) from the Dallas Heart study 
had a similar increase in adjusted all-cause mortality with elevated troponin levels 
[ 33 ]. This raises the possibility of low level myocardial ischemia or stress in these 
asymptomatic patients. However, this relationship needs further evaluation and vali-
dation. It has the same limitations as natriuretic peptides and measuring troponin 
levels in the general population does not have a present role in clinical practice. The 
guidelines have not discussed it.   

    Subclinical Atherosclerosis Imaging Techniques 
and Vascular Markers 

    Coronary Artery Calcium 

 As part of atherosclerosis, calcium deposits in diseased vessel walls. Atherosclerosis 
progresses with age and the elderly have signifi cantly more calcium in their arteries 
compared to the young. Coronary artery calcium (CAC) gives an estimate of plaque 
in the arterial wall. Its non-linear relationship to luminal narrowing (as seen on 
angiogram) is probably explained by positive remodeling of the vessel. Though 
calcifi ed plaques are relatively stable, their presence indicates coexisting soft plaque 
responsible for most acute coronary events. CAC can be detected on 2.5–3 mm 
thick axial images obtained from non-contrast ECG-gated electron beam or multi 
detector computed tomography (CT). Based on the area and density of calcium, a 
calcium score (measured in Agatston units) is obtained and acts as a surrogate 
marker for global coronary plaque burden [ 34 ]. The test can be performed within 
minutes and is highly sensitive (nearly 100 % for coronary plaque) with virtually no 
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false positive results. However, as previously mentioned, it is not very specifi c for 
‘obstructive’ CAD. 

 CAC correlates well with future CV events. Pooled data of 27,622 asymptomatic 
patients from six studies showed incremental rates of MI and CV deaths with 
increasing CAC score. Subjects with CAC of 0 had a very low (0.4 %) 3–5 year 
event rate. When compared to this group, the relative risk of having an event with 
scores of 1–112, 100–400, 400–999 and ≥1000 were 1.9, 4.3, 7.2 and 10.8 respec-
tively [ 34 ]. Subsequent studies have shown this relations ship to be consistent. 
Detrano et al. studied CAC in 6722 men and women from four major racial and 
ethnic groups (white, black, Hispanic and Chinese) and showed that a doubling of 
CAC score increased major coronary event risk by 15–35 % and risk of any coro-
nary event by 18–39 % [ 35 ]. Predictive values of CAC scores were similar in all 
racial groups. Addition of CAC to traditional risk prediction models signifi cantly 
improves AUC. MESA showed an AUC improvement from 0.79 to 0.83 with the 
addition of CAC (P = 0.006) [ 36 ]. This improvement was signifi cantly superior to 
that seen with hsCRP, carotid intima media thickness or ankle brachial index. CAC 
also has a reclassifi cation benefi t. Intermediate risk patients (with a 10 years CV 
event rate of 10–20 % as predicted by FRS) with scores of >300 had a 10 years event 
rate of approximately 28 % [ 37 ]. Thus, CAC reclassifi ed these patients to high risk. 
High CAC scores in asymptomatic patients may motivate some towards healthier 
lifestyle changes [ 38 ,  39 ] and positively infl uence aspirin and statin use [ 40 ]. 

 High CAC scores, especially in those reclassifi ed to high risk, probably merit 
intensifi cation of medical therapy. But there are no data to support additional test-
ing in this patient group in the form of either stress testing or angiogram. In fact, 
there is no evidence that CAC testing changes CV outcomes. Thus, its utility as a 
screening test is not established. An important consideration and limitation with 
CAC imaging is radiation exposure. Although radiation from a cardiac CT for 
CAC is <1.5 mSv, this is not negligible and is a cause of concern especially in the 
young. Additionally, the diagnostic yield of CAC is men <40 and women <50 years 
of age is low, tilting the risk-benefi t ratio towards avoiding CAC testing in this age 
group. Another important sub-group worthy of mention is patients with end stage 
renal disease on hemodialysis who, due to perturbations in calcium-phosphorus 
metabolism, have signifi cantly higher calcium deposition in the coronaries. CAC 
testing in this population needs to be interpreted with caution due to lack of data 
from under- representation of these patients in trials. CAC is not recommended for 
follow up as there are no data to support that repeat testing infl uences management 
or outcome. In summary, among the newer risk factors of CAD, CAC has the stron-
gest association with future CV events and its measurement adds value to tradi-
tional risk factors and helps reclassify intermediate risk patients. This may 
potentially be helpful in determining the aggressiveness with which to medically 
treat these patients. 

 The 2010 ACCF/AHA guidelines gave CAC testing IIA recommendation for 
patients at intermediate risk [ 17 ]. The 2013 guidelines suggest that CAC (level IIB) 
may be considered to inform decision making if treatment decisions are uncertain 
after quantitative risk assessment [ 18 ].  

1 New Risk Factors of Cardiovascular Disease



12

    Ankle Brachial Index 

 The selective predilection of atherosclerosis for the lower as opposed to upper 
extremities has been described since the 1950s as a non-invasive marker of periph-
eral arterial disease (PAD). Ankle-brachial index (ABI) is the ratio of the highest 
blood pressure measurements from lower and upper extremities. Differential nar-
rowing of arteries in lower extremities from the atherosclerotic disease process 
would cause a lower blood pressure recording when measured with a pressure cuff, 
leading to a lower ABI in patients with signifi cant PAD. ABI cut-offs of ≤0.9 are 
signifi cant in detecting PAD with a sensitivity and specifi city of around 90 %. 

 CVD and PAD share similar risk factors. Low ABIs are associated with hyper-
tension, diabetes mellitus, dyslipidemia, smoking and other CVD risk factors. In 
fact, peripheral atherosclerosis (as measured by ABI) is a marker for signifi cant 
disease in other vascular beds including coronary and cerebrovascular circulation. 
Population based studies have shown strong correlations between low ABI and 
CAD with odds ratios ranging from 1.4 to 3 [ 41 ,  42 ]. This association is even stron-
ger in diabetic patients. Similar associations are seen between low ABI and strokes. 
High ABIs, on the other hand, represent increased vascular stiffness secondary to 
calcifi cation of blood vessels. Though not as extensively studied as low ABI, high 
ABI is also linked to CVD. An ABI >1.4 is associated with increased risk of stroke 
and heart failure [ 43 ]. MESA also found high ABIs to be associated with incident 
CVD [ 44 ]. Thus, the relationship between ABI and CV risk is probably best repre-
sented by a J shaped curve with increased risk in individuals with low (≤0.9) as well 
as high ABI (≥1.4). 

 Does ABI add to the predictive value of traditional risk factors in a meaningful 
way to reclassify patients beyond the assessment available from FRS? A meta- 
analysis by the ABI collaboration assessing 16 cohort studies and evaluating a total 
of 24,955 men and 23,339 women with a follow up of 480,325 person-years found 
that after adjusting for FRS, low ABI (≤0.9) remained an important predictor of 10 
years cardiovascular mortality (HR 2.9 for men and 3.0 for women) [ 45 ]. Within 
each Framingham risk category, low ABI was associated with approximately twice 
the risk of all-cause mortality, CV mortality, and coronary events. The study also 
showed that normal ABIs could reclassify 43 % of high risk men (FRS ≥20) to 
intermediate risk and an abnormal ABI could reclassify 9 % of women at low (≤10) 
or intermediate risk [ 10 – 19 ] to high risk. Thus, ABI provides incremental stratifi ca-
tion above traditional risk factors. Subsequently, MESA also found low (≤1.00) and 
high (≥1.40) ABI to be associated with incident CVD events independent of tradi-
tional risk factors as well as CAC scores and carotid intimal medial thickness [ 44 ]. 

 In patients with established CAD, low ABI portends an even worse prognosis in 
terms of increased risk of MI, stroke, heart failure, and CV mortality independent of 
preexisting risk factors [ 46 ]. This is likely due to the multiplicative effects of athero-
sclerosis in multiple vascular beds. 

 Though ABI serves as a cost and time effi cient non-invasive way of risk stratifi -
cation, factors like patient and limb position, cuff size, Doppler vs oscillometry 
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derived pressure measurement, inter and intra-user variability can infl uence accu-
rate readings. The AHA in 2012 released a scientifi c statement to standardize mea-
surement and interpretation of ABI [ 47 ]. 

 The use of ABI was considered reasonable for CV risk assessment in asymptom-
atic individuals and was given IIA recommendation by the ACCF/AHA guidelines 
in 2010 [ 17 ]. However, the latest 2013 guideline argued that ABI (along with other 
newer risk factors) has not been studied prospectively as a screening tool in random-
ized trials to look for CV outcomes [ 18 ]. Thus, the benefi t of using this tool in clini-
cal practice is uncertain. The ACCF/AHA guidelines have subsequently watered 
down the strength of recommendation to a level IIB and have recommended its use 
specifi cally in patients with intermediate risk.  

    Carotid Intima Media Thickness 

 Carotid intima-media thickness (CIMT) is a non-invasive measurement of the com-
bined thickness of intima and media layers of the carotid artery wall using ultra-
sound. Due to the inability of current ultrasound technology to accurately delineate 
these layers, they are measured in continuum from the intima-lumen interface to the 
media-adventitia border. Measurement made off the far wall as compared to the 
near wall of the vessel correlates better with actual histological wall thickness. 
CIMT used as a surrogate marker for atherosclerosis, is among the new risk factors 
to predict adverse CV events. 

 There are, however, several technical limitations to accurate CIMT measure-
ment. An important conceptual caveat is that atherosclerosis and plaque formation 
can be focal rather than diffuse leading to signifi cant regional variability in IMT in 
the same patient depending on sampling location. The angle of the probe can change 
the measured thickness and miniscule differences in measurement (less than 1 mm) 
can lead to signifi cant variability in interpretation [ 48 ]. CIMT measurement, thus, 
requires high levels of precision on the part of the operator and standardization in 
the lab is diffi cult to achieve in real world practice. This also makes serial scanning 
to evaluate progression a problem. 

 Multiple large clinical studies have shown the predictive value of CIMT in the 
risk of future CV events like MI, stroke and death [ 49 ]. Relative risk of MI increases 
by 10–15 % for every 0.1 mm increase in CIMT [ 49 ]. MESA showed CIMT to be a 
stronger predictor of stroke than CAC score [ 50 ]. However, the heterogeneity of 
methods used to assess CIMT in these studies has been a source of confusion. 
Studies have used different segments of the carotid tree (common carotid artery, 
carotid bulb or internal carotid artery); unilateral vs bilateral neck imaging; single 
vs multiple segment sampling; inclusion or exclusion of plaque; far wall vs near 
wall measurements; and mean or maximum thickness for defi ning CIMT. Additionally, 
different cut offs of signifi cance for CIMT to predict CV risk make it nearly impos-
sible to compare or combine study results. To alleviate uncertainty, ASE in 2008 
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defi ned CIMT to be signifi cant if it was in excess of the 75th percentile of the refer-
ence population [ 51 ]. 

 Clinical importance of any novel risk factor relates to its ability to reclassify interme-
diate risk patients into high or low risk. Studies evaluating CIMT failed to show signifi -
cant discrimination above traditional risk factors. A recent meta- analysis comparing 14 
studies using common carotid IMT to predict 10 years risk of new MI or strokes showed 
only a small and clinically insignifi cant net reclassifi cation benefi t over FRS [ 52 ]. 

 CIMT was initially given a class IIa recommendation in the 2010 ACCF/AHA 
guideline statement for CV risk assessment is asymptomatic individuals [ 17 ]. 
However, due to the above mentioned pitfalls and dubious clinical utility, the use of 
CIMT in asymptomatic adults has been downgraded to Class III (no benefi t) in the 
most recent guideline from 2013 [ 18 ].  

    Endothelial Dysfunction and Peripheral 
Flow Mediated Dilatation 

 The endothelium forms the largest organ of the body and it is essential for normal 
coronary blood fl ow. The entire vascular tree is lined with endothelial cells that 
modulate vascular tone. Endothelial dysfunction precedes angiographically appar-
ent coronary obstruction. Endothelial dysfunction can be elicited invasively by 
paradoxical vasoconstriction seen on intracoronary infusion of acetylcholine. Since 
endothelial dysfunction is considered the initial step in the pathogenesis of athero-
sclerosis, non- invasive methods for its evaluation have been developed. Peripheral 
arterial fl ow-mediated dilatation (FMD) is one such non-invasive method. A blood 
pressure cuff is infl ated over the forearm for 4–5 min followed by release of pres-
sure. The pressure release leads to increased blood fl ow that stimulates nitric oxide 
release, which in turn causes brachial artery vasodilatation. This vasodilation can be 
quantifi ed by using an ultrasound machine or by measuring pulse wave volumes 
using fi nger cuffs (called peripheral arterial tonometry). Individuals with endothe-
lial dysfunction (with faulty nitric oxide production) demonstrate poor or no 
vasodilation. 

 Hypertension, diabetes, hyperlipidemia and cigarette smoking cause endothelial 
dysfunction. In fact, addition of risk factors as demonstrated by percentage increase 
in FRS has been shown to be linked with decreasing FMD. However, this relation-
ship is only seen in low risk individuals [ 53 ] suggesting that endothelial function 
becomes impaired early on and the addition of more risk factors does not impair it 
further. The Cardiovascular Health Study showed that FMD was predictive of CV 
events in the elderly at a 5 years follow up but its addition to the predictive model 
containing traditional risk factors only minimally increased the AUC [ 54 ]. A study 
of asymptomatic postmenopausal women showed similar correlation [ 55 ]. There 
are no data available on the reclassifi cation value of FMD. 

 Due to the absence of robust evidence of clinical utility and signifi cant technical 
limitations (variability in duration of forearm occlusion, location of cuff, inter-user 
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variability, lack of standardized conditions), use of FMD as a marker of endothelial 
dysfunction to predict CV events has not gained wide application. The 2010 ACCF/
AHA guidelines have recommended against FMD studies for cardiac risk assess-
ment in asymptomatic adults [ 17 ].  

    Arterial Stiffness 

 Arterial walls stiffen and lose elasticity with increasing age and atherosclerosis. 
Pulse waves produced by the pumping heart propagate through vessel walls. This 
propagation is infl uenced by mechanical properties of the vessel and stiff arteries 
cause pulse waves to move more rapidly. Arterial pulse wave velocity (PWV) and 
pulse wave analysis (PWA) can thus be used as measures of arterial stiffness. 
Applanation tonometry is the most commonly used method to measure PWV and 
PWA, (though Doppler ultrasound or magnetic resonance imaging can also be used 
for PWV). These parameters are measured using commercial devices that use pre- 
specifi ed analytic algorithms [ 56 ]. 

 There are some studies reporting measures of arterial stiffness (PWV, ambula-
tory arterial stiffness index, and carotid pulse pressure versus brachial pulse pres-
sure) in predicting CV outcomes in asymptomatic adults [ 57 ,  58 ]. Most have shown 
a positive correlation after adjusting for traditional risk factors and in some cases for 
blood pressure and ABI. However, the strength of association is only moderate. No 
studies have compared measures of arterial stiffness with other novel risk predictors 
like hsCRP, CIMT or CAC score. There are no data on its value in improving ROC 
or net reclassifi cation. 

 Measures of arterial stiffness need standardization, personnel training and qual-
ity control to make them reliably reproducible. Thresholds for test positivity need 
to be established. ACCF/AHA 2010 guidelines for risk assessment in asymptom-
atic individuals recommended against measuring arterial stiffness for risk stratifi -
cation (class III) and deemed them to be, at best, only a research tool [ 17 ].   

    Conclusions 

     1.    Effort towards improving CV risk prediction with the aim of implementing pri-
mary prevention in appropriate group of patients has led to the search for new 
risk factors.   

   2.    The last two decades have seen the emergence of numerous biomarkers, vascular 
markers and subclinical atherosclerosis imaging techniques, some of which are 
still undergoing clinical validation. Most of these have shown independent asso-
ciation with incident CVD. Others have shown the ability to provide incremental 
risk assessment above the traditional risk factors and provide reclassifi cation 
advantage.   
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   3.    Among the risk factors discussed above, hsCRP, CAC and ankle brachial index 
have shown the most promise. But their utility in clinical practice for screening 
asymptomatic population remains controversial since they have not been evalu-
ated prospectively in randomized control trials to show a difference in clinical 
outcomes. The issues of availability, cost effectiveness, reproducibility and risks 
of downstream testing are other factors limiting their widespread use.   

   4.    The 2013 ACCF/AHA guidelines have suggested that hsCRP, CAC and ABI may 
be optional screening tools if the decision to initiate pharmacological therapy(s) 
remains uncertain after quantitative CV risk assessment using traditional risk 
factor model (Class IIb). An hsCRP ≥2 mg/L, CAC ≥300 Agatston units or 
≥75th percentile for age, sex, and ethnicity and ABI <0.9 are suggested thresh-
olds to support revising risk assessment upward [ 18 ]. The clinical advantage of 
using other novel risk factors presently remains uncertain.   

   5.    Large scale randomized control trials are needed to validate the clinical utility of 
testing asymptomatic individuals for novel risk factors in reducing CV outcomes. 
Their universal application with special emphasis on safety, cost effectiveness 
and reliability needs to be established. Until such time, it is up to the clinician to 
continue aggressive treatment of established CV risk factors and to individualize 
patients based on global risk score and identify those that may benefi t from addi-
tional testing with one of the newer CV risk markers.         
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    Chapter 2   
 Angiographic Narrowing Prior to ST 
Elevation MI. Are the Lesions Non 
Obstructive?       

       John     A.     Ambrose       and     Ryan     Berg     

    Abstract     In the 1980s, our group and others published studies that showed that 
myocardial infarction frequently arose from plaques that on angiograms prior to the 
event were not signifi cantly stenotic. Over the years, this became an accepted tenet 
of cardiology and was even incorporated into the defi nition of the vulnerable plaque. 
However, more recently, other angiographic data performed either just before or 
immediately after infarction as well as intravascular data at the time of infarction 
assessing lesion severity have challenged this paradigm showing that the lesions 
were, in fact, severely stenotic. This chapter reviews these data and indicates how 
these two possibilities are actually not mutually exclusive.  

  Keywords     Angiographic lesion severity   •   Coronary thrombus   •   Myocardial infarc-
tion   •   Sudden coronary death  

        Introduction 

 Total coronary occlusion of an epicardial coronary artery is the usual cause of acute 
myocardial infarction in patients presenting with ST segment elevation. Acute cor-
onary thrombosis on a disrupted or eroded atherosclerotic plaque is the proven 
pathological process responsible for infarction in nearly all cases of Type 1 infarc-
tion by the Universal defi nition of myocardial infarction [ 1 ]. In the 1980s and early 
1990s, several small, retrospective angiographic studies in selected patients 
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presenting with an acute MI or unstable angina in whom a prior angiogram was 
available for analysis made a surprising fi nding. In a majority of cases, the culprit 
site was not signifi cantly narrowed on the fi rst angiogram and it had usually a 
<50 % diameter stenosis. In many cases, the site of the subsequent event on the 
second angiogram even appeared normal on the fi rst angiogram [ 2 – 6 ]. While ini-
tially met with skepticism, additional data from other angiographic studies, intra-
vascular ultrasound (IVUS) analyses and pathologic studies in pressure fi xed 
coronary arteries at the time of autopsy supported the concept that the angiogram 
underestimated plaque size, might appear normal even in the presence of a large 
plaque burden related to positive or Glagovian remodeling [ 7 ] and was often 
non obstructive prior to an acute coronary event. Over time, this concept that the 
less than severe angiographic lesion preceded a majority of acute coronary events 
became accepted by the cardiology community and was even incorporated into the 
usual characteristics of the vulnerable plaque(the plaque responsible for subse-
quent myocardial infarction) [ 8 ]. 

 Nevertheless, if in the pathogenesis of acute myocardial infarction (AMI), the 
preceding plaque did not appear angiographically severe, yet the angiogram at the 
onset of infarction showed total or near total coronary occlusion, how could this 
occur? A contrary opinion to the concept that the mild angiographic lesion usually 
preceded MI suggested that the lesion preceding MI was not mild but usually 
severe. This was based on several different studies suggesting either, (1) severe 
stenoses and not mild stenoses usually preceded the event, either months or just 
days to weeks prior to MI or (2) analysis of the angiogram during the acute event 
but immediately after thrombolytic therapy or mechanical thrombectomy had 
reopened the infarct-related lesion indicating that the residual narrowing was nearly 
always >70 % obstructed. This chapter revisits the controversy surrounding “mild 
diameter stenoses” prior to myocardial infarction and indicates, based on several 
sources of data, that the contrary opinion does not contradict the mild lesion 
concept.  

    A Time Line of Angiographic Narrowing 
to Acute Myocardial Infarction 

 To properly examine the relationship between angiographic narrowing and the 
pathogenesis of acute myocardial infarction, it would be useful to assess 3 time 
intervals: (1) remote from infarction when the plaque ultimately responsible for 
the event is quiescent, (2) in the days or weeks prior to infarction and (3) immedi-
ately after successful thrombolytic therapy or thrombectomy (see Fig.  2.1 ). This 
discussion will be limited for the most part, to patients presenting with ST eleva-
tion MI (STEMI) previously defi ned as transmural or Q wave myocardial 
infarction.
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      Angiographic Narrowing Remote from AMI 

 In addition to the early retrospective angiographic studies alluded to above indicat-
ing that about 70 % had <50 % diameter stenosis and only 13 % were >70 % ste-
nosed, other more recent studies have supported this concept although in some 
cases, the diagnosis was not STEMI but other acute syndromes. These data are 
presented to indicate a pattern seen in many but not all studies related to the patho-
genesis of ACS and AMI. 

 In 2005, Glaser et al. reported on 216 patients from the NHLBI Dynamic PCI 
Registry who required an additional angiogram for clinical progression at 1 year of 
a non target lesion [ 9 ]. Fifty nine percent presented with unstable angina and 9 % 
presented with non fatal MI. Of the 216, 157 were available for independent evalu-
ation. The mean stenosis of the progressed lesion was 41.8 ± 20.8 % at the initial 
angiogram. A majority of lesions (60.5–95/157) were <50 % in severity at the time 
of the initial angiogram and only 13 % were >70 %. While studied at a different 
time and in a different population, these percentages were similar to the data 
reported in the 1980s. 

 Furthermore, in the PROSPECT (Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree) study, non culprit events (not the culprit 
lesion treated during the fi rst angiogram) represented nearly 50 % of all repeat 

Evolution of a mild angiographic lesion to thrombosed plaque and STEMI
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  Fig. 2.1    Theoretic cross sections of a coronary artery at different stages in the evolution to 
STEMI. The  left panel  demonstrates a TCFA with positive remodeling and only mild luminal nar-
rowing. The  second panel  from the left depicts an artery with some progression and an asymptom-
atic plaque rupture with intraluminal thrombus formation. The lumen begins to narrow. This 
asymptomatic progression to STEMI is accelerated in the days to weeks prior to the event. The 
 third panel  depicts the thrombosed plaque of an acute STEMI that has completely obliterated the 
lumen with acute thrombus over layered thrombus. Following thrombolytic therapy or mechanical 
thrombectomy, the  last panel  depicts an open but still signifi cantly narrowed arterial cross section 
with both plaque and residual thrombus occluding the lumen (Reproduced from Giampaolo et al. 
[ 43 ], with permission of Elsevier)       
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 cardiovascular events at 3 years. While these new ischemic events included very 
few acute infarctions, IVUS in a sub group of these lesions with visual angiographic 
narrowing >30 % indicated that the responsible lesion at baseline was often a 
 thin- capped fi broatheroma (TCFA) with a large plaque volume and a small cross 
sectional area. Nevertheless, the mean angiographic diameter stenosis at baseline 
was 32.3 ± 20.6 % and 59 % of lesions had a <50 % diameter stenosis. Thirty per-
cent were <30 % stenotic at baseline and it is uncertain how many of these were 
interrogated with IVUS as only 52 % of non culprit lesions with events had accom-
panying IVUS data [ 10 ]. Thus, large plaques may not be signifi cantly narrowed due 
to positive remodeling which is found in most infarct and ACS lesions. 

    Differences in Measuring Stenoses Between Technologies 

 Pathologic studies in patients dying after AMI or with sudden coronary death indi-
cate that plaque rupture of a TCFA is seen in  2/3 to 3/4  of culprit thrombosed 
plaques [ 11 ]. Kolodgie et al. found in pressure fi xed coronary arteries at autopsy, 
that asymptomatic TCFAs in general are not severely narrowed. Eighty percent 
occur in vessels with <75 % area stenosis which corresponds to <50 % diameter 
stenosis [ 12 ]. It should also be noted that pathology and IVUS measure narrowing 
differently than coronary angiography. The angiogram compares a narrowing to a 
proximal reference segment while area stenosis is measured by calculating the 
change in area at the site of narrowing to the external elastic membrane area. As 
lesions responsible for acute syndromes are usually positively remodeled [ 7 ] but not 
the proximal reference segment, area narrowing may overestimate stenosis severity 
relative to angiographic diameter stenosis. Thus, prior to MI or in patients with 
unstable symptoms, the plaque responsible for the subsequent event may be large 
but often exhibits <50 % diameter narrowing on angiography. These plaques are 
bulky but quiescent; most are TCFAs and positive remodeling usually preserves 
lumen diameter and luminal area. 

 Not all studies indicate that mild lesions precede ACS and even transmural 
MI. The angiographic study of Alderman et al. in 1993 appears to be contrary to the 
mild concept [ 13 ]. Five year angiographic follow up from participants in CASS 
(Coronary Artery Surgical Study) indicated that severe lesions (>80 % diameter nar-
rowing on the fi rst angiogram) were more likely to totally occlude on follow up 
study compared to less severe lesions. However, no clinical data were available to 
assess symptoms at the time of follow up. Furthermore, there were many more 
lesions that were milder or <80 % narrowed that occluded on the repeat study (71 % 
or 52 of 73) while only 29 % were >80 % initially (their qualitative analysis only 
categorized lesions into no narrowing, 5–49 %, 50–80 % and >80 % narrowed). In 
a subsequent publication from CASS, Ellis et al. found that the highest risk for sub-
sequent anterior infarction (either transmural or non-transmural) was a severe steno-
sis (90–98 %) in the left anterior descending. However, angiographic follow up after 
the infarction was not available to confi rm the severe stenosis as the culprit lesion 
[ 14 ]. Similarly, in the Program on the Surgical Control of the Hyperlipidemias 
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(POSCH), Buchwald et al. concluded that severe lesions preceded most transmural 
or Q wave infarcts. Again, no follow up angiography was available to identify the 
culprit [ 15 ]. 

 The last study of import comes from the Patients in the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation (COURAGE) trial. Mancini et al. 
analyzed 61 of 119 (56 %) of patients in the optimal medical therapy arm who 
 subsequently had an infarct and a subsequent angiogram as well as other patients who 
had an ACS without infarction or just more angina requiring subsequent angiogra-
phy[ 16 ]. These authors found for the entire group that lesions originally with <50 % 
diameter stenosis at baseline were responsible for only one third of events while the 
rest occurred in lesions with >50 % diameter stenosis at baseline. Yet, patients with 
MI were not analyzed separately and particularly in those with STEMI, baseline 
angiographic data were not reported. Thus, in the three studies mentioned above, 2 
(Ellis and Buchwald) did not have follow up angiograms and 2 (Ellis and Mancini) 
included both STEMI and non STEMI cases in their analyses. We believe that because 
of these discrepancies, these data do not undermine the mild lesion argument. 

 Any follow up data that includes ACS patients that are not STEMI are also 
 contaminated by the possible presence of supply/demand mismatch (Type 2 MI) as 
the mechanism for AMI [ 1 ]. Type 2 MI can occur in the presence of severe coronary 
disease although culprit lesions are not identifi ed angiographically in nearly all of 
these patients. On the other hand, in Type I MI, single angiographic culprits were 
identifi ed in 95 and 56 % of STEMI and NSTEMI patients, respectively [ 17 ].   

    Angiographic Narrowing in the Days to Weeks Prior 
to AMI and AMI Pathogenesis 

 Two studies have assessed angiographic narrowing in the days to weeks before STE 
MI. The earlier studies quoted above [ 2 – 6 ] did not compute angiographic stenosis 
data related to the timing of the baseline study prior to AMI. The largest of these two 
newer studies by Ojio et al. retrospectively assessed 40 patients with 2 angiograms 
before and after AMI onset similar to the analyses reported above [ 18 ]. However, 
when they analyzed the angiographic narrowing in 20 patients in whom the angio-
gram was obtained 3 ± 3 days before Q (n = 12) or non Q AMI (n = 8), the angio-
graphic narrowing averaged 71 ± 12 % at the culprit site while it was 30 ± 18 % in the 
20 control patients with a fi rst angiogram that was 6–18 months before the subse-
quent AMI (see Fig.  2.2 ). They concluded that the lesion immediately before AMI is 
often severe. Likewise, in another small retrospective study, Zaman et al. found that 
lesions leading to STEMI were more often narrowed on the fi rst angiogram if the 
clinical event was ≤3 months after the initial angiogram (n = 7) compared to >3 months 
(n = 34), 59 ± 31 % vs 36 ± 21 %, diameter stenosis respectively, p = 0.02 [ 19 ].

   However, the question that must be asked in both of these studies is why were 
these patients studied right before the MI? The likely answer was that they were either 
symptomatic with new onset unstable angina and/ or a lesion had asymptomatically 
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destabilized yet had not totally occluded prior to the acute clinical event. In support 
of that hypothesis was the fact that 70 % of patients in the group with an angiogram 
3 days before AMI in the Ojio et al. study had angiographic evidence of an acute, 
complex culprit lesion as described originally by Ambrose et al. while these lesions 
were infrequent in the control group (10 %). These complex lesions indicate plaque 
disruption and/or intracoronary thrombus [ 20 ]. Thus, this group just happened to be 
studied immediately prior to the onset of either Q or non Q MI. 

 Growth of the plaque and narrowing of the lumen must occur at some point prior 
to the onset of AMI as the lesion progresses to total or near total occlusion at the 
time of the clinical event. Pathologically, autopsy studies indicate that the throm-
bosed lesion responsible for fatal MI or sudden coronary death contains both acute 
and healed thrombus [ 21 ,  22 ]. Multiple episodes of asymptomatic thrombus forma-
tion related to plaque disruptions or plaque hemorrhage usually precede the fatal 
event. These are the processes responsible for rapid progression of atherosclerotic 
lesions. Pathologic analysis of thrombectomy specimens at the time of primary PCI 
in ST elevation MI patients have also indicated that organized thrombus can be 
extracted in over 50 % of cases [ 23 ]. This also suggests some chronicity to the pro-
cess. i.e. intracoronary thrombus formation does not automatically or immediately 
lead to a clinical event and the thrombus forms before the onset of symptoms in 
most patients with STEMI. 

 Thus, plaque instability and intraluminal thrombus formation must commonly 
precede the onset of infarction and total or near total coronary occlusion. This 
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  Fig. 2.2    Percent diameter stenosis of infarct related coronary stenosis 1 year before AMI, 3 days 
before onset, and immediately after onset of AMI (Reproduced from Ojio et al. [ 18 ], with permis-
sion of Wolters Kluwer health)       
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process is seen in both asymptomatic and symptomatic patients before infarction. 
If one considers unstable angina to be the forerunner to AMI particularly if untreated, 
plaque disruption and/or thrombus (a complex plaque) will be seen in >70 % of 
cases in the culprit vessel on coronary angiography [ 20 ]. Total occlusion in this set-
ting is unusual but the culprit lesion has a severe diameter stenosis (>70 %) in nearly 
all cases [ 24 ]. These processes, we believe help to explain the fi ndings of Ojio et al. 
and Zaman et al.  

    Angiographic Narrowing Immediately After Lysis 
or Thrombectomy 

 As mentioned earlier, ST elevation MI presents with total or near total coro-
nary occlusion caused by intracoronary thrombus formation on a disrupted or 
eroded atherosclerotic plaque. Following successful opening of a totally 
occluded vessel with thrombolytic therapy or after mechanical thrombectomy, 
the culprit lesion is severely narrowed in nearly all vessels. This has been uti-
lized as an argument favoring the concept that a severe lesion usually precedes 
MI. Thus, in 2007, Frobert et al. reported on 151 STEMI patients with sponta-
neous reflow or with immediate reflow after uncomplicated wiring of the 
lesion but before primary PCI. In 96 %, the underlying diameter stenosis was 
>50 % and in 66 %, it was >70 % [ 25 ]. Similar findings were also reported in 
2009 by Manoharan et al. after mechanical thrombectomy in 102 STEMI 
patients. The underlying culprit lesion was severe in nearly all and was <50 % 
in only 11 % [ 26 ]. 

 However, in the two studies mentioned above, did the residual stenosis represent 
only plaque in the culprit lesion? In an elegant angiographic study by Brown et al. 
in 1986, these investigators showed that residual thrombus is present following 
thrombolytic reopening of a vessel and that the underlying plaque was only  moderate 
[ 27 ]. In 21 of 32 cases, the original lesion was <60 and <50 % in 31 %. Follow up 
angiography in three different studies performed hours to days or weeks after 
thrombolytic therapy to allow for endogenous thrombolysis have demonstrated that 
the residual diameter narrowing was moderate averaging 50–57 % on the  follow up 
angiogram [ 27 – 29 ]. Pathologic studies after fatal MI or sudden death also support 
the concept that the underlying culprit plaque (excluding acute thrombus) may not 
be severely narrowed. However, unless post mortem preparations utilize pressure 
fi xed arteries, the degree of stenosis will be overestimated as the lumen will be 
 collapsed. Such was the case in the study of Qiao et al. who found thrombosis on 
plaques that had a mean stenosis of 91 % [ 30 ]. With pressure fi xation, Davies and 
Thomas showed in thrombotic lesions responsible for sudden cardiac ischemic 
death that the average area stenosis was 79 % corresponding to a diameter stenosis 
of 52 % [ 31 ]. 

 The presence of residual thrombus following mechanical thrombectomy at the time 
of primary PCI can also be inferred from the data of Rittersma et al. Organized throm-
bus was found on pathologic analysis of thrombectomy specimens in over 50 % of cases 
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suggesting that some thrombotic material was left behind [ 22 ]. Furthermore, height-
ened vasomotion in epicardial arteries and in the microvasculature is common in acute 
MI which also would increase residual diameter narrowing in the acute setting [ 32 ]. 

 Optical coherence tomography (OCT) and IVUS studies after coronary throm-
bectomy are fl awed and have added little concerning the degree of underlying area 
stenosis. IVUS uses ultrasound to generate gray scale images of the vessel wall and 
luminal components including plaque and thrombus. While there can be subtle 
changes in gray scale, IVUS cannot reliably distinguish between plaque and throm-
bus [ 33 ]. Therefore, unless complete thrombectomy is done, the measured IVUS 
stenosis area is prone to signifi cant over estimation. Hong et al. assessed IVUS 
images in 125 patients with STEMI [ 34 ]. However, not all patients had manual 
aspiration thrombectomy prior to imaging. Furthermore, the authors stated even in 
those who underwent aspiration, that thrombus at the culprit lesion was not com-
pletely removed. Therefore, the quantitative coronary angiography measurements 
and IVUS measurements indicated signifi cant vessel narrowing of the culprit lesion 
which represented a combination of plaque and residual thrombus. 

 While OCT has better resolution than IVUS (15 μm versus about 120 μm), and 
can more easily identify thrombus [ 35 ], the yellow/orange color scale typically used 
in current Fourier transformation OCT may not easily distinguish it from surround-
ing plaque, as they are both seen as signal-rich objects [ 36 ]. Furthermore, lipid rich 
plaque or coronary thrombus causes OCT signal attenuation, which makes it diffi -
cult to observe deep layers of the coronary artery wall behind this plaque and throm-
bus. Thus, OCT is not optimum for the quantifi cation of lipid core size and the 
evaluation of arterial remodeling [ 37 ]. Other OCT studies in AMI [ 38 ,  39 ] are also 
fl awed in quantifying lumen narrowing by the lack of complete thrombus aspiration 
and therefore are unable to accurately characterize area stenosis. What is clear from 
these IVUS and OCT studies [ 34 ,  38 ,  39 ] is that the culprit lesions in STEMI are 
large, positively remodeled and usually contain a TCFA.   

    Conclusions 

     1.    In a majority but not in all cases, severe diameter narrowings do not usually pre-
cede STEMI in the weeks to months before the event. These lesions that ulti-
mately result in STEMI are quiescent and usually are TCFAs on pathologic or 
intravascular analysis in which positive remodeling has maintained lumen area 
in spite of being large plaques.   

   2.    In the days to weeks prior to an acute event, some of these lesions are trans-
formed through rapid progression from intraluminal thrombus formation or 
intraplaque hemorrhage into truly vulnerable plaques that subsequently progress 
to symptomatic, total coronary occlusion. Most patients who subsequently 
develop STEMI are not fortunate enough to undergo angiography in time to 
detect this degree of rapid progression and eventual occlusion as they are either 
asymptomatic beforehand or they misinterpret their symptomatology.   
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   3.    That a TCFA must expand or grow larger (i.e. become more stenotic) prior to 
plaque rupture and the acute event has also been recently suggested by Narula 
et al. [ 40 ]. Their post mortem study indicated that percent area narrowing was 
greater in the presence of rupture and thrombosis but was usually <75 % (<50 % 
diameter stenosis) in the rupture-prone TCFA.   

   4.    Angiographic narrowing is measured differently than at pathology or with intra-
vascular techniques likely explaining much of the discrepancy among the 
techniques.   

   5.    Finally, this concept of whether or not the lesion preceding MI is mild or severe 
should not be considered semantics or just an idle exercise. Myocardial infarc-
tion and sudden death still account yearly for hundreds of thousands of events. 
Demonstrating coronary atherosclerosis either through an invasive angiogram or 
otherwise is a premonitory sign that can occasionally progress to an acute and/or 
sometimes a fatal event. Obviously, the invasive angiogram is insensitive to 
plaque size and not the most appropriate for defi ning atherosclerotic plaque 
 burden. While some suggest that we should evaluate most moderately stenosed 
lesions with intravascular techniques such as IVUS or FFR, this is not always 
practical in our opinion and infrequently utilized [ 41 ]. Nevertheless, with so 
many invasive angiograms still being performed annually, the demonstration of 
atherosclerosis without severe diameter narrowing on invasive angiography or 
by other techniques such as CT angiography must be treated as aggressively 
medically as when severe disease is demonstrated. Otherwise, we perform a 
great disservice to our patients from reinventing the past.     

 However, we also don’t want to disservice our patients by assuming that  only  
mild stenoses have vulnerable potential and to not worry about fi xing severe lesions. 
As mentioned previously, while the majority of lesions leading to STEMI have less 
than severe diameter stenosis, there are still some as noted even in the angiographic 
studies from the 1980s that had moderate or severe stenosis prior to the event. 
Furthermore, as mentioned in section 2 of this article, some severe stenoses are in 
the active process of transformation from a prior mildly stenotic vulnerable plaque. 
Finally, it is known from FAME 2 that intervening on a physiologic signifi cant ste-
nosis leads to a reduction in subsequent adverse outcomes [ 42 ].     
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    Chapter 3   
 Vulnerable Plaques Versus Patients-How 
to Reduce Acute Coronary Events 
in the Future       

       Richard     George     Kiel       and     John     A.     Ambrose     

    Abstract     Cardiovascular disease including acute myocardial infarction and sudden 
death is the leading cause of death in the United States and worldwide. Important 
advances in prevention and therapy have been able to recently reduce their preva-
lence and improve therapeutic outcomes. However, much more work needs to be 
done. While standard risk factors can identify those most likely to succumb from 
these conditions, most of these events unfortunately occur in the low to intermediate 
risk populations. 

 This chapter considers the two main approaches for reducing subsequent events: 
(1) identifying and treating the vulnerable plaque versus (2) identifi cation and treat-
ing the vulnerable or high risk patient. Which approach will be the most effi cacious 
in reducing subsequent hard cardiovascular events.  

  Keywords     Vulnerable plaque   •   Thin-capped fi broatheroma   •   Plaque rupture   • 
  Plaque erosion   •   Vulnerable patient  

        Introduction 

 Cardiovascular disease (CVD) including acute myocardial infarction (AMI) and 
sudden cardiac death (SCD) are the leading cause of mortality for adults in the 
United States surpassing deaths related to cancer. Through advances in medical 
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care, event rates have decreased but in 2010, according to the AHA, there were an 
estimated 915,000 new or recurrent AMIs and 278,000 SCDs [ 1 ]. 

 The primary method for reducing AMI and SCD has been to identify those at risk 
or with the acute presentation and to then treat appropriately with guideline-directed 
medical, interventional and/or surgical therapies. Identifying appropriate patients at 
risk is relatively easy in those with established disease or in those with coronary 
disease equivalents such as diabetes, peripheral vascular disease or signifi cant renal 
insuffi ciency. The diffi culty is in identifying those patients without a prior history 
i.e. those in primary prevention. Those at highest risk according to Framingham have 
a 10 year event rate ≥20 % but most initial adverse CV events including AMI and 
SCD occur in the intermediate and low risk populations which include a larger popu-
lation although at a lower event rate (percentage) than in the high risk population [ 2 ]. 

 As an alternative to the high risk patient is the concept of identifying and treating 
the vulnerable or high risk plaque. This is the plaque prone to intracoronary throm-
bus formation and responsible for nearly all ST elevation MI, and a majority of non 
STEMI and SCDs. Pathologists have identifi ed disruption of a thin-capped fi broath-
eroma (TCFA ) as the primary cause of fatal AMI or SCD in about 2/3 s to 3/4 s of 
cases [ 3 ]. In the remaining cases, particularly in women <50 years of age or in ciga-
rette smokers, the acute event appears related to plaque erosion and intracoronary 
thrombus formation. The controversies that form the basis of this chapter revolve 
around the question as to the best methods for reducing future acute coronary 
events? Will we be able to better identify and treat the high risk patient and prevent 
the initial or subsequent events? Will identifi cation and local therapy of a vulnerable 
plaque ever be an evidenced-based strategy for selected patients?  

    The Vulnerable or High Risk Plaque Concept 

 If the thrombosed plaque is the immediate cause of most acute coronary events, can 
one fi nd the so-called vulnerable plaque, that is likely to progress in the future and 
cause the acute event? The post mortem data referred to in the introduction concern-
ing the histopathology of thrombosed plaque responsible for acute syndromes, have 
been supported by angiography and intravascular techniques such as intravascular 
ultrasound, ocular coherence tomography or infrared spectroscopy which can be 
performed at the time of percutaneous coronary intervention [ 4 ]. Table  3.1  high-
lights the most commonly used modalities for imaging the vulnerable plaque. As 
most vulnerable plaques are angiographically non-obstructive in the weeks to 
months prior to the event [ 5 – 8 ], relying on symptomatology alone prior to the event 
is usually not useful. For vulnerable plaque detection, one would need to fi nd a 
device either invasive or preferably noninvasive that could detect the vulnerable 
plaque. For the vulnerable plaque strategy to be evidenced-based would necessitate 
knowing the natural history of such plaques and being able to show that intervening 
on a presumed vulnerable plaque by some approach such as a stent was safer and 
more cost effective in reducing future events than the best medical therapy alone [ 9 ].
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   The fi rst study to attempt to defi ne invasively the natural history of vulnerable 
plaque was the landmark PROSPECT (Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree) trial [ 10 ]. Patients undergoing percutane-
ous intervention for an acute coronary syndrome were evaluated. After all culprit 
and other severe lesions were intervened upon, based on the decision of the angiog-
rapher, the remaining non culprit arteries were evaluated with angiography, intra-
vascular ultrasound and virtual histology. Patients were followed for 3 years and 
those with another event- either a myocardial infarction, need for another angio-
gram because of increasing or unstable angina or aborted sudden death were restud-
ied to assess the cause (culprit lesion) for the syndrome. At 3 years follow up, 23 % 
had an event and this was nearly equally distributed between the prior culprit lesion/
lesions that had been intervened upon or a different lesion in a non culprit vessel. 
While Stone et al. found that the presence of a TCFA identifi ed by VH technology, 
with a large plaque burden on IVUS (>70 %) and a plaque area <4 mm 2  had an 18 % 
incidence of a non culprit event at 3 years, there were only 6 non culprit myocardial 
infarctions and no documented sudden deaths at follow up. Most non culprit events 
were increasing or unstable angina. Furthermore, identifi cation of a TCFA was a 
non specifi c fi nding as there were nearly 600 TCFA’s at baseline but so few acute 
events at follow up. 

 Thus, more date on plaques responsible for subsequent acute events are required. 
We still do not know the natural history of presumed vulnerable plaques and a 
plaque that looks vulnerable on an initial evaluation may change at some later point 
and appear stabilized [ 11 ]. Additional studies are required if the local approach to 
reducing subsequent acute events will become a viable option. There are additional 
studies, some on-going that are trying to address the natural history question. 
Utilizing IVUS, angiography and infrared spectroscopy to identify lipid core, 
PROSPECT 2 (Prospective natural history of coronary atherosclerosis – 
NCT02171065). will try to further characterize this plaque. Furthermore, a subset 
with lipid-rich plaques will be randomized to a bio-absorbable stent and optimal 
medical therapy versus optimal medical therapy alone to test whether this local 
approach can reduce subsequent events on follow up. 

   Table 3.1    Commonly used imaging techniques for identifying the vulnerable plaque   

 Technique  Imaging benefi t 

 Intravascular ultrasound 
(IVUS) 

 Quantify plaque burden, identify positive remodeling, calculate 
area stenosis, calcifi cation 

 IVUS + virtual histology  Better defi ne plaque characteristics; identify pathological intimal 
thickening, thick and thin capped fi broatheromas, degree of 
calcifi cation 

 Optical coherence 
tomography (OCT) 

 Quantify fi brous cap thickness, identify plaque rupture, erosion, 
calcifi cation 

 Infrared spectroscopy 
(LipiScan) 

 Quantify plaque lipid content 

 CT coronary angiography  Identify low attenuation plaques, determine presence of positive 
remodeling, identify ruptured plaque, punctate calfi cation 
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 One concern with an invasive methodology is the fact that all of the detectors are 
concentrating on fi nding the responsible TCFA and not considering plaque erosion 
which is not an infrequent cause of STEMI, NSTEMI or SCD. Several studies have 
suggested that acute myocardial infarctions secondary to plaque erosion may con-
stitute more than 30 % of all acute coronary syndromes [ 12 ,  13 ]. Furthermore, if the 
detector is invasive, what about individuals in whom the fi rst presentation of symp-
tomatic coronary disease is AMI or SCD. In the Framingham study, 53 % of men 
and 36 % of women respectively, presented with either AMI or SCD [ 14 ]. While a 
non invasive detector of a vulnerable plaque would be preferable to an invasive 
detector, there is no consensus, at present, as to the appropriate technique/s and 
additional prospectively evaluation is required.  

    The Vulnerable or High Risk Patient 

 While there are established therapies to reduce subsequent events for patients with 
known cardiovascular disease manifestations or coronary disease equivalents, can 
one identify the vulnerable or high risk patient particularly in primary prevention? 
This is the most diffi cult challenge to prevent the initial acute event. Nearly half of 
all patients who die from cardiovascular disease will do so as a result of sudden 
cardiac death, and this is often the initial presenting symptom of coronary artery 
disease [ 15 ]. Table  3.2  lists common tools used to assess patient risk.

   In an effort to better characterize and treat these lower risk populations that might 
be at risk for AMI or SCD (most events not in the high risk population by 
Framingham), the new cholesterol guidelines have broadened their recommenda-
tions for statin therapy to include individuals 40–75 years of age with a 10 years risk 
of ≥7.5 % [ 16 ]. Other markers of atherosclerosis have been studied to enhance risk 
prediction. These include calcium scoring, carotid intima-medial thickness mea-
surements, hsCRP and several others. On-going studies such as the High Risk 
Plaque initiative and the Progression and Early detection of Subclinical 
Atherosclerosis (PESA) study are assessing the additive benefi t of some of these 
non invasive imaging markers above standard risk factors in predicting fi rst adverse 
cardiac events [ 17 ,  18 ]. 

 Serum markers of infl ammation have been predictive of plaque vulnerability in 
multiple studies. Paul Ridker and collegues have demonstrated that high sensitivity 
CRP is predictive of the development of cardiovascular events, and that the use of 
potent statins in patients with elevated hsCRP reduces the incidence of cardiac 
events [ 19 ,  20 ]. The JUPITER study randomized 17,802 low to medium risk patients 
with normal levels of LDL cholesterol and an elevated HsCRP to either 20 mg of 
rosuvastatin or placebo. The group receiving statin therapy had a 53 % relative risk 
reduction in the composite endpoint of myocardial infarction, stroke, or cardiovas-
cular death. However, the event rates at follow up were low. Several other potential 
markers of plaque vulnerability including lipoprotein phospholipase A2, osteogly-
can and NGAL/MMP9 have also demonstrated the ability to predict some coronary 
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events but have yet to be demonstrated to be effective reducing cardiovascular 
events in primary prevention trials [ 21 ,  22 ]. 

 The High-Risk Plaque Initiative as previously mentioned, is an ongoing research 
and development effort designed to evaluate the role of a variety of biomarkers and 
advanced imaging techniques in providing a more accurate assessment of cardio-
vascular risk [ 17 ]. This ambitious effort should shed some light regarding the role 
of genetic analysis, coronary calcium scoring, ankle-brachial index, carotid intimal 
thickness, iliofemoral ultrasound and other emerging technologies on estimating the 
risk of silent atherosclerotic cardiovascular disease. The 2013 ACC/AHA joint 
guidelines on the assessment of cardiovascular risk suggest that all patients be 
screened for traditional atherosclerotic cardiovascular disease risk factors every 4–6 
years in adults 20–79 years of age and to estimate a 10 years risk of an acute event 
[ 23 ]. The ACC/AHA has also endorsed a race and sex specifi c pooled cohort equa-
tion which was derived from the Atherosclerosis Risk in Communities (ARIC), 
Cardiovascular Health Study, Coronary Artery Risk Development in Young Adults 

   Table 3.2    Common tools for estimating patient risk of atherosclerotic cardiovascular disease   

  Traditional scoring systems    Imaging techniques  
 Pooled Cohort Risk Equation  Magnetic Resonance Imaging Coronary Angiography 

(MRA) 
 Framingham Risk Core  Positron Emesion Tomography/Computed Tomography 

(PET-CT, SPECT) 
 European Society Risk Score  Coronary calcium scoring 
 PROCAM Study Risk Score  Molecular Imaging 
 Reynolds Risk Score  Ankle brachial index (ABI) 

 Carotid intimal medial thickness 
 Iliac-femoral imaging 

  Non-traditional markers 
of CV risk  

  Biomarkers  

 Left ventricular Hypertrophy  High sensitivity C-reactive protein (hsCRP) 
 Triglycerides  Homosystine 
 Small dense Low density 
lipoprotein (LDL) 

 Fibrinogen 

 Apo-lipoprotein B  Lipoprotein associated phospholipas A 2  (LP-PLA 2 ) 
 Microalbuminuria  Myeloperoxidase 
 Abdominal obesity  Oxidized LDL 
 Physical inactivity  Fractalkine 
 Poor socioeconomic status (QRISK, 
ASSIGN) 

 CD36 

 Erectile dysfunction 
  Physiologic assessment of 
atherosclerosis  

  Genetic markers  

 Stress testing  Single nucleotide polymorphism (Microarray) 
 Endothelial dysfunction techniques 
 Arterial compliance 
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(CARDIA) Study, and the original Framingham study as well as its offspring 
cohorts. These studies are well validated to provide a reasonable assessment of both 
10 year and lifetime risk of ASCVD in non-hispanic whites and African Americans. 
In addition, the guidelines suggest that the same Pooled Cohort Equation may be 
used in populations other than non-hispanic African Americans and whites. Table  3.3  
lists the properties of this risk stratifi cation tool. When compared to the more tradi-
tional method of utilizing the Framingham data base to estimate risk, the Pooled 
Cohort Equations tend to encourage broader use of risk factor modifi cation, particu-
larly in terms of statin use, as mentioned previously. The guidelines go on to suggest 
that if, after undergoing risk assessment using the Pooled Cohort Equation, a thera-
peutic decision hasn’t been reached then it is reasonable to utilize either a hs CRP 
level, coronary artery calcium score, or ankle-brachial index for treatment making 
decisions. Citing the lack of outcomes data, the ACC/AHA joint guideline  committee 
currently recommends against the use of carotid intima medial thickness, apolipo-
protein B, albuminuria and cardiorespiratory fi tness as part of a risk assessment for 
atherosclerotic cardiovascular disease [ 23 ].

   As the initial manifestation of atherosclerotic cardiovascular disease is often an 
acute coronary syndrome or sudden cardiac death, it is important to focus on pri-
mary prevention in patients at increased risk. Our current treatment strategies for 
primary prevention has primarily included risk factor identifi cation and modifi ca-
tion targeting blood pressure, serum LDL cholesterol, lifestyle modifi cation and 
weight loss. Given that atherosclerosis is primarily a disease of chronic infl amma-
tion, therapies which reduce infl ammation have also been targeted as a mechanism 

  Table 3.3    Components of 
the ACC/AHA pooled cohort 
equation  

  Registries/databases incorporated    Validation study  
 Cardia  REGARDS 
 Framingham 
 ARIC 
 CHS 
  Risk factors/covariates included  
 Age 
 Sex 
 Total cholesterol 
 HDL-cholesterol 
 Systolic blood pressure 
 Use of antihypertensives 
 Diabetes mellitus 
 Smoking 
  Cardiovascular disease events utilized  
 Myocardial infarction 
 CHD death 
 Stroke 
 Stroke death 

  Online risk calculator available at   http://tools.cardiosource.org/
ASCVD-Risk-Estimator/      
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for reducing cardiovascular events. The Cardiovascular Infl ammation Reduction 
Trial (CIRT) is an ongoing, large scale, multicenter randomized, double blinded, 
placebo-controlled trial of low dose methotrexate for the primary prevention of 
major cardiovascular events in subjects with either diabetes mellitus or the meta-
bolic syndrome [ 24 ]. It will be evaluating the effects of chronic immunosuppression 
in this moderate to high risk population, which, if positive, should then prompt 
additional studies to look into lower risk populations. 

 The use of the polypill has been another strategy that has been proposed to reduce 
patient non-compliance and insure that those at risk receive appropriate therapies in 
a single pill. The polypill is a single tablet which typically combines low dose aspi-
rin with an antihypertensive and statin. With up to 50 % of patients demonstrating 
non-compliance with medical therapy, the polypill could improve adherence [ 25 ]. 
There have been numerous phase II clinical trials which have demonstrated the 
effi cacy of the polypill in reducing both blood pressure and cholesterol at the 
expense of mildly increased side effects [ 26 – 29 ]. The Indian Poly Pill (TIPS) study 
was a multicenter, double blinded, randomized control trial of 2053 subjects in 
India between the ages of 45 and 80 years with one cardiovascular risk factor [ 26 ]. 
This polypill contained low doses of a thiazide diuretic, beta blocker, ACE inhibitor, 
statin and aspirin. Patients were randomized to receive the polypill or a treatment 
group with various combinations of the above medications. The polypill was found 
to show a similar reduction in blood pressure when compared to groups receiving 
three blood pressure lowering drugs. When compared to statin therapy alone, the 
polypill group had less of a reduction of LDL cholesterol. There was no signifi cant 
difference in tolerance between the different groups. While the study demonstrated 
that the polypill could be safely tolerated, the study wasn’t designed to look at long 
term reduction in major adverse cardiovascular events. 

 The UMPIRE (Use of a Multidrug Pill In Reducing cardiovascular Events) trial 
was the fi rst study to demonstrate an improvement in medication adherence when 
compared to standard therapy. This European and Indian study was a randomized, 
open labeled, single blinded trial of 2000 subjects who received either a fi xed dose 
combination polypill or standard care [ 29 ]. At the conclusion of the study, 73 % of 
subjects were adherent to the medication protocol versus 23 % in the control group. 
Rates of adverse events and reductions in blood pressure and serum cholesterol 
were similar between the two arms. There are several ongoing studies looking to 
compare the effi cacy of fi xed dose combination polypills versus standard therapy on 
reducing cardiovascular events, and the adoption of this strategy will be dependent 
upon those outcomes. 

 One of the most effective strategies to decrease the rates of acute cardiac events 
may not require direct medical intervention. Cigarette smoking is the second most 
signifi cant population attributable risk factor for cardiovascular disease after hyper-
tension [ 1 ]. In 2005, smoking was responsible for an estimated 467,000 adult deaths, 
with approximately 1/3rd of these occurring from cardiovascular complications. 
Despite the well established and irrefutable link to acute coronary events as well as 
cancer, more than 20 % of males and 15 % of females continue to actively smoke 
cigarettes [ 1 ]. In contrast, nearly 45 % of STEMI patients in the NCDR database of 
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primary PCI were active or recent smokers [ 30 ]. The effect of cigarette smoke on 
mortality is not limited to active smokers. It is estimated that 11 % of smoking-
related deaths were the result of passive (second-hand) smoke exposure [ 31 ]. 
Smoking cessation has been proven to decrease all cause mortality within 2 years of 
quitting, with an effect which increases exponentially over time [ 31 ]. Public bans on 
smoking have been shown to signifi cantly decrease AMI incidence [ 32 ]. One rela-
tively simple, albeit politically unpopular, way to signifi cantly reduce cardiovascu-
lar mortality and myocardial infarctions within two years would be to simply make 
the cost of cigarettes so prohibitive that it encourages non use [ 33 ]. Given the enor-
mous fi nancial burden of added health care expenses caused by tobacco consump-
tion, such measures to encourage cessation should be strongly considered. 

 As mentioned previously, though the patient with multiple cardiovascular risk 
factors is at the highest risk of experiencing an acute cardiovascular event in pri-
mary prevention, the majority of patients who have an acute event are at moderate 
or low risk. From an epidemiologic perspective, our efforts might be better spent 
on primary prevention and control of standard risk factors for atherosclerotic dis-
ease before the patient becomes vulnerable or high risk. Donald Lloyd-Jones and 
colleagues looked at patients in the Framingham Heart Study who, at the age of 50, 
were free of all cardiovascular disease (including coronary artery disease, stroke, 
and peripheral arterial disease). Subjects who, at the age of 50, had zero 
Framingham cardiovascular risk factors (non smoker, no diabetes, total cholesterol 
<180 and blood pressure <120/80) had markedly reduced lifetime rates of major 
adverse cardiovascular events compared to similar groups with two or more risk 
factors (5.2 % versus 68.9 % in men, 8.2 % versus 50.2 % in women) and signifi -
cantly longer median survivals (39 versus 28 years in men, 39 versus 31 years in 
women [ 34 ]).  

    Conclusions 

     1.    While the vulnerable plaque is a concept supported by several lines of evidence, 
it is too premature to suggest that intervention on these lesion/lesions, if they 
could be identifi ed, can prevent hard cardiovascular events such as AMI or SCD 
in the future. It is possible that this strategy might be applicable to a subset in 
secondary prevention if ongoing natural history and therapeutic trials turn out 
positive. However, to be an effective large scale strategy, we believe the detector 
of a true vulnerable plaque should be non invasive. Such a detector is not pres-
ently available.   

   2.    Thus, the vulnerable or high risk patient is the appropriate target. The usual ther-
apies are capable of reducing events in secondary prevention although these 
therapies are not completely effective. However, detection of the higher risk 
patient in primary prevention is challenging. Standard risk assessment will not 
identify most patients, so other strategies are needed. The ideal tool/tools remain 
to be determined.   
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   3.    Identifi cation of at risk patients with newer or established markers might allow 
for a more comprehensive management strategy that could be applied early and 
thus reduce events over one’s entire life time. However, identifi cation does not 
necessarily ensure that an event can be prevented. Better medications/strategies 
are required. An easy solution to reduce acute events would be to eliminate ciga-
rette exposure although logistically this would be challenging.         
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    Chapter 4   
 Diabetes and Coronary Artery Disease       

       Sanjum     S.     Sethi       and     Michael     E.     Farkouh    

    Abstract     Diabetes is a major risk factor for developing aggressive coronary artery 
disease. Since lifestyle modifi cation and glycemic control efforts have not proven to 
reduce long term mortality, management still hinges on medical therapy and inva-
sive revascularization. Guideline recommended medical therapy targeting second-
ary prevention efforts is warranted in all patients with diabetes and coronary artery 
disease. Higher risk populations benefi t from revascularization, with coronary 
artery bypass grafting providing durable reductions in myocardial infarction and 
mortality relative to contemporary percutaneous coronary revascularization. 
However, coronary artery bypass grafting is not the appropriate approach in all 
patients, given elevated risk of short term stroke and equivalent long term symptom 
relief. Thus, controversy exists as to the appropriate management strategy in differ-
ent sub groups. We advocate for an interdisciplinary heart team approach to provide 
a balanced perspective on the various options and a thoughtful discussion of the 
risks and benefi ts for each patient.  

  Keywords     Diabetes   •   CAD   •   Coronary artery disease   •   Revascularization   • 
  Percutaneous coronary intervention   •   PCI   •   Coronary artery bypass grafting   •   CABG  

        Introduction 

 Over 25 million people (8.3 % of the population) in the United States are affected 
with diabetes [ 1 ]. Compared with their non diabetic peers of similar age, sex, and 
ethnicity, diabetic individuals have a well-established twofold to fourfold relative 
risk increase for the development of coronary artery disease (CAD) [ 2 ,  3 ]. This 
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increased risk in the development of CAD translates into an elevated risk of mortal-
ity of about two–four times compared to those without diabetes [ 1 ]. Part of this 
elevated mortality is derived from the fact that diabetic patients with CAD develop 
acute coronary syndromes (ACS) with a 7 year incidence of 20 % [ 4 ]. Furthermore, 
diabetic patients are at increased risk for more extensive CAD [ 5 ,  6 ], heart failure, 
renal failure, and cardiogenic shock [ 7 ]. 

 Given the elevated risk of CAD conferred by diabetes, early research postulated 
that optimal treatment of the underlying hyperglycemia would reduce CAD and the 
downstream incidence of ACS or heart failure [ 8 ,  9 ]. However recent data from the 
ACCORD (The Action to Control Cardiovascular Risk in Diabetes) study indicated 
that strict glycemic control did not signifi cantly infl uence the composite macrovas-
cular outcome of nonfatal myocardial infarction, nonfatal stroke, or death [ 10 ]. 
Interestingly, there were fewer nonfatal MI (hazard ratio 0.79, 95 % confi dence 
interval [CI] 0.66–0.95), but death from any cause was increased (hazard ratio 1.21, 
95 % CI 1.02–1.44). These data confi rm that the benefi t for glycemic control rests 
solely on microvascular outcomes such as nephropathy. 

 As a result, the basic treatment of CAD in diabetic patients does not differ from 
nondiabetic persons and hinges on optimal management of the atherosclerosis pro-
cess to prevent long-term death, stroke and myocardial infarction. Given the pro-
pensity for developing ACS and the aggressive nature of CAD in the diabetic 
population, careful management is prudent to prevent long-term complications. 
However controversy exists as to the appropriate management strategy in different 
subsets with diabetes. The foundation of managing of coronary artery disease can 
be divided into three basic strategies: lifestyle modifi cation, aggressive medical 
therapy, and coronary revascularization.  

    Lifestyle Modifi cation 

 Lifestyle modifi cation is a mainstay of any treatment program beginning before the 
diagnosis of diabetes is even made. One randomized trial of 3234 high-risk nondia-
betic individuals found that a lifestyle intervention of 7 % weight loss and 150 min 
of physical activity per week decreased the incidence of diabetes by 58 % [ 11 ]. 
Similarly in the CAD population, many studies have confi rmed long term mortality 
benefi ts for participation in cardiac rehabilitation programs that focus on increasing 
physical activity and promoting optimal dietary habits [ 12 ,  13 ]. Therefore, diabetic 
CAD patients have multiple reasons to develop healthy lifestyle habits. However, an 
analysis from the 2008 National Health and Nutrition Examination Survey found 
that less than 1 % of US adults exhibited ideal cardiovascular health for seven pre-
defi ned metrics (diet, physical activity, body mass index, smoking, blood pressure, 
total cholesterol, and fasting blood glucose) [ 14 ]. 

 Aside from the diffi culty in achieving optimal control of health behaviors, recent 
trial data do not support reduction in hard cardiovascular outcomes with successful 
lifestyle interventions. The multicenter Look AHEAD (Action for Health in 
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Diabetes) trial randomly assigned 5145 diabetes patients between the ages of 45 and 
75 with a body mass index of 25 or greater to lifestyle modifi cation with decreased 
caloric intake and increased physical activity designed to promote weight loss ver-
sus control (diabetes support and education) [ 15 ]. At a median follow up of 9.6 years, 
the investigators found no difference between groups in the composite outcomes of 
cardiac death, nonfatal MI, nonfatal stroke, or hospitalization for angina (403 inter-
vention vs. 418 control; hazard ratio in the intervention group, 0.95; 95 % CI, 0.83–
1.09; p = 0.51). This was despite greater weight loss in the intervention group 
compared to control (8.6 % vs. 0.7 % at 1 year; 6.0 % vs. 3.5 % at study end). With 
diffi culties in adherence and unclear long-term effi cacy, lifestyle modifi cation 
remains only an adjunct strategy in diabetic patients with CAD. Further manage-
ment relies on medical therapy and/or invasive revascularization.  

    Medical Therapy 

 Primary and secondary prevention efforts for CAD have evolved quite considerably 
over the last 25–30 years. The fi rst therapy proven to reduce long-term mortality 
post acute coronary syndrome (ACS) was aspirin. In the early 1980s, a randomized 
controlled trial of 1266 patients diagnosed with unstable angina or non ST elevation 
myocardial infarction (NSTEMI) were enrolled to aspirin versus placebo on hospi-
tal discharge. They found a 51 % mortality reduction in the aspirin group compared 
to placebo [ 16 ]. Since this landmark study, multiple medications have been approved 
for the secondary prevention of coronary artery disease. Aside from aspirin, angio-
tensin converting enzyme inhibitors, beta blockers, and statins have all subsequently 
become guideline-recommended approved therapies for secondary prevention in 
diabetic patients with coronary artery disease [ 17 ]. 

 As diabetic patients tend to have a more aggressive form of CAD, they particu-
larly benefi t from adherence to established medical therapies aimed at the second-
ary prevention of CAD [ 18 ,  19 ]. However, adherence that translates into obtaining 
objective measurements of risk factor control is diffi cult even under the most rigor-
ous of circumstances. An analysis of three large randomized controlled trials that 
promoted strict risk factor control pooling data from over 5000 diabetic patients 
found that reaching optimal target levels of 4 important risk factors: glycemic con-
trol, systolic blood pressure, low density lipoprotein cholesterol, and smoking ces-
sation ranged from only 8–23 % across the studies [ 20 ] (Fig.  4.1 ).

       Medical Therapy vs. Revascularization 

 It has been well established that revascularization improves mortality and reduced 
the incidence of subsequent myocardial infarction in all subsets of patients present-
ing with acute coronary syndromes [ 21 ]. Furthermore, early data from the Coronary 
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Artery Surgery Study (CASS) study revealed that stable CAD that includes left 
main and proximal left anterior descending stenosis also benefi ted from revascular-
ization [ 22 – 24 ]. The issue that was less clear was whether signifi cant stenoses 
(≥70 %) in patients with stable CAD benefi ted from revascularization compared to 
medical management. 

 The pivotal trial examining the comparative effectiveness of medical therapy 
versus percutaneous coronary intervention (PCI) for the management of stable cor-
onary artery disease is the Clinical Outcomes Utilizing Revascularization and 
Aggressive Drug Evaluation (COURAGE) trial released in 2007 [ 25 ]. In this trial 
2287 patients with stable CAD were randomized to a strategy of optimal medical 
therapy versus optimal medical therapy plus PCI. They included patients with stable 
ischemic heart disease and stenosis in one or more epicardial vessel of ≥ 70 %. After 
excluding high-risk patients, including those with persistent angina, depressed ejec-
tion fraction, and markedly positive stress tests; almost one half of patients were 
asymptomatic or Canadian Cardiovascular Society (CCS) I. Over a median follow 
up of 4.6 years, the primary outcome, a composite of nonfatal myocardial infarction 
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(MI) and all-cause mortality, occurred in 211 (19 %) patients in the PCI arm versus 
202 (18.5 %) patients in the optimal medical therapy group (P = 0.62). Although 
there was a statistically signifi cant improvement in rates of freedom from angina in 
the PCI group relative to the medical therapy group, this trial demonstrated no ben-
efi t for stenting with regards to MI or death. 

 Approximately 34 % percentage of patients in COURAGE had diabetes. 
Subgroup analyses did not demonstrate any appreciable difference in this subset 
[ 26 ]. Expanding on these results by focusing solely on diabetic patients, the multina-
tional Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) 
study investigated the questions of medical management versus revascularization for 
diabetic patient with stable CAD [ 27 ]. The investigators randomized a total of 2368 
patients from almost 50 sites to elective revascularization (PCI or coronary artery 
bypass grafting (CABG) at the discretion of the treating physician) plus aggressive 
medical therapy versus medical therapy alone. Mortality was similar between the 
two groups (11.7 % vs. 12.2 % p = 0.97) as well the composite outcome of death, 
stroke, or myocardial infarction (MACE) (22.8 % vs. 24.1 % p = 0.70). Interestingly, 
those who underwent CABG had a lower major cardiovascular event (MACE) rate 
compared to the medical therapy group (22.4 % vs. 30.5 % p = 0.01). Since this 
group was naturally higher risk with more extensive underlying disease compared to 
those selected for the PCI group, there appeared to be a signal indicating benefi cial 
effects of surgical revascularization in high-risk diabetic patients. Of note, less than 
half the patients received contemporary drug eluting stents (DES) and there was 
signifi cant crossover of the patients in the medical therapy arm to revascularization.  

    PCI vs. CABG 

 Whereas medical therapy has not proven inferior in low risk patients, those with 
aggressive multivessel CAD benefi t from revascularization. The fi rst large trial to 
look at this question in diabetic patients was the Bypass Angioplasty Revascularization 
Investigation (BARI) trial which looked at 1928 patients with multivessel CAD ran-
domizing them to PCI with percutaneous coronary angioplasty (PTCA) or CABG 
[ 28 ]. Between group 5-year survival rates were similar (86.3 % PTCA vs. 89.3 % 
CABG, p = 0.019), despite signifi cantly higher rates of revascularization in the 
PTCA arm (54 % vs. 8 %). In a subgroup analysis looking only at diabetic patients, 
CABG offered a substantial mortality benefi t with survival rates of 80.6 % versus 
65.5 % in the PTCA group (p = 0.03). This dramatic reduction in mortality led to a 
National Heart Lung and Blood institute alert recommending CABG for as the pre-
ferred method for revascularization in diabetic patient with multivessel disease [ 29 ]. 

 Since this was a post-hoc subgroup analysis, confi rmation was needed in a larger 
prospectively enrolled randomized control trial of only diabetic patients to conclu-
sively answer this question. The fi rst attempt was the Coronary Artery 
Revascularization in Diabetes (CARDia) trial, which was underpowered and termi-
nated early only enrolling 510 patients [ 30 ]. Although they did not fi nd a difference 
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between CABG and PCI for major cardiovascular endpoints, consensus remains 
that the trial was not adequately powered to answer the initial hypothesis. 

 With this context, the Future REvascularization Evaluation in patients with 
Diabetes mellitus: Optimal management of Multivessel disease (FREEDOM) trial 
sought to compare PCI vs. CABG in the contemporary era of medical therapy [ 31 ]. 
A total of 1900 patients were enrolled at over 130 international sites that random-
ized patients to PCI with DES versus CABG for diabetic patients with multivessel 
CAD. Similar to COURAGE and BARI 2D, aggressive risk factor modifi cation and 
medical therapy was used in both groups. While COURAGE and BARI 2D used 
nurse practitioners or study coordinators to coach their participants, the protocol 
used in FREEDOM relied on site supervision. This less intensive approach was 
favored by the NHLBI to mimic real world conditions. 

 Despite the difference in medical therapy protocols amongst the trials, in 
FREEDOM, 93 % were receiving antiplatelet therapy; 88 %, antianginal agents; 
86 %, lipid-lowering agents; and 78 %, a renin-angiotensin system inhibiting agents. 
These rates were similar compared to COURAGE and BARI 2D [ 20 ]. Along with 
appropriate and high utilization of guideline directed medical therapies, both PCI 
and CABG were performed using established and contemporary approaches. In the 
PCI arm, DES was used in 94 % of patients. These were fi rst generation DES (siro-
limus and paclitaxel eluting). Acknowledging the advances in DES stent design and 
drug delivery versus bare metal stents, a meta analysis of data from over 100,000 
patients does not suggest any large-scale effi cacy differences that would impact the 
results of the trial [ 32 ]. In the CABG arm, the left internal mammary artery (LIMA) 
graft was also used in 94 % of patients. 

 The primary outcome consisted of a composite of all-cause mortality, nonfatal 
MI, and nonfatal stroke. Follow up was 5 years with a median follow up of 3.8 years. 
The primary outcome occurred more often in the PCI group vs. CABG group 
(26.6 % vs. 18.7 %, p = 0.005) (Fig.  4.2 ). The statistically signifi cant composite out-
come was primarily driven by higher rates of MI (13.9 % vs. 6.0 %; P < 0.001) and 
all-cause mortality (16.3 % vs. 10.9 %; P = 0.049) in the PCI group vs. the CABG 
group. On the other hand, stroke occurred more often in the CABG patients (5.2 % 
vs. 2.4 %; p =0.03) [ 31 ]. These events were mostly periprocedural occurring within 
the fi rst 30 days of randomization. Interestingly, a prespecifi ed sub group analysis 
dividing the participants into tertiles by The SYNergy between percutaneous coro-
nary intervention with TAXus and cardiac surgery (SYNTAX) score did not fi nd 
any between group differences. This fi nding indicated that unlike nondiabetic 
patients, diabetic patients preferentially benefi ted from CABG regardless of ana-
tomic complexity of disease.

   The mortality benefi t described in the FREEDOM study was confi rmed by a 
recent meta-analysis of 8 trials that included 3612 diabetic participants. At 5-year 
follow up, diabetic individuals with multivessel CAD who underwent CABG had 
lower all-cause mortality as compared to those undergoing PCI (RR 0.67, 95 % CI 
0.52–0.86; p = 0.0002) [ 33 ]. This analysis evaluated over 7000 patients across the 8 
trials including 4 trials using bare metal stents and 4 trials utilizing DES. There was 
no difference in outcome based on stent type indicating that same mortality benefi t 
with CABG was present regardless of advances in stent technology. 
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  Fig. 4.2    Kaplan–Meier Estimates of the Composite Primary Outcome and Death. Shown are rates 
of the composite primary outcome of death, myocardial infarction, or stroke (Panel  a ) and death 
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 Although we know that strict glycemic control does not improve long-term mortal-
ity rates, accruing data suggest that the degree of insulin resistance may have an 
impact on cardiovascular outcome post revascularization. In the FREEDOM trial, all 
pre specifi ed subgroups appeared to have outcomes congruent with the main trial 
(Fig.  4.3 ). One of these subgroups was stratifi ed based on a glycated hemoglobin A1c 
of greater than or less than 7 %. There was no difference in the primary outcome based 
on this stratifi cation with both groups favoring CABG (<7 % 23 % PCI vs. 16 % 
CABG, ≥7 % 28 % PCI vs. 20 % CABG; p value for interaction = 0.99). However, a 
subsequent analysis stratifi ed the groups based on insulin usage [ 34 ]. Insulin treated 
patients (n = 602) had a signifi cantly higher rate of stroke/death/MI as opposed to non 
insulin treated patients (28.7 % vs. 19.5 %, p < 0.001) despite adjustment for potential 
confounders including baseline factors, angiographic complexity, and treatment 
group. There was no difference in the degree of PCI versus CABG treatment effect. 
CABG was superior to PCI in both diabetes subtypes (p value interaction = 0.40). 
These data were similar to a subgroup analysis from the SYNTAX trial [ 35 ]. Out of 
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the 1800 patients enrolled in the SYNTAX trial, 452 had diabetes. While there was no 
difference in all cause mortality/stroke/MI between PCI and CABG based on diabe-
tes, the investigators found worsened rates of the composite outcome in the diabetes 
patients undergoing PCI who were treated with insulin versus those who were not 
(32.1 % vs. 18.8 %; p = 0.018). The sum of these data suggest that the degree of insulin 
resistance may have an impact on long-term revascularization outcomes.

   Data to date do not suggest the utilization of CABG as the revascularization strat-
egy for every patient with diabetes. As noted, the vast majority of patients in 
FREEDOM had triple-vessel disease (over 80 %) and over 90 % received a left 
internal mammary artery graft. Applying these data to populations that do not fi t the 
underlying criteria would not be appropriate. Furthermore, the benefi t for CABG 
relative to PCI with regards to nonfatal MI and death must be weighed against the 
increased risk of stroke. At 5 years, there were 37 strokes in the CABG group (5.2 %) 
versus 20 in the PCI group (2.4 %) [ 31 ]. This difference was statistically signifi cant 
with a p = 0.03. This difference is largely driven by outcomes during the during the 
periprocedural period (fi rst 30 days) with 16 strokes in the CABG group and three 
in the PCI group. Careful evaluation for stroke risk in potential revascularization 
patients would be prudent given this short-term risk of cerebrovascular event. 

 Aside from objective clinical outcomes, consideration must also be given to qual-
ity of life factors. Quality of life measures were integrated into the FREEDOM trial 
with participants answering the Seattle Angina Questionnaire (SAQ) at regular inter-
vals throughout the trial. Domains included angina frequency, physical limitations, 
and quality-of-life subscales. While long-term scores did not differ between the 
groups, there was signifi cantly less angina in the CABG group during the fi rst 2 years 
(p = 0.03) [ 36 ]. The lack of durable benefi t in the CABG group may have been con-
founded by higher rates of repeat revascularization in the PCI group. Regardless, 
despite the increased risk of MI, patients in the PCI group had equal quality of life. 
Given multiple options and complex decision making, a heart team approach incor-
porating risk of MI, mortality, or stroke along with quality of life factors is warranted 
for all stable diabetic CAD patients. With such an approach, it can be ensured that the 
patients are provided with balanced explanations of the various therapy options 
including lifestyle modifi cation, medical therapy, and invasive revascularization [ 37 ].  

    Conclusion 

     1.    The treatment of CAD in diabetic patients hinges on the fundamental approaches 
of lifestyle modifi cation, medical therapy, and invasive revascularization includ-
ing PCI and CABG. Data clearly support a combination of these approaches 
depending on the risk profi le of the patient. Aggressive medical therapy is rec-
ommended for all patients given proven benefi ts regardless of long-term man-
agement strategy chosen. Adherence to therapy must be pursued earnestly by 
both patients and clinicians, as achieving optimal risk factor targets can be chal-
lenging even under the most rigorous of circumstances.   
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   2.    For the higher risk diabetic patients with multivessel disease that require invasive 
revascularization, CABG provides durable long-term reduction in MI and mor-
tality relative to PCI.   

   3.    However, we do not advocate subjecting all diabetic patients to CABG. Careful 
patient selection is warranted using a heart team approach in which the long term 
benefi t of mortality and MI reduction is weighed against the short-term stroke 
risk and equivalent long-term quality of life. Using this method, evidence based 
trial data can be successfully applied to individual patients to improve long-term 
cardiovascular outcomes.   

   4.    At the same time, there is no justifi cation for further PCI versus CABG trials. We 
need to spend resources to optimize outcomes for CABG by limiting periopera-
tive stroke and for PCI by limiting nontarget lesion progression.         
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    Chapter 5   
 Elevated Triglycerides, Atherosclerosis 
and Adverse Clinical Events       

       Steven     R.     Jones       and     Shady     Nakhla     

    Abstract     Mendelian randomization studies have confi rmed the causal relationship 
of triglycerides and triglyceride-rich remnant lipoprotein cholesterol with ischemic 
heart disease. The mechanism of atherogenicity is complex involving elevated lev-
els of chylomicron and very low density lipoprotein remnants, generation of small 
dense low density lipoprotein particles frequently in the setting of obesity, insulin 
resistance or genetic disorders of lipoprotein metabolism. Management remains 
controversial but centers on reduction of overall atherogenic lipoprotein particle 
burden and use of triglyceride-rich lipoprotein lowering therapies such as fi brates 
and niacin in selected patients with elevated triglycerides, especially when accom-
panied by reduced levels of high density lipoprotein cholesterol.  

  Keywords     Triglycerides   •   Lipoproteins   •   Very low density lipoprotein (VLDL)   • 
  Low density lipoprotein (LDL)   •   Chylomicrons   •   Hepatic lipase   •   Lipoprotein lipase 
(LPL)   •   Atherosclerosis  

        Introduction 

 Decades of research have revealed an association between elevated triglyceride (TG) 
levels, TG rich lipoproteins and cardiovascular disease (CVD) [ 1 ]. Through various 
population based studies and clinical trials, these associations have been somewhat 
weakened after adjustment for other markers of dyslipidemia. While it is generally 
accepted that elevated TG levels are found in patients with established CVD, it remains 
unclear whether they play a causal role in atherosclerosis or present as a biomarker of 
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disease. Given this dilemma, the role of TGs in risk prediction models as well as the 
management of hypertriglyceridemia remains blurred and controversial. 

 This chapter aims to review the lack of uniformity in epidemiologic evidence 
linking hypertriglyceridemia to atherosclerosis. Furthermore, a review of TG and 
TG rich lipoprotein metabolism is described to potentially shed light on why such 
discordance in the literature exists.  

    TG Biology and Role in Atherosclerosis 

 TGs are mainly derived from dietary and hepatic sources. In the exogenous, dietary 
form, TGs are broken down and absorbed in the intestines, forming Apolipoprotein 
B48 (ApoB48) tagged chylomicrons that are released into the lymphatics and ulti-
mately into the venous system. In the endogenous pathway, Very Low Density 
Lipoprotein (VLDL) is assembled in hepatocytes, associated with ApoB100 and 
then released into the circulation [ 2 ]. 

 Hypertriglyceridemia occurs secondary to the combination of genetic predispo-
sitions as well as other metabolic (e.g., insulin resistance) or environmental effects 
(high fat, carbohydrate and alcohol diet). This ultimately increases the TG content 
of the main Triglyceride Rich Lipoproteins (TRLs): VLDL and chylomicrons [ 3 ]. 

    Remnant Atherogenicity 

 At the level of the vascular endothelium, VLDL cholesterol and chylomicrons 
undergo partial hydrolysis by Lipoprotein Lipase (LPL). This results in the release 
of triglyceride rich Remnant Lipoprotein Particles (denser subfractions of VLDL 
and chylomicrons, as well as IDL; collectively, RLP) and Free Fatty Acids (FFA) 
[ 2 ]. It is indeed the former that is potentially the cause of atherosclerosis and CVD 
in hypertriglyceridemic states [ 3 ]. 

 Several mechanisms of atherogenicity due to RLPs have been proposed. Notably, 
studies have shown that cholesterol rich remnants are taken up by the vascular sub-
endothelium in a manner similar to Low Density Lipoprotein (LDL) resulting in 
leukocyte adhesion molecule expression. This in turn leads to endothelial uptake of 
monocytes, conversion to macrophages and the initiation of a local infl ammatory 
cytokine mediated response, resulting in apoptosis, oxidation, foam cell formation 
as well as smooth muscle cell proliferation and eventual plaque formation [ 4 ].  

    TGs and Small, Dense LDL in Atherosclerosis 

 In humans with normal TG levels, about 50 % of VLDL molecules undergo hepatic 
uptake from plasma, and the remaining molecules are hydrolyzed by LPL to form 
RLP, as described above. The VLDL derived RLPs undergo further hydrolysis by 
Hepatic Lipase (HL) to form mainly LDL. 

S.R. Jones and S. Nakhla



57

 In the setting of hypertriglyceridemia (particularly associated with Insulin 
Resistance – IR), marked by the prominence of VLDL and VLDL derived RLPs, 
Cholesteryl Ester Transfer Protein (CETP) catalyzes the transfer of Cholesteryl Esters 
(CE) from LDL to remnant protein and VLDL in exchange for TGs from the highly 
enriched remnants (Fig.  5.1 ). This process results in cholesterol deplete, small, dense 
LDL particles [ 5 ]. The signifi cance of this process is highlighted through decades of 
population-based studies that showed an association between small, dense LDL and 
CVD beyond measured LDL cholesterol, particularly in patients with Familial Combined 
Hypertriglyceridemia (discussed below, Type IIb phenotype). It is thought that the 
smaller and denser LDL particles are more susceptible to oxidation and can easily pen-
etrate the arterial intima compared to normal LDL [ 6 ]. Hence, one can infer that patients 
with equal LDL cholesterol may not necessarily have comparable LDL Particle concen-
trations (LDL-P) and consequently, non-comparable risk for CVD (Fig.  5.2 ).

         Epidemiologic Background 

 Data from the National Health and Nutrition Examination Survey (NHANES) 
shows that 31 % of the US population has a TG level of >150 mg/dL, commonly 
considered “borderline high”. Further, about 16 % of the US population has a TG 

  Fig. 5.1    Triglycerides are incorporated into lipoproteins via the exogenous and endogenous path-
ways to form chylomicrons and VLDL, the TRLs. Activity by LPL and HL results in partial hydro-
lysis and the formation of RLPs. VLDL remnants, including IDL, undergo further hydrolysis to 
form LDL-C. CEPT activity results in the formation of cholesterol deplete, small, dense LDL       
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level of >200 mg/dL, designated as “high”. While there has only been a mild 
increase in median TG levels across genders and ethnicities in the past two decades, 
these increases were primarily encountered in younger age groups compared to 
prior [ 2 ]. In fact, some argue that this increased prevalence of hypertriglyceridemia 
is a refl ection of the Type 2 Diabetes and Metabolic Syndrome epidemic. Despite 
such a large-scale problem, years of research have only fueled the controversy in 
implicating elevated TG’s as causal in atherosclerotic CVD. 

    Familial Dyslipidemias 

 A reason for the initial dismissal of TGs as a potential marker for CVD was the fi nd-
ing that some subgroups of patients with familial genetic dyslipidemias (mainly 
Fredrickson-Levy classifi cation type I and V), and severely elevated TGs (>1000 mg/
dL), did not seem especially prone to developing atherosclerosis but rather were at 
high risk for chylomycronemia and pancreatitis [ 7 ]. Further research has shown that 
the genetic dyslipidemias with TGs in the 200–800 mg/dL range accompanied by 
the presence of TG rich lipoproteins (Fredrickson-Levy classifi cation type IIb, III 
and IV) were inversely associated with premature atherosclerosis and CVD [ 8 ]. 
This paradox was accounted for by the thought that when TGs are >1000 mg/dL, 
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remnants are too large to incorporate into the arterial intima and participate in the 
development of atherosclerosis.  

    Recent Epidemiologic Studies 

 In 2008, the INTERHEART study investigated apolipoproteins and conventional 
lipids as indices of risk for a fi rst acute myocardial infarction (MI) [ 9 ]. This was an 
international, multi ethnic case control study with 12,461 cases and 14,637 age and 
sex matched controls in 52 countries. The investigators found that a high ApoB: 
ApoAI ratio had the highest population attributable risk for acute MI at 54 % which 
was statistically signifi cant compared to conventional lipid ratios (p < 0.0001). 
Given the distribution of ApoB across all non-HDL lipoproteins, these results high-
light the notion that lipid atherogenicity goes beyond LDL cholesterol, to include 
the variety of TRL’s and their downstream remnants: VLDL, IDL and chylomicron 
remnants. 

 The Emerging Risk Factors Collaboration released a 2009 meta-analysis (with 
data from 68 long term prospective studies analyzing 302,430 individuals) showing 
that raised TG levels regardless of fasting status were associated with an increased 
risk of Coronary Heart Disease (CHD) after adjustment for non-lipid risk factors 
[ 10 ]. However, this association was completely attenuated after adjustment for High 
Density Lipoprotein Cholesterol (HDL-C) and non-HDL-C (HR 0.99, 95 % CI, 
0.94–1.05), suggesting that there was no added benefi t of using TGs for CHD risk 
prediction beyond standard lipoprotein measurements. However, the latest guide-
lines recommend that risk prediction focuses on the combined endpoint of CHD and 
stroke, not just CHD. In addition, the usefulness by sex and in different ethnicities 
should also be considered. 

 Drawing on the previously mentioned role of small, dense LDL, a population 
based cohort study using the Multi-Ethnic Study of Atherosclerosis (MESA) data-
base examined the discordance between LDL-C and LDL Particle concentration 
(LDL-P) [ 11 ]. This study examined 6814 subjects free of clinical CVD at baseline 
and followed up participants for 5.5 years during which time 319 incident CVD 
events occurred. The study showed that for patients with discordant LDL-C and 
LDL-P levels, only LDL-P was associated with incident CVD. Further, in patients 
with LDL-P greater than LDL-C, there was an increased incidence of hypertriglyc-
eridemia and insulin resistance, with 54 % of those patients meeting criteria for 
metabolic syndrome. Finally, this study also showed that carotid intima-media 
thickness, a marker for subclinical atherosclerosis had a stronger correlation with 
LDL-P levels than LDL-C. 

 A subsequent Mendelian randomization study investigated the notion that if TG 
levels remained genetically low lifelong, there would be an expected decrease in 
all-cause mortality [ 12 ]. The study showed that genetically reduced nonfasting 
plasma TG levels due to allelic variants in LPL gene loci, resulted in lower levels of 
plasma TGs, inversely proportional to the number of alleles present (more alleles 
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corresponded to lower TG levels and survival benefi t). Further, the study did indeed 
fi nd that genetically low concentrations of nonfasting TGs are associated with 
reduced all-cause mortality. The authors felt that TGs per se were not necessarily 
causal, but rather, RLPs were the more likely causal factor, based on other similar 
studies by the same group [ 13 ,  14 ]. 

 The aforementioned select studies, with clear discordance in establishing a rela-
tionship between CVD and hypertriglyceridemia, highlight the extent of the contro-
versy in the fi eld. Despite this discordance, several conclusions can potentially be 
extrapolated: (i) there is some evidence for an association between hypertriglyceri-
demia and atherosclerosis in epidemiologic studies, (ii) Mendelian randomization 
studies do indeed provide relatively concrete evidence to establish causality, and 
(iii) elevated TG clearly alters the atherogenicity of lipoproteins, particularly rem-
nant particles and small, dense LDL.   

    Controversy in Clinical Trial Data 

 While focus over the past decade in the clinical trial realm has been on LDL lowering 
medications, several clinical trials have looked at TG lowering agents. In addition to 
the prospective cohort and case control studies discussed previously, the following rep-
resentative primary and secondary prevention studies further illustrate mixed results. 

    Primary Prevention Trials 

 One of the earlier trials to examine TG lowering and CVD was the Helsinki Heart 
Study (HHS). This was a primary prevention trial examining 4081 dyslipidemic men 
without CVD who were randomized to gemfi brozil vs placebo [ 15 ]. While there was 
a 34 % reduction in CVD incidence in the gemfi brozil group, there was no difference 
in all cause mortality between the two groups. Further, despite reduction in TG levels 
in HHS patients, this was not associated with the observed reduction in CVD events. 

 Another study examining fi brate therapy was the Fenofi brate Intervention and 
Event Lowering in Diabetes trial (FIELD). Patients with Type 2 Diabetes, regardless 
of their lipid profi le, were randomized to fenofi brate vs placebo [ 16 ]. While there 
were signifi cant reductions in non-fatal MI, microvascular disease, total CVD events, 
coronary and non-coronary revascularization in the fi brate group, unfortunately – 
likely secondary to higher crossover to statins in the placebo treated patients - FIELD 
failed to show a difference in all-cause mortality. In fact, there was a trend toward 
increased mortality, pulmonary embolus and pancreatitis in the treated patients. 
Notably, post-hoc analysis of FIELD did show that fenofi brate was most benefi cial 
in patients with metabolic syndrome and marked dyslipidemia (high TG, low HDL). 

 The most recent fi brate based trial was the Action to Control Cardiovascular Risk 
in Diabetes (ACCORD). This study was designed to investigate whether fi brate 
therapy provided mortality benefi t in addition to statin therapy in patients with type 
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2 diabetes [ 17 ]. In this study, 10,251 patients were randomized to fenofi brate plus 
simvastatin vs placebo plus simvastatin. While there was signifi cant, albeit modest, 
lowering in TG levels (186–170 mg/dL), there was no primary outcome reduction 
in the study group (fatal CVD, non fatal MI or non fatal stroke). However, further 
subgroup analysis showed that in patients with marked dyslipidemia (TG > 204 mg/
dL and HDL < 34 mg/dL), there was a trend towards benefi t. 

 Another trial investigating combination therapy was the Japan Eicosapentaenoic 
Acid Lipid Intervention Study (JELIS). Here, patients were randomized to pravas-
tatin or simvastatin in addition to the fi sh oil eicosapentaenoic acid vs. a statin alone 
[ 18 ]. In follow-up, patients in the study group had about a 20 % reduction in pri-
mary and recurrent CVD events but no difference was seen in sudden cardiac death 
or overall mortality. Notably, here as well, the improved effects were likely not 
related to TG lowering over and above statins.  

    Secondary Prevention 

 A landmark secondary prevention trial was the Veterans Affairs High-Density 
Lipoprotein Intervention Trial (VA-HIT). In this study, men with known CVD and 
HDL-C <40 mg/dL, LDL-C <140 mg/dL and TG <300 mg/dL were randomized to 
gemfi brozil vs placebo [ 19 ]. With mean follow up of about 5 years, patients who 
were treated with fi brate therapy had a signifi cant 22 % reduction in the primary 
endpoint of nonfatal MI or death due to CVD. While there was a 31 % reduction in 
mean TG levels in the treated group, this was not associated with the reduction in 
primary endpoints. Initial statistical analysis pointed towards increased HDL levels 
as what may have accounted for the positive result given that LDL-C levels in both 
treatment groups were equivalent and not changed with gemfi brozil. However, fur-
ther analysis with Nuclear Magnetic Resonance spectroscopy did show that treatment 
with gemfi brozil increased LDL size and decreased LDL-P, likely explaining the 
observed reduction in endpoints with therapy concomitant with TG lowering [ 20 ]. As 
with the primary prevention trials noted above, there was a further signifi cant reduc-
tion in overall death and CVD-related death in patients with diabetes at baseline. 

 Another secondary prevention trial of fi brate therapy was Bezafi brate Infarction 
Prevention (BIP). Here 3090 patients with known prior MI and dyslipidemia were 
randomized to bezafi brate vs placebo. While there was no difference in the primary 
endpoint of fatal, nonfatal MI and sudden death in either group, patients with TG 
>200 mg/dL at baseline had a signifi cant reduction in the primary endpoint [ 21 ]. 

 While the PROVE-IT TIMI 22 trial successfully established that reduction in 
LDL-C to <70 mg/dL was superior to previous more conservative cutoffs in patients 
with Acute Coronary Syndromes (ACS), a subgroup analysis explored the impact of 
on-treatment TG levels on CHD. There was a reduced risk of the incidence of death, 
MI and recurrent ACS associated with low on-treatment TG levels (<150 mg/dL) 
even after adjustment for other covariates [ 22 ]. While only a post-hoc analysis, 
these results are consistent with evidence that hypertriglyceridemia may be 
 associated with hypercoagulability, worsened in post-MI states. 
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 Lastly, the most recent trial to examine the effects of niacin in secondary preven-
tion was the Atherothrombosis Intervention in Metabolic Syndrome With Low 
HDL/High Triglycerides and Impact on Global Health Outcomes (AIM-HIGH) 
study [ 23 ]. Here, 3414 patients with known CVD and low HDL-C were randomized 
to high dose niacin versus placebo, with both arms receiving varying doses of sim-
vastatin and ezetimibe to maintain LDL-C of 40–80 mg/dL. The study was halted 
early given no signifi cant differences in primary outcomes. Further post-hoc analy-
sis of a pre-specifi ed subgroup with HDL-C <32 mg/dL and TG of >200 mg/dL 
showed that niacin decreased the primary endpoint by 37 % [ 24 ]. 

 The results of the primary and secondary prevention trials discussed here are 
clearly not consistent with one another in terms of the potential effi cacy of TG tar-
geted therapy or TG lowering in reducing the risk of CVD. Altogether, these trials 
make it quite diffi cult to extrapolate treatment strategies to clinical practice. In an 
attempt to consolidate the evidence above, it seems plausible that the groups of 
patients that benefi t the most from targeted TG lowering agents are those with insu-
lin resistance and marked dyslipidemia. While TG lowering was not consistently 
and independently associated with benefi t in most of these studies, it is somewhat 
clear that the downstream effects of TG lowering, namely, decreased non-HDL-C 
levels, remnants and LDL-P are likely responsible for the observed changes, poten-
tially of greatest benefi t in those with characteristic lipid phenotype characterized 
by concurrently high TG and low HDL-C.   

    Highlights of Management 

    Fasting vs. Non-fasting Evaluation 

 While it has been traditional that an overnight fast preceded lipid testing, a growing 
body of evidence seems to support non-fasting measurements, particularly of TG. Several 
large population-based prospective cohort studies over the past decade have found that 
postprandial TG levels better predicted the risk of CVD than post- fast levels of TG. The 
thought here is that in the hypertriglyceridemic, insulin resistant, obese individual, a 
postprandial elevation in TG may persist, resulting in the remnant and small, dense, 
LDL cascade [ 25 ]. Fasting TGs has been required for usage in the estimation of LDL-C 
by the Friedwald equation [ 26 ]. Further, fasting measurement TGs allow for a standard, 
predictable state allowing temporal tracking of TG response to therapy  

    Current Management Strategies and Their Pitfalls 

 The National Cholesterol Education Program (NCEP), Adult Treatment Panel III 
provided insights about management of patients with hypertriglyceridemia [ 27 ]. 
The defi nitions of optimum, elevated and very high TG established in this landmark 
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guideline are widely accepted and represent the current consensus across major 
dyslipidemia guidelines worldwide (Table  5.1 ).

   The NCEP outlined that the primary goal of therapy in patients with borderline- 
high and high TG levels is to achieve LDL-C goals. Once LDL-C goals are achieved, 
non-HDL-C (defi ned as TC – HDL-C) becomes a secondary target of therapy. 

 Using the Very Large Database of Lipids (VLDL) of more than 1.3 million adult 
patients, two recent studies have reinforced the complementary nature of using 
LDL-C and Non-HDL-C in these patients. The fi rst study compared the Friedwald 
estimated and directly measured LDL-C values. It found that the Friedwald equa-
tion generated LDL-C measurement underestimated directly assessed LDL-C par-
ticularly in patients with TG >150 mg/dL [ 28 ,  29 ]. Further, an additional study 
using the same database showed that a signifi cant degree of patient level discor-
dance between LDL-C and non-HDL-C percentiles for risk stratifi cation resulted in 
a signifi cant degree of patient reclassifi cation based on non-HDL-C (a potentially 
more accurate refl ection of true atherogenicity than LDL-C) [ 30 ]. This discordance 
was again most notable in patients with low LDL-C and high TG (>150 mg/dL).  

    Dietary and Lifestyle Modifi cation 

 In patients such as those with the Type I and V distribution, where TG levels are 
well above 500 mg/dL, the aim of therapy is to bring down TG to <500. This recom-
mendation is included in prior guidelines as well as the latest 2013 ACC/AHA cho-
lesterol treatment guideline. Typically, a low-fat diet is recommended given their 
chylomicron predominant phenotype. Further, the addition of unsaturated, medium 
chain fats and proteins in their diet could further contribute to TG lowering in severe 
cases with inadequate response to dietary fat restriction [ 31 ]. 

 In patients with borderline-high and high levels of TGs accompanied by the typi-
cal obesity-insulin resistance dyslipidemia, metabolic syndrome phenotype, data 
have been considerably more uniform. Beyond doubt, the combination of weight 
loss, exercise, low carbohydrate and low alcohol consumption has shown signifi cant 
benefi t in TG lowering particularly in those patients with the highest levels of TG at 
baseline [ 32 ]. Weight loss is essential in these patients given the well known contri-
bution of metabolically active visceral fat stores in the dyslipidemia of obesity [ 33 ]. 
This is exemplifi ed in Fig.  5.3 , which describes benefi cial changes in metabolic 
syndrome hallmarks in obese patients who have undergone bariatric surgery.

   Table 5.1    Therapeutic targets based on severity of TG elevation, from the NCEP ATP-III guideline   

 TG level  Severity designation  Target of therapy 

 TG < 150  Normal  None 
 TG 150–200  Borderline high  LDL-C 
 TG 200–500  High  LDL-C then Non-HDL-C 
 TG > 500  Very high  TG 
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  Fig. 5.3    Two and ten year recovery rates for post bariatric surgery patients compared to controls 
in hypertriglyceridemia and other markers of the metabolic syndrome (Reproduced from: Sjostrom 
L, et al.[ 32 ], with permission off the Massachusetts Medical Society)       
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        Conclusion 

     1.    Over the past several decades, an association between hypertriglyceridemia and 
incident CVD has resulted in extensive research with mixed results.   

   2.    Population based studies as well as clinical trials have failed to consistently link 
elevated TGs with CVD though recent Mendelian randomization studies do sup-
port the potential causal nature of RLPs.   

   3.    Insight into the TG induced mechanisms of atherogenesis through remnant par-
ticles and small, dense LDL may potentially consolidate the perceived, contro-
versially mixed, clinical trial and population based study outcomes.   

   4.    Extrapolating information from trial data and guidelines to appropriately target 
lipoprotein levels in the treatment of elevated TGs is further complicated by poor 
reliability of lipoprotein measurements in hypertriglyceridemic states.   

   5.    The best evidence from  post hoc  subgroup analyses of randomized trials would 
suggest a signifi cant reduction in clinical events by addition of a fi brate in sec-
ondary prevention with TG >200 mg/dL or in combination with a statin in dia-
betic patients with concurrent elevations in TG >204 mg/dL and low HDL-C 
<34 mg/dL. Similarly, the addition of niacin to statins may be of benefi t in 
 secondary prevention in those with concurrent TG >200 mg/dL and HDL-C 
<32 mg/dL.         
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    Chapter 6   
 Patent Foramen Ovale Closure and Stroke       

       Pablo     Rengifo-Moreno       and     Igor     F.     Palacios    

    Abstract     A patent foramen ovale (PFO) is highly prevalent among the adult popu-
lation and has been associated to cryptogenic strokes. The diagnosis of PFO is done 
through echocardiographic studies. Due to the high prevalence of PFO, the identifi -
cation of “high risk” features such as atrial septal aneurysm (ASA) becomes 
extremely important in the management of these patients. Currently, the major con-
troversy regarding the treatment and secondary prevention of patients with crypto-
genic stroke and PFO is based on the fact that most of the studies investigating 
medical and interventional based therapies, failed to include patients with “high 
risk” features.  

  Keywords     Patent foramen ovale   •   Atrial septal aneurysm   •   Transcatheter PFO 
 closure devices   •   Eustachian valves  

        Introduction 

 A patent foramen ovale (PFO) is highly prevalent among the adult population. It 
allows shunting of blood through the inter-atrial septum and has been associated 
with cryptogenic stroke and migraines with aura. Currently, echocardiography is the 
most important diagnostic tool, and, the sensitivity and specifi city of the study 
depends on the modalities available: transthoracic (TTE), transesophageal (TEE) 
and transcranial Doppler (TCD), as well as the use of agitated saline and the site of 
injection. 

 It has been over 140 years since the controversy regarding the potential cause- 
effect relationship between a PFO and cryptogenic strokes was originally  proposed 
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by Dr. Julius Cohnheim [ 1 ]. Since then, multiple attempts have tried to prove that 
closure of PFO could be an effective therapy to prevent subsequent neurological 
events. Medical therapy alone seems to be appropriate for patients with “low risk 
anatomy” but those with “high risk” features might not obtain suffi cient protec-
tion. Transcatheter (TC) PFO closure has been shown in observational and pro-
spective studies to be a safe and effi cient therapy. However, the results of multiple 
randomized clinical trials (RCT) have failed to show signifi cant benefi ts from 
catheter closure, mostly due to the fact that each study was underpowered. Thus, 
meta-analysis of the combined studies is important. The fact that there are no ran-
domized clinical trials studying the impact of TC-PFO closure versus standard-
ized medical therapy in patients with “high risk” anatomy PFO, contributes to the 
controversy surrounding secondary prevention in patients with cryptogenic stroke 
and PFO. 

 The purpose of this chapter is to provide a review of different aspects regarding 
PFO and neurological syndromes, including anatomy, diagnosis and therapeutic 
options, as well as the data supporting these different strategies.  

    Embryology and Anatomy 

 The development of the foramen ovale is critical in the embryological development 
of the heart. Approximately at the 5th week of development, a very thin septum 
primum begins to migrate downwards towards the endocardial cushion. The hiatus 
in between both structures forms the foramen primum. As the migration of the sep-
tum primum continues, apoptotic changes within the septum will originate the fora-
men secundum. On the right atrial surface of the foramen secundum a more muscular 
and thicker septum secundum migrates downwards covering the foramen secundum 
and leaving a small foramen on the bottom of the atrium, the foramen ovale. This 
structure will provide a right to left shunt necessary for fetal circulation. After birth, 
this communication will spontaneously close in approximately 75 % of the popula-
tion [ 2 ]. 

 The anatomy of the PFO is highly variable and may be associated with a long 
tunnel of >10 mm, an atrial septal aneurysm which is a redundancy of the atrial 
septum of over 15 mm, a hypermobile septum or a persistent Eustachian valve.  

    Prevalence 

 In multiple autopsy reports, the prevalence of PFO in the adult population is approx-
imately 26 % [ 3 ]. The prevalence of PFO is similar by non-invasive methods with 
TEE [ 4 ]. However, the incidence of PFO in young patients presenting with crypto-
genic stroke can reach up to 50 % [ 5 ].  
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    Factors Associated with Paradoxical Embolization 

 The PFO in Cryptogenic Stroke Study (PICSS) was a multicenter study that evalu-
ated TEE fi ndings in patients randomly assigned to warfarin or aspirin in the 
Warfarin-Aspirin Recurrent Stroke Study (WARSS). PICSS found that patients with 
cryptogenic stroke had a signifi cantly higher incidence of a large PFO when com-
pared to those patients having a stroke of known cause (20 % vs. 9.7 % p < 0.001) 
[ 6 ]. Moreover, Steiner et al. performed TEE in 95 patients with a fi rst ischemic 
stroke over 39 years of age [ 7 ]. The stroke subtype and MRI/CT imaging data were 
evaluated blinded to the presence of a PFO. These fi ndings were compared between 
two groups: patients with a medium to large PFO (>2 mm) and small (<2 mm) or no 
PFO. Stroke patients with larger PFOs showed more brain imaging features of 
embolic infarcts than those with small PFOs. 

 The presence of a prominent Eustachian valve (EV) has been proposed as respon-
sible for re-directing blood fl ow towards the septum, potentially allowing emboli to 
travel through the inter-atrial septum into the left atrium. This hypothesis was evalu-
ated with TEE by Schuchlenz et al. by comparing patients who had cryptogenic 
strokes to healthy volunteers and found a signifi cantly higher incidence of PFO and 
EV in those patients with cryptogenic stroke [ 8 ]. 

 The PFO and ASA study group followed 581 ischemic stroke patients under the 
age of 55 years of age. The patients were started on aspirin within 3 months of their 
neurological event, and followed up for a period of 4 years. The patients were 
divided into groups depending of the characteristics of the inter-atrial septum. Mas 
et al. found that the presence of both atrial septal abnormalities (PFO and ASA) was 
a signifi cant predictor of increased risk of recurrent cerebrovascular events, whereas 
the presence of a PFO alone or an ASA alone was not [ 9 ]. Moreover, their fi nding 
suggested that aspirin as secondary prevention for recurrent events may not be 
enough for this subgroup of patients. These fi ndings are in agreement with fi ndings 
of other studies, especially in patients with right-to-left shunting at rest [ 10 ]. Stone 
et al. followed prospectively a group of stroke patients found to have a PFO during 
TEE and divided them into “large” degree shunting (≥20 microbubbles) and “small” 
degree shunting (≥3 but <20 microbubbles). Patients with “large” shunts had a 
31 % incidence of a recurrent event versus none in the “small” shunt group despite 
the use of antiplatelet and/or anticoagulation. Therefore, patients with “large” 
shunts, should be considered at a signifi cantly higher risk for subsequent adverse 
neurologic events [ 11 ]. It has also been proposed that “long-tunnel” PFO anatomy 
represents an environment fertile for clot formation, with subsequent embolization. 
However, there is no clear evidence supporting this hypothesis [ 12 ]. 

 In a venography study, Stollberger et al. presented evidence that patients with 
ischemic stroke due to suspected paradoxical embolization have a higher incidence 
of deep venous thrombosis [ 13 ]. Therefore, conditions that facilitate the formation 
of deep venous thrombosis deserve special attention when evaluating patients with 
PFO and cryptogenic stroke. The May-Thurner syndrome, in which the right com-
mon iliac artery compresses the overlying left common iliac vein has been found to 
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have a higher incidence in patients with PFO-related stroke [ 14 ,  15 ]. In a prospective 
study of patients with large pulmonary embolism, it was found that those patients 
with PFO had a sixfold higher risk of stroke when compared to those without 
PFO [ 16 ] Table.  6.1 .

       PFO Diagnosis 

 It is very important to remember when evaluating a patient for the presence of a 
PFO, that a PFO is present in approximately 25 % of the general healthy popula-
tion [ 3 ]. Thus, it is important to be mindfull of the clinical presentation of every 
particular case. Moreover, the clinician should be able to identify particular 
“high risk” features that might make the presence of a PFO more relevant 
(Table.  6.1 ). 

 There are different modalities available for the diagnosis of PFO. The most com-
monly used are TTE, TEE and TCD coupled with agitated saline injection in asso-
ciation with the Valsalva manuever. The most common initial modality is TTE for 
evaluation of cardiac sources of emboli. Agitated saline contrast increases the diag-
nostic sensitivity by enhancing echocardiographic detection of the trivial intermit-
tent right-to-left shunting across the PFO. However, the sensitivity of TEE is higher 
than TTE despite the use of agitated saline [ 3 ]. Hamman et al. [ 17 ] demonstrated 
increased sensitivity when the injection of agitated saline was performed from the 
femoral vein versus the traditional antecubital vein. This is probably due to the fact 
that the bubbles ascending through the inferior vena cava will encounter the EV and 
fl ow preferentially towards the septum. These fi ndings were more evident when 
using TEE and TCD versus TTE.  

    Medical Therapy for Secondary Prevention 
of Cryptogenics Strokes 

 Medical therapy for secondary prevention in cryptogenic strokes continues to be the 
most common initial approach for patients after the initial neurological event. 
However, the type of medical therapy has been loosely defi ned in different studies 
and there is no consensus regarding the use of either antiplatelet agents or antico-
agulation. Furthermore, there is no agreement regarding an escalation in therapy for 
patients with “high risk” PFO anatomical features. 

   Table. 6.1    “High risk” features 
of a PFO increasing stroke risk  

 PFO associated with an ASA 
 Large size of the PFO 
 PFO associated with a prominent EV 
 PFO associated with a large degree of shunt 
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 WARSS, was the fi rst randomized controlled study to compare the effect of war-
farin and aspirin after prior non-cardioembolic ischemic stroke. WARSS showed 
that aspirin was as effective as warfarin in prevention of stroke recurrence, but the 
presence of a PFO was not specifi cally systematically evaluated [ 18 ]. Moreover, 
WARSS showed that the incidence of death and recurrent ischemic strokes was 
similar in both groups of patients (Warfarin vs. Aspirin). However, the incidence of 
recurrent ischemic strokes was equally high (17.8 % vs. 16.0 % for the Warfarin and 
the Aspirin groups respectively, p = 0.2). Of interest that same year in the same jour-
nal, the report from the PFO and ASA study group [ 9 ] was published. In their pro-
spective study of cryptogenic stroke patients treated with aspirin, when the PFO was 
associated with an ASA, aspirin was not as effective for secondary prevention. 
A year later, a substudy of WARSS, the PICCS trial compared secondary prevention 
with aspirin versus warfarin. In the cohort of patients with cryptogenic stroke, there 
was a trend towards fewer neurological events in the arm treated with warfarin when 
a PFO was present [ 6 ]. The evidence seems to indicate that warfarin might be more 
appropriate for secondary prevention in patients with “high risk” PFO. However, 
this was associated with an increase in bleeding complications. New anticoagula-
tion agents are now available, and it will be interesting to see how the use of this 
new medication class will impact the secondary prevention of cryptogenic strokes 
in patients with a PFO, especially those with “high risk” features. Studies are on 
going.  

    Surgical Therapy for Secondary Prevention of Cryptogenic 
Strokes 

 Surgical closure of PFO has shown good results, with a low incidence of recurrent 
events [ 3 ]. However, due to the invasive nature of the intervention, it is not a com-
monly used therapy. Currently, it is reserved for cases that will require surgical 
intervention for another condition or in those in whom percutaneous closure can not 
be performed related to the inter-atrial septal anatomy.  

    PFO-TC Closure for Secondary Prevention of Cryptogenic 
Strokes 

 Although there are no FDA approved devices for TC-PFO closure in the United 
States, there is a vast experience using off-label devices for secondary prevention. 
Reports have shown that TC-PFO closure is a safe intervention that is associated 
with favorable short- and intermediate-term outcomes [ 19 ]. Moreover, studies show 
excellent long-term outcomes when used for secondary prevention in patients with 
cryptogenic stroke (Fig.  6.1 ) [ 20 ]. A systematic review and meta-analysis of obser-
vational studies showed the annual rate of strokes after PFO-closure is 
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approximately 0.3–0.8 %, lower than the 1.98–5.0 % in the medical group [ 3 ,  21 ]. 
This translates into an 84 % reduction in the rate of recurrent neurological events 
when compared to medical management alone.

   A prospective study with long term follow-up showed that the presence of a sub-
stantial residual shunt after TC-PFO closure was an important predictor of recurrent 
neurological events with a relative risk of 4.2 [ 22 ]. Therefore, the use of a second 
device for secondary prevention of recurrent neurological events has been an impor-
tant clinical question. In a retrospective study by Diaz et al., 424 patients with at 
least a 5 % substantial residual shunt found that the placement of a second device 
was safe and effective in treating the residual shunt. Moreover, there were no neu-
rological events at a mean follow-up of 3 years. However, the clinical signifi cance 
of treating residual shunts with a second device would be at least diffi cult to prove, 
since the event rate is low even with untreated PFOs [ 23 ]. 

 However, results from three recently published RCTs failed to show a signifi cant 
benefi t of TC PFO closure over medical therapy [ 24 – 26 ]. One trial utilized the 
StarFlex device [ 24 ], the other two studied the Amplatzer device [ 25 ,  26 ]. The main 
limitation of all three RCTs was the small number of events during follow-up, rais-
ing the possibility of a “type 2 error” (failure to detect a true difference between 
treatments due to lack of power). This lack of power can be explained by the diffi -
culties in enrolling patients in a trial, while the study device was available as an 
off-label therapy. Another important observation about the three RCTs was the 
inclusión of relatively “low risk” PFOs into their analysis [ 24 – 26 ]. The presence of 
an ASA in patients included in the RCTs, a feature that has been associated with a 
higher incidence of recurrent neurological events, ranged from only 23–26 %. 

 A recent meta-analysis of the three RCTs that attempted to overcome the lack of 
power of the individual studies found that in the intention-to-treat analyses, there 
was a statistically signifi cant 41 % risk reduction in stroke and/or transient ischemic 
attack in the TC PFO closure group when compared to medical treatment 
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  Fig. 6.1    Kaplan-Mayer recurrent neurological event after TC-PFO closure       
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(Fig.  6.2 ) [ 27 ]. Device implantation was successful in 93.8 % on average, being low-
est with the STARFlex device in the CLOSURE I trial (89.4 %). Moreover, the meta- 
analysis showed that the development of new-onset atrial fi brillation was signifi cantly 
higher in the TC PFO group when compared to medical therapy. However, when 
stratifi ed by type of device (excluding the STARFlex device), the Amplatzer device 
had a non-signifi cant increased risk for developing new-onset atrial fi brillation. This 
analysis was consistent with a recently reported meta-analysis of observational stud-
ies showing that STARFlex or CardiolSEAL, but not the Amplatzer device was asso-
ciated with an increased risk of developing new-onset atrial fi brillation [ 28 ].

   Rengifo-Moreno et al. also showed that subjects with a signifi cant shunt (substan-
tial vs. trace, none, or moderate) had a tendency towards decreased vascular events 
in patients when randomized to the TC PFO closure compared to medical therapy 
[ 27 ]. A recent subgroup analysis of the patients enrolled in the CLOSURE I trial 
identifi ed diabetes and atrial fi brillation as independent predictors of recurrent stroke. 
Therefore, a substantial proportion of recurrent events within the CLOSURE I trial 
was probably not due to paradoxical embolization [ 29 ], but was, in fact, likely related 
to atrial fi brillation developing post-randomization and to the presence of diabetes. 

 Until further analyses with individual-level data are available or new on-going 
RCTs with similar outcomes and appropriate follow-up are published, TC PFO clo-
sure continues to be an individualized decision. A multi-disciplinary approach with 
input from the cardiologist, neurologist, hematologist and interventional cardiolo-
gist provides the best therapeutic plan for each patient taking into account the avail-
able data, but also, medical, social and occupational considerations.  

    PFO and Migraines 

 The association between migraines with aura and the presence of a PFO remains 
controversial and small non-randomized studies assessing the response to PFO clo-
sure provided inconsistent results [ 30 – 40 ]. Two major mechanisms have being 
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proposed to explain the putative association of PFO and migraine: 1- vasoactive 
substances from the general circulation may bypass the metabolic fi lters of the lung 
thereby altering the natural equilibrium. Substance P and serotonin have been sug-
gested as possible culprit agents. Furthermore, it has being suggested that patients 
with migraine have a high rate of abnormal pulmonary function that could result in 
decreased metabolism of vasoactive amines [ 41 ]. 2- PFO may result in the passage 
of microemboli resulting in hypoxia and ischemia into the occipital cortex 
[ 42 – 44 ]. 

 The MIST trial [ 45 ], evaluated the Starfl ex device versus a sham procedure in a 
randomized fashion. The primary end point was cessation of migraine headache. 
The primary end-point was not signifi cantly different between both arms. However, 
the exploratory analysis supported further investigation. The PRIMA trial was pre-
sented at TCT 2014 [ 46 ]. In PRIMA, 107 patients with migraines were randomized 
to either PFO closure or medical therapy. Only 45 of 53 randomized to the device 
actually agreed to undergo the procedure. Of these, only 41 actually underwent PFO 
closure. At 1 year, the primary end-point of mean reduction in headache days from 
baseline was 2.9 in the closure group and 1.7 in the medical-treatment group, a 
nonsignifi cant difference. However, for the secondary end point of reduction in 
migraine-with-aura days, closure patients saw reductions signifi cantly greater than 
in the control group. These results highlight the need for additional RCTs with 
enough power and the appropriate primary end-points to investigate the impact of 
TC PFO closure in patients with migraine and aura.  

    Conclusions 

     1.    PFO is highly prevalent in the general population approaching 25 %. However, 
the incidence doubles in young patients presenting with cryptogenic stroke.   

   2.    Currently, there are no RCTs comparing different medical therapy strategies for 
secondary prevention in patients with cryptogenic strokes. However, aspirin is 
not as effi cient in preventing recurrent strokes in patients with “high risk” PFO.   

   3.    RCTs have not systematically studied the population at highest risk for recurrent 
stroke after a cryptogenic event. Thus, RCTs enrolling exclusively patients with 
cryptogenic stroke and “high risk” PFO should be conducted.   

   4.    Systematic reviews, meta-analysis of RCTs and observational studies suggest a 
possible benefi t of TC-PFO closure for secondary prevention in patients with 
cryptogenic stroke associated with PFO but more data are needed. The recently 
published ASA/AHA guidelines for stroke prevention, give a class III 
 recommendation for PFO closure in patients with a cryptogenic ischemic stroke 
or TIA and a PFO without evidence for DVT. The new guidelines give a IIb rec-
ommendation for consideration of TC-PFO closure, in the setting of a crypto-
genic stroke associated to DVT [ 47 ].   

   5.    Until further studies are available with emphasis on patients with “high risk” 
anatomy, TC PFO closure continues to be an individualized decision.         
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    Chapter 7   
 CT Angiography Versus Routine Stress 
Testing for Patients with Chest Pain Seen 
in the Emergency Room to Exclude Signifi cant 
Coronary Artery Disease       

       Gaston     A.     Rodriguez-Granillo       and     Patricia     Carrascosa    

    Abstract     The triage of low-to-intermediate risk patients presenting at the emer-
gency department (ED) with acute chest pain based on symptoms, initial 12-lead 
ECG, and a single set of biomarkers of myocardial necrosis usually fails to pro-
vide a fast and safe discharge without further diagnostic testing. Among low risk 
patients with normal or non-diagnostic ECG and negative initial cardiac enzymes, 
stress imaging (particularly stress-only SPECT) is an effective strategy to safely 
discharge patients; with a very high negative predictive value to predict myocar-
dial infarction or future adverse cardiac events. Computed tomography coronary 
angiography (CTCA) has emerged as a fast, safe, and possibly cost effective 
means to exclude coronary artery disease (CAD) as the cause of an acute coro-
nary syndrome in the ED in patients at low-to-intermediate risk of CAD; and 
provides a long-term event-free safety window with zero events after a mean 
52-month follow-up. CTCA is associated with a mild (2 %) but signifi cant differ-
ence in the rates of invasive angiography and coronary revascularization, but 
with a higher diagnostic yield. Further studies are warranted to defi ne whether 
CTCA plus confi rmatory stress imaging for indeterminate results might be the 
most cost effective strategy.  
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        Introduction 

 Timely and accurate triage of patients presenting at the emergency department (ED) 
with acute chest pain remains challenging. Identifi cation of acute coronary syn-
dromes (ACS) is relatively simple and straightforward in intermediate to high risk 
patients, particularly in the presence of typical symptoms. Notwithstanding, the tri-
age of low to intermediate risk patients based on symptoms, initial 12-lead ECG, 
and a single set of biomarkers of myocardial necrosis usually fails to provide a fast 
and safe discharge without further diagnostic testing [ 1 ,  2 ]. Consequently, more 
than 60 % of patients with chest pain admitted to the hospital ultimately do not end 
up having an ACS [ 3 – 5 ]. This over triage has a huge economical impact to health 
care systems, estimated at an annual cost of U$D 8 billion [ 6 ]. Indeed, only in the 
United States, more than seven million patients are admitted every year with acute 
chest pain suspected of ACS, and are evaluated for approximately 24 h including 
serial ECGs, enzyme level assessment, and eventually the performance of func-
tional tests [ 2 ]. Furthermore, while most turn out not to have underlying coronary 
artery disease (CAD), about 5 % of patients with ACS are not recognized by stan-
dard diagnostic algorithms, potentially leading to serious legal implications [ 2 ]. 
Given this scenario, it is therefore imperative to develop tools that enable a faster 
discharge of patients with acute chest pain from the ED. 

 The fi eld of cardiovascular imaging provides different diagnostic tools to evalu-
ate patients with suspected CAD. These can be discriminated into two major groups 
relevant to this chapter: anatomical (computed tomography coronary angiography, 
CTCA), and functional (stress-echocardiography, nuclear medicine, stress- magnetic 
resonance). Moreover, an additional discrimination should be made between meth-
ods that evaluate coronary artery atherosclerosis, and those that evaluate CAD. This 
small distinction might conceal sizeable diagnostic and prognostic implications. 

 Diagnostic methods that assess the presence of CAD, either by means of func-
tional tests or by invasive coronary angiography (ICA), target the evaluation of the 
luminal impact of the disease. On the contrary, CTCA has the ability to characterize 
not only the lumen (Fig.  7.1 ), but the vessel wall as well, being able to identify fea-
tures associated with potential plaque instability such as low density (<30 HU), 
spotty calcifi cation, napkin-ring sign, and large plaque volume that are associated 
with potential plaque instability (Figs.  7.2  and  7.3 ) [ 7 – 15 ].

     In the past decade, the safety, promptness, and high negative predictive value of 
CTCA has driven its incorporation as an alternative for the triage of patients with 
acute chest pain at low to intermediate risk of CAD. Notwithstanding, several con-
troversies persist, particularly concerns regarding whether this technique might lead 
to an increase in downstream costs and in revascularization rates.  
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    Computed Tomography Coronary Angiography (CTCA) 

 CTCA is more closely related to intravascular ultrasound than to ICA [ 16 ]. Based 
on that principle, CTCA has signifi cantly contributed to visualize atherosclerosis in 
the earlier phases and has therefore contributed to a better understanding of the 

  Fig. 7.1    Acute chest pain with normal ECG in a 55 year old female with hypertension and hyper-
cholesterolemia as coronary risk factors. The patient is rapidly discharged after computed tomog-
raphy coronary angiography shows absence of coronary atherosclerosis in the early triage       
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  Fig. 7.2    Atypical acute chest pain in a 58 year old male with hypercholesterolemia and smoking 
as coronary risk factors, and non-specifi c repolarization abnormalities. Computed tomography 
coronary angiography is performed as part of the early triage (curved multiplanar reconstructions), 
showing a critical lesion at the mid left anterior descending (LAD) artery, with compromise of a 
large diagonal branch (panel  a ,  arrow ). The asterisk refers to a motion artifact attributed to pro-
spective ECG-gating (effective dose 4.1 mSv in a patient with a body mass index of 29 kg/m 2 ). An 
orthogonal view of the lesion depicts the subtotal occlusion, with mild eccentric calcifi cation ( c ), 
whereas panels ( b ,  d ) show the immediately proximal and distal reference sites with extensive 
disease. Invasive angiography confi rms the fi ndings (panel  e ). Of note, a large eccentric non- 
calcifi ed plaque with positive remodeling, low attenuation, and napkin-ring sign (panel  f ); all char-
acteristics of plaque vulnerability, is observed at the proximal LAD       
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blind gap between the onset of coronary atherosclerosis and the development of 
obstructive CAD [ 10 – 15 ]. This feature of CTCA has potential important clinical 
implications since most acute thrombotic coronary events arise from angiographi-
cally non signifi cant lesions [ 17 – 19 ]. As a matter of fact, until recently, only ex vivo 
and catheter-based diagnostic tools enabled the assessment of the anatomic sub-
strate of presumed high risk plaques [ 20 – 25 ]. 

 During the past decade, CTCA has earned a more active role in different diag-
nostic algorithms of patients suspected of CAD. Several studies have explored the 
role of CTCA for the detection of obstructive  de novo  lesions [ 26 – 28 ]. These 
studies have demonstrated that CTCA has a high diagnostic accuracy to detect 
obstructive CAD in diverse populations, although patients at intermediate risk 
appear as the best scenario. A number of multicenter studies have confi rmed these 
earlier fi ndings, with sensitivities ranging between 85 and 95 %, specifi cities 
between 83 and 90 %, and similar diagnostic accuracy compared to ICA regarding 
the ability to predict short term revascularization. Despite slight differences in 
study design and populations, there is robust evidence that positions CTCA as the 
non invasive diagnostic tool with the highest negative predictive value (Fig.  7.1 ) 
[ 26 – 28 ]. 
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  Fig. 7.3    Sixty eight year old male with hypertension and hypercholesterolemia as coronary risk 
factors. Typical rest angina with normal ECG and normal fi rst set of cardiac enzyme levels. 
Computed tomography coronary angiography is performed as part of the early triage (maximum 
intensity projections area shown), demonstrating a critical lesion at the mid left anterior descend-
ing artery (panel  a ,  arrow ), and a severe lesion at the proximal left circumfl ex (panel  b ,  arrow ); 
whereas mild calcifi cations are seen at the right coronary artery (panel  c ). Invasive angiography 
confi rmed the fi ndings (panels  d – f )       
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 In the past decade, great technical advances in the fi eld of CTCA have been wit-
nessed, that have a major effect in effective dose radiation (EDR), image quality, scan 
duration, physiological assessment, iodine volume load, and myocardial perfusion 
imaging. Numerous tools have been successfully elaborated in order to reduce radia-
tion dose associated with CTCA, such as iterative reconstruction, tube modulation, 
prospective ECG-gating, and high-pitch spiral acquisitions [ 29 – 31 ]. Using a combi-
nation of these techniques enable high quality acquisitions with radiation dose levels 
lower than 3 mSv for CTCA with prospective triggering and below 1 mSv for high-
pitch helical mode studies using dual source scanners [ 29 ,  30 ,  32 ]. For instance, high 
pitch scans can be performed in 258 ms with a mean EDR of barely 0.87 msV [ 31 ]. 
Nevertheless, the Prospective Multicenter Study on Radiation Dose Estimates of 
Cardiac CT Angiography  I  and  II  (PROTECTION  I  and  II ) reported a wide range of 
effective radiation doses according to the acquisition technique. Therefore, the use of 
one or more of the aforementioned dose reduction techniques should be encouraged 
[ 33 ,  34 ].It should be noted that prospective ECG triggering should not be considered 
as a fi rst choice in obese patients, and if heart rate is high (≥70 bpm) or irregular. 

 Despite the considerable technical developments of the past decades, the high 
sensitivity and negative predictive value of CTCA has remained consistently over 
90 % and relatively unaffected since the 16-row CTCA generation. On the contrary, 
the specifi city and the positive value has signifi cantly improved with the incorpora-
tion of newer generations of scanners [ 35 ]. From a clinical standpoint, this has been 
translated into a reduced number of normal downstream invasive diagnostic proce-
dures (~14 % to ~4 %) [ 26 ,  27 ].  

    Role of CTCA in Patients with Acute Chest Pain 

 Recently, CTCA has emerged as an alternative for patient triage with acute chest 
pain and low to intermediate probability of CAD. Three large randomized multi-
center studies (CT-STAT, ACRIN-PA, and ROMICAT II) have shown that CTCA is 
a safe strategy that allows a signifi cant reduction in diagnostic time, thereby leading 
to a larger percentage of patients with discharge from the emergency department 
(ED). Importantly, this benefi t derived a signifi cant reduction in costs [ 36 – 38 ]. 

 The CT-STAT trial randomized 749 patients with low-risk acute chest pain to 
CTCA or standard of care (SOC). Despite a similar diagnostic performance between 
the two strategies, patients assigned to CTCA had a signifi cant reduction in diag-
nostic time (54 %; 2.9 h vs. 6.2 h; p < 0.001) as well as in total cost (38 %; USD 
$2137 vs. USD $3458, p < 0.001) [ 36 ]. The ACRIN-PA trial randomized 1370 
patients with low to intermediate risk to CTCA or SOC. In this study, CTCA had 
signifi cantly higher rates of discharge from the ED (50 % vs. 23 %, p < 0.001), and 
a signifi cantly lower number of unnecessary (false positive) invasive angiograms 
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(p < 0.05). Moreover, it is worth mentioning that of the 640 patients with a negative 
CTCA, none had an adverse event at 30 days follow-up [ 37 ]. Finally, the ROMICAT 
II trial randomized 1000 patients with acute chest pain and no ischemic ECG 
changes to CTCA or SOC. Patients assigned to CTCA showed a signifi cant reduc-
tion in diagnostic time (5.8 h vs. 21.0 h; p < 0.001), and a signifi cantly higher rates 
of discharge from the ED (47 % vs. 12 %, p < 0.001). In addition, no differences 
were observed regarding costs, even though it was pre-specifi ed in the protocol that 
diagnostic tools within the control group were used at the treating physician’s dis-
cretion [ 38 ]. Hulten et al. recently published a meta-analysis of studies that explored 
the role of CTCA for the triage of patients with acute chest pain and concluded that 
CTCA is a safe strategy, improving patient management in the ED, reducing costs 
and hospital admission rates [ 39 ]. In addition, patients with acute chest pain with 
negative or mild CT fi ndings can be safely and rapidly discharged without further 
testing, with excellent 30 day event-free survival [ 40 ]. The aforementioned evi-
dence has lead to the integration of CTCA in a number of guidelines of clinical 
practice for acute chest pain management [ 41 – 44 ]. 

 The potential role of cardiac CT in the triage of acute chest pain is not only 
related to the ability of CTCA to identify obstructive CAD. During the past decade, 
major technological advances in the fi eld of CT have enabled a comprehensive 
assessment of both CTCA and stress myocardial perfusion during a single proce-
dure [ 45 ]. Several clinical studies have validated this application using different 
scanners, pharmacological agents, and acquisition protocols [ 46 ,  47 ]. A recent pro-
spective study compared two strategies to evaluate myocardial perfusion by CT 
(CTP) for the assessment of acute chest pain in patients who were clinically referred 
to stress/rest SPECT and cardiac MRI: real-time adenosine stress CTP using second 
generation dual-source CT (group A), and adenosine-stress fi rst-pass dual energy 
CTP (group B). Compared to stress cardiac magnetic resonance, real-time CTP 
(versus SPECT) had a 86 % sensitivity, 98 % specifi city, 94 % positive predictive 
value, and 96 % negative predictive value for the detection of myocardial perfusion 
defects. Furthermore, dual energy CTP had 93 % sensitivity, 99 % specifi city, 92 % 
positive predictive value, and 96 % negative predictive value for detecting perfusion 
defects [ 48 ]. 

 The incremental value of dual-energy CTP over CTCA for the detection of 
obstructive CAD has recently been considered. Wang et al. reported that the combi-
nation of dual energy CTP and CTCA may improve diagnostic performance com-
pared to CTA alone for the diagnosis of signifi cant coronary stenosis [ 49 ]. 
Furthermore, Bettencourt et al. showed that an integrated protocol including CTCA 
and CTP has an excellent sensitivity and very good specifi city for detecting obstruc-
tive CAD (assessed by invasive fractional fl ow reserve), and that CTP provides a 
signifi cant incremental value over CTCA in patients with intermediate to high pre- 
test probability [ 50 ]. Finally, rest CTP simultaneously evaluated during routine 
CTCA might aid the identifi cation of perfusion defects in the presence of acute 
coronary occlusion [ 51 ]. Indeed, in a recent study that included patients presenting 
with chest pain to the ED, the evaluation of rest myocardial CTP showed a high 
diagnostic performance as compared with SPECT-MPI, and improved the accuracy 
of CTCA mainly by reducing rates of false-positive fi ndings [ 52 ]. It should be 
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stressed that most patients with acute chest pain arrive at the CT scanner with an IV 
line in and heart rate control medications already administrated. Therefore, the 
exam is usually fast and straightforward. Patients with high or irregular heart rates, 
pregnant woman, and those with renal failure should avoid this strategy.  

    Stress Myocardial Perfusion Imaging for the Triage of Acute 
Chest Pain 

 Low-risk patients for ACS (negative or unremarkable ECG, and negative initial 
troponin levels) require confi rmatory functional tests including exercise treadmill 
testing or cardiac imaging evaluation. Early exercise testing in patients who present 
with chest pain in the ED has been shown to provide limited prognostic information 
over established clinical scores [ 53 ]. Furthermore, exercise testing is precluded in 
patients with uninterpretable ECG and in patients unable to exercise [ 54 ]. Stress 
imaging such as myocardial perfusion scintigraphy or dobutamine stress echocar-
diography (DSE) have been positioned in the past two decades as valuable tools 
with improved prognostic value [ 55 ,  56 ]. Among low risk patients with normal or 
non-diagnostic ECG and negative initial cardiac enzymes, stress myocardial perfu-
sion imaging (MPI) by means of single photon emission CT (SPECT) has been 
convincingly established as an effective strategy to safely discharge patients; with a 
very high negative predictive value to predict myocardial infarction (99 %) or future 
adverse cardiac events (97 %) [ 57 ]. Furthermore, patients with a normal stress-only 
SPECT have similar mortality rates than those with normal rest-stress studies. 
Accordingly, rest imaging can be avoided in patients with normal stress, resulting in 
a signifi cant reduction in radiation exposure [ 58 ]. 

 Rest myocardial perfusion imaging in these patients has shown to improve ED 
triage decision making, with a high negative predictive value that results in reducing 
unnecessary hospitalizations [ 59 ,  60 ]. Nevertheless, the specifi city and positive pre-
dictive value of rest MPI is fairly low, because perfusion defects at rest cannot dis-
criminate between acute or chronic ischemia, and can also be due to attenuation 
artifacts. Accordingly, the strength of rest MPI is mainly its very high negative pre-
dictive value, with a 30-day rate of adverse cardiac events <1 %. 

 Several studies have demonstrated that adding stress myocardial perfusion imag-
ing to conventional SOC strategy (clinical evaluation, serial ECGs, and cardiac 
markers) for patients presenting with acute chest pain improves clinical decision 
making by signifi cantly reducing the need for hospitalization, without an increment 
in adverse event rates at 30 days or 1 year [ 61 ]. 

 However, there is evidence suggesting that clinical risk scores (GRACE and TIMI 
risk scores) but not stress imaging predict long-term cardiovascular mortality in 
patients with normal or non-diagnostic electrocardiogram after ruling out ACS [ 62 ]. 

 It could be hypothesized that aside from the ischemic burden, the anatomic bur-
den of CAD might play an important role in these patients. A recent subanalysis of 
the COURAGE (Clinical Outcomes Utilizing Revascularization and Aggressive 
Drug Evaluation) trial showed that when both anatomic burden and ischemic bur-
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den of disease at baseline are considered concomitantly, the anatomic burden and 
the left ventricular ejection fraction, but not the ischemic burden were independent 
predictors of death, myocardial infarction, or non-ST elevation myocardial infarc-
tion [ 63 ]. These results are in line with recently published data both from 
COURAGE indicating that the extent of site-defi ned ischemia did not predict 
events and did not modify treatment effectiveness [ 64 ]; and from the STICH 
(Comparison of Surgical and Medical Treatment of Congestive Heart Failure and 
Coronary artery Disease) trial, showing that in patients with severely reduced sys-
tolic function, inducible ischemia did not identify those with worse prognosis or 
those whom would have obtained greater benefi t from revascularization over 
 optimal medical treatment [ 65 ]. 

 In the near future, these novel diagnostic methods might lead to identifi cation of 
three different groups of patients, possibly with dissimilar prognoses: (1) patients 
with CAD (obstructive disease); (2) patients with coronary atherosclerosis but nor-
mal stress tests; and (3) patients without epicardial coronary atherosclerosis but 
with microvascular disease. Indeed, a recent analysis of the CONFIRM registry 
(COronary CT Angiography EvaluatioN For Clinical Outcomes: An InteRnational 
Multicenter Registry) validated previous data showing that the extent of plaque bur-
den, regardless of stenosis severity, has an independent prognostic value [ 66 ].  

    Does CTCA Lead to an Increment in Downstream Costs 
and More Revascularizations? 

 As discussed above, the use of CTCA for the triage of patients with acute chest pain 
is safe, reduces the time to diagnosis and the admission rates, and does not lead to 
an increment in costs. Nevertheless, there is concern that CTCA might lead to an 
increment in downstream costs mainly related to an increase in the rates of ICA and 
revascularization [ 39 ]. These have been raised mainly by the aforementioned meta- 
analysis of Hulten et al., although several issues should be addressed in this regard. 
This meta-analysis included 3266 patients, 1869 undergoing CTCA and 1397 
undergoing SOC. The authors concluded that the use of CTCA for the triage of low-
 to intermediate risk patients in the ED is safe and reduces the length of stay. 
However, they found a mild (2 %) but signifi cant differences in the rates of invasive 
angiography and coronary revascularization [ 39 ]. None of the individual studies 
found signifi cant differences in this regard. Furthermore, the pooled rate of ICA was 
8.4 % versus 6.3 % [OR 1.36 (CI 95 % 1.03–1.80)], and of revascularization, 4.6 % 
versus 2.6 % [OR 1.81 (CI 95 % 1.20–2.72)] for CTCA and SOC, respectively. 

 The clinical signifi cance of such small difference is uncertain. The diagnostic 
yield of coronary angiograms induced by CTCA (54 %) was higher than those 
induced by SOC (41 %). Accordingly, is the question that CTCA leads to increased 
rate of revascularizations, or does SOC lead to fewer revascularizations? 
Furthermore, are patients with obstructive disease discharged without a diagnosis? 

 It might be believed that CTCA could eventually lead to an increment in down-
stream costs driven by the higher rates of ICA and revascularization. Nevertheless, 
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since more than 90 % of patients did not undergo ICA, the major source of cost is 
the diagnostic workup per se. Moreover, the decision to revascularize depends on the 
interventional cardiologist, not on the CTCA that leads to it. Finally, it is noteworthy 
that two of the studies included in the meta-analysis performed SPECT in all patients 
with stenoses >25 % or calcium score (Agatston) >100. This very conservative strat-
egy has probably leaded to increased rates of ICA in the CTCA group [ 36 ,  67 ]. 

 The CT-STAT trial provided a head-to-head comparison of CTCA versus stress- 
rest SPECT in patients with acute chest pain presenting at the ED, and thus deserves 
a comment. In this study, the rates of ICA during the index visit (CTCA 6.7 %, 
SPECT 6.2 %, p = 0.80) and the total revascularization rates (CTCA 3.6 %, SPECT 
2.4 %, p = 0.34) were similar between groups. Furthermore, the cumulative event 
rates were comparable (CTCA 5.2 %, SPECT 3.7 %, p = 0.36) [ 36 ].Clinical out-
come studies in this population are warranted, although they would require very 
large sample sizes given the low event rate. 

 Further data regarding downstream cost utilization arises from a recent large mul-
ticenter registry (CONFIRM) that included 155,207 CTCA patients at intermediate 
risk of CAD and demonstrated that patients without CAD and those with only mild 
disease had low rates of ICA (2.5 % vs. 8.3 %, respectively), and very low revascu-
larization rates (0.3 % vs. 2.5 %, respectively), after a 2.3 year follow-up [ 68 ]. 

 Most of the aforementioned favorable evidence of CTCA is related to its unsur-
passed negative predictive value, positioning the technique as a fast, safe, and pos-
sibly cost effective means to exclude CAD as the cause of an ACS in the ED. Such 
negative predictive value provides an unparalleled long-term event-free safety win-
dow, with zero events in a large cohort of patients with normal coronary arteries 
after a mean 52-month follow-up [ 69 ]. 

 A recent decision analytic model possibly summarizes the concept of this chapter 
that one method is not meant to exclude the other. In this study that included patients 
with acute chest pain at low risk of CAD, CTCA plus confi rmatory SPECT for inde-
terminate results might be the most cost effective strategy compared to stress ECG, 
echocardiography, and SPECT. This combination also reduced hospitalization of 
patients with an initially false-positive CTA [ 70 ]. Furthermore, two recently pub-
lished meta-analyses indicate that the utilization of CTCA is a cost- and  time-effective 
strategy for evaluation of low and intermediate risk acute chest pain patients in ED 
and can be used for safe exclusion of acute coronary syndrome (ACS) [ 39 ,  71 ]. 

 Nevertheless, it should be stressed that results from these trials cannot be directly 
applied to the real world. Only highly trained physicians should read CTCA scans 
and patients presenting to the ED during evening or weekends were excluded. An 
attempt to incorporate CTCA in patients with acute chest pain and TIMI risk score 
≤2 in a large urban health care system yielded promising results, analogous to the 
fi ndings from randomized studies. Cury et al. proposed to risk stratifi cation based 
on the following groups of risk of ACS: 0, low (negative CTA fi ndings); 1, mild 
(1–49 % stenosis); 2, moderate (50–69 % stenosis); or 3, severe (≥70 % stenosis). 
Patients with negative CTCA were discharged, those with mild disease were dis-
charged but followed up at the outpatient clinic, those with moderate stenosis under-
went further stress testing, and patients with severe stenosis underwent ICA. The 
rate of MACEs in patients with stenosis ≥70 % (8.3 %) was signifi cantly higher 
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than in patients with negative CTA fi ndings (0 %) or those with mild stenosis 
(0.2 %). Moreover, a 51 % decreased length of stay from 28.8 to 14.0 h (p < 0.0001) 
was observed after implementation of the dedicated chest pain protocol [ 40 ].  

    Limitations of CTCA 

 Aside from the evaluation of CTP that has been discussed above, CTCA does not 
provide a signifi cant incremental value over functional tests in patients with high 
pretest probability [ 72 ]. This limitation is partially related to the fact that high risk 
patients usually have diffusely calcifi ed coronary arteries. Furthermore, although 
the incorporation of signifi cant technical developments in the fi eld has greatly 
improved temporal and spatial resolution, diffuse calcifi cation remains the only 
variable with a major impact on diagnostic accuracy [ 73 ]. A number of studies have 
reported a signifi cant decline in diagnostic accuracy with calcium scores (Agatston) 
>400 related mainly to blooming artifacts that commonly lead to overestimation 
stenosis severity [ 27 ,  74 ]. A post-hoc analysis of the CORE-64 study disclosed this 
limitation. Non-calcifi ed segments yielded a positive likelihood ratio (LR +) of 34.4 
(95 % CI 23.1, 51.2), compared to a LR+ of 9.9 (95 % CI 7.5, 13.1) among mildly 
calcifi ed segments, a LR+ of 4.3 (95 % CI 3.3, 5.5) among segments with moderate 
calcifi cation, and a LR+ of 2.8 (95 % CI 2.2, 3.5) among severely calcifi ed seg-
ments, respectively; exposing the negative impact of calcifi cation in the diagnostic 
accuracy of CTCA. Furthermore, 16 % of segments with mild calcifi cation had poor 
image quality versus 43 % of segments with severe calcifi cation [ 75 ]. 

 Dual energy CT imaging shows promise to overcome some of these limitations, 
by the ability to attenuate the adverse effect of beam hardening and blooming arti-
facts, thereby potentially aiding in the assessment of severely calcifi ed vessels [ 45 , 
 76 ,  77 ]. Future studies using dual energy imaging are warranted to explore whether 
this technique might lead to the inclusion of patients with intermediate to high prob-
ability of CAD, usually excluded from any analysis with conventional single energy 
scanners. Furthermore, dual energy imaging might also have improved diagnostic 
performance compared to conventional CT for the assessment of myocardial perfu-
sion, preserving image quality without increasing effective radiation dose levels 
[ 45 ]. This might be of interest in the further functional assessment of patients with 
intermediate to high probability of CAD with stress myocardial perfusion CT.  

    Conclusions 

     1.    Among low risk patients with chest pain presenting at the ED with normal or 
non-diagnostic ECG and negative initial cardiac enzymes, stress imaging (par-
ticularly stress-only SPECT) is an effective strategy to safely discharge patients; 
with a very high negative predictive value to predict myocardial infarction or 
future adverse cardiac events.   
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   2.    CTCA has emerged as a fast, safe, and possibly cost effective means to exclude CAD 
as the cause of an ACS in the ED in patients at low-to-intermediate risk of CAD.   

   3.    CTCA is associated with a mild (2 %) but signifi cant difference in rates of invasive 
angiography and coronary revascularization, but with a higher diagnostic yield.   

   4.    A normal CTCA provides a long-term event-free safety window, with zero 
events after a mean 52-month follow-up.   

   5.    Further studies might defi ne whether CTCA plus confi rmatory stress imaging for 
indeterminate results might be the most cost effective strategy.   

   6.    The potential prognostic value of CTCA regarding plaque burden in comparison 
to stenosis severity and myocardial ischemia warrants further investigation.         
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    Chapter 8   
 Takotsubo Cardiomyopathy – An Interesting 
and Somewhat Unexplained Clinical Entity       

       Eduardo     D.     Gabe       and     John     A.     Ambrose    

    Abstract     Takotsubo cardiomyopathy is a curious, underreported syndrome of tran-
sient left ventricular dysfunction unrelated to coronary artery disease, often present-
ing as an ACS in postmenopausal women usually following a signifi cant mental or 
physical stress. Since its initial description nearly 25 years ago, it has been reported 
under various scenarios. While criteria for diagnosis have been proposed, there 
remain several unresolved issues pertaining to its incidence, pathophysiology and 
treatment. This chapters reviews these unresolved issues.  

  Keywords     Takotsubo   •   “Broken Heart” syndrome  

        Introduction 

 Takotsubo cardiomyopathy (TCM) is a curious clinical entity characterized by tran-
sient left ventricular dysfunction usually involving the antero apical and infero api-
cal regions of the myocardium in the absence of signifi cant coronary artery disease 
(Fig.  8.1 ). The syndrome often presents with chest pain and/or dyspnea, dynamic 
reversible ST-T segment abnormalities, and mildly increased cardiac enzymes dis-
proportionate to the extent of wall motion abnormalities. Most patients are usually 
elderly women and there is often a signifi cant mental or physical stress preceding 
the appearance of symptoms. Common triggers that have been identifi ed which 
include the death of a loved one, becoming a victim of theft, the experience of a 
great loss such as with gambling, a surprise party or severe illness (hospitalization in 
an intensive care unit), etc. [ 1 ]. In others, an acute neurologic event, most commonly 
a subarachnoid hemorrhage is the precipitating event. While elevated catecholamine 
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levels have been suggested as a signifi cant pathophysiologic mechanism in most 
patients, in others, the pathophysiology is unknown as well as how elevated cate-
cholamines alter left ventricular function. Since it was fi rst described in 1991, mul-
tiple articles have been published on this subject. However, several aspects of the 
disease remain unresolved. These revolve around its incidence, pathophysiology, the 
diagnostic criteria used to defi ne it and its appropriate management [ 2 – 5 ].

       Incidence 

 Since it was fi rst recognized, it has been reported in most studies that about 1–2 % 
of patients diagnosed as an ACS could suffer from TCM. However, its true inci-
dence is largely unknown. Possible reasons that contribute to this include the fact 
that there is often a low index of clinical suspicion for TCM and TCM can often 

a b

c d

  Fig. 8.1    The typical end diastolic ( a ) and end systolic ( c ) left ventricular angiographic frames 
from a 72 year old female who presented with an ACS after the death of her sister. Similar fi ndings 
are also seen on a four chamber echocardiogram-End diastole ( b ) and end systole ( d )       
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masquerade as other syndromes. While diagnostic criteria have been proposed, 
these criteria are very specifi c although probably relatively insensitive leading to 
under diagnosis. Since the presence of severe coronary artery disease is an exclu-
sion according to the Mayo criteria, a typical presentation in an elderly female may 
be misdiagnosed as related to coronary disease [ 6 ]. The prevalence estimate of 
TCM comes from small series of consecutive patients with suspected ACS [ 7 – 10 ]. 
While each of these series included a small number of patients with TCM, they 
represented approximately 1.7–2.2 % of the cases admitted to the coronary care unit 
with suspected ACS. In a preliminary investigation, researchers at the University of 
Arkansas identifi ed 21,748 patients diagnosed with TCM in 2011 using a database 
of national hospital discharge in the USA [ 11 ]. In an analysis of cases by state, it 
was observed that Vermont and Missouri had the highest rate, with 380 per million 
population in Vermont and 169 per million in Missouri. The rate of patients with 
TCM in Vermont in 2011 was more than double that in the other states. This was the 
same year that Tropical Storm Irene hit the state with heavy rains and wind. 
Similarly, the researchers found a rate of 169 cases per million in Missouri in 2011, 
the same year that a massive tornado devastated Joplin, Mo. Most states had fewer 
than 150 cases per million inhabitants [ 11 ]. 

 There are other data suggesting that the incidence may be more common than 
previously published particularly if one examines post menopausal women present-
ing with ACS. Sy et al. prospectively evaluated 1297 consecutive postmenopausal 
women with a positive troponin, 323 (24.9 %) of whom met criteria for acute myo-
cardial infarction according to the Universal Defi nition. Of these, 19 (5.9 %) met 
criteria for defi nite or probable TCM [ 12 ]. We also believe that TCM can pose as 
other syndromes previously reported in the literature. Other than the cerebral T 
waves associated with subarachnoid hemorrhage, LV dysfunction associated with 
sepsis [ 13 ], the occasional patient with normal appearing coronary arteries on angi-
ography after thrombolytic therapy and viral myocarditis masquerading as acute 
myocardial infarction may represent, in many cases, TCM. In the later report, most 
patients were elderly women with transient LV dysfunction and no coronary 
obstruction [ 14 ]. Their biopsies were not inconsistent with that seen in TCM.  

    Pathophysiology 

 Several theories have been proposed to explain the pathophysiology of TCM. These 
include catecholamine excess, multiple epicardial coronary artery spasm, microvas-
cular dysfunction and acute outfl ow tract obstruction in the presence of low estro-
gen levels. These theories are not mutually exclusive. 

 In general, the LV dysfunction of TCM whether it is the apical variant or the 
other less frequent presentations (mid ventricular or basal) does not correspond to a 
single coronary artery territory. In the usual apical variant, the akinesis is more 
extensive than the territory supplied by the left anterior descending artery. While 
Migliore et al. [ 15 ] found that myocardial bridging of the left anterior descending 
on angiography or CT imaging was a common fi nding in patients with TCM, it is 
highly unlikely that this is causative. Likewise, Ibanez et al. suggested that TCM 
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could be an aborted myocardial infarction with spontaneous lysis of the thrombus 
[ 16 ]. Again, the overall evidence is not supportive. 

 What has been suggested is that reversible dysfunction of the coronary microcir-
culation might be an important pathophysiologic mechanism. Utilizing myocardial 
contrast echocardiography and infusions of adenosine, Galiuto et al. showed that 
adenosine transiently improved microvascular perfusion and wall motion in TCM 
but not in acute anterior STEMI [ 17 ]. The cause of this intense microvascular con-
striction and the predilection for this region of the myocardium is still largely 
unknown, although the effect of sympathetic stimulation on the vasculature is prob-
ably an important mechanism. Supraphysiologic levels of catecholamines have 
been described in most but not all patients with TCM and it has been suggested that 
this leads to myocardial stunning. Catecholamine and dopamine plasma levels 
 during the acute presentation of TCM are signifi cantly higher than those found in 
individuals with acute myocardial infarction and Killip class III/IV and remain very 
high even a week after the onset of symptoms [ 18 ]. Cardiac biopsy specimens when 
performed acutely in some patients with TCM have shown monocyte infi ltration 
and contraction band necrosis consistent with catecholamine excess [ 18 ]. Excessive 
catecholamine release might generate microvascular spasm and endothelial dys-
function leading to myocardial stunning [ 19 – 21 ]. Transient LV dysfunction similar 
to TCM could be induced in rats exposed to physical stress with elevated levels of 
catecholamines [ 22 ]. It has also been suggested that increased catecholamines gen-
erate increases in reactive oxygen species that directly injure vascular cells and 
cardiac myocytes [ 18 ]. 

 Why is the apex of the left ventricle usually involved in TCM? Ballooning of 
the apical region might be related to the predominance of sympathetic receptor 
density in the apical portion of the left ventricle. Sympathetic receptor density is 
not uniformly distributed in the heart with the greatest density at the distal LV seg-
ment and apex providing a possible explanation for the classic LV apical balloon-
ing seen in TCM. High levels of catecholamines may be negatively ionotropic 
when the β1 receptor is over stimulated leading to transient myocardial stunning 
[ 23 ]. Supporting this hypothesis is the high frequency of antecedent mental or 
physical stress and the similarity of the wall motion abnormalities in TCM to those 
with the cardiomyopathy of pheochromocytoma or catecholamine excess [ 24 ,  25 ]. 
Unfortunately, elevated catecholamine levels have not been found in all patients 
with TCM. 

 Another hypothesis that has been proposed is multivessel spasm of epicardial 
coronary arteries. It seems unlikely that the left ventricular dysfunction occurring in 
this syndrome could be due only to spasm of a single coronary artery as mentioned 
above. No conclusive evidence of multivessel spasm has been found to explain most 
cases of TCM, although it is suggested that transient spasm might explain a minor-
ity particularly in Japan. In a study in which spasm was evaluated, multivessel 
spasm was demonstrated in a few patients [ 2 ]. However, persistent ST elevation 
without coronary stenosis on angiography could not be related to epicardial spasm 
as the primary pathophysiology of TCM [ 2 ]. 

 Another possibility regarding the pathophysiology of TCM has been the demon-
stration of acute outfl ow tract obstruction in some patients with TCM [ 20 ]. 
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 Hypercontractility of the basal segments in the usual apical variant may lead to 
outfl ow tract obstruction in the small left ventricles of postmenopausal women. The 
acute pressure overload at the thinned out apex related to obstruction could lead to 
transient apical akinesis. However, if this mechanism is causative, it is involved in 
only the minority of cases. 

 Metabolic abnormalities have also been described in TCM, including a reduction 
in fatty acid metabolism similar to what occurs under conditions of ischemia. This 
has been documented through SPECT imaging with I-123 BMIPP [ 26 ]. On PET 
imaging, reduced perfusion with N-13 ammonia and decreased metabolism with 
F-18 FDG imaging have also been described. The radio-iodinated analog for 
 norepinephrine, I-123 MIBG has also been used to demonstrate a suppression of 
 myocardial sympathetic nerve function in response to myocardial ischemia in 
TCM. These fi ndings of transient decreased perfusion with reduction in metabolism 
and sympathetic nerve function are characteristic of myocardial stunning. These 
fi ndings are likely secondary to TCM rather than primary mechanisms. 

 All authors agree that the vast majority of patients (typically ≥90 %) diagnosed 
with TCM are postmenopausal women. How does estrogen and specifi cally the 
estrogen defi ciency following menopause contribute to TCM? The answer is not 
clear. There could be a complex interaction between neuro-hormonal factors, the 
genetic profi le, anatomical abnormalities and other factors that jointly contribute to 
the cardiac dysfunction. Stress-mediated vasoconstriction may be enhanced in the 
presence of estrogen defi ciency [ 27 ]. Estrogen defi ciency promotes vasomotor 
instability prone to vasoconstriction, endothelial dysfunction and thus microvascu-
lar dysfunction. Lower estrogen levels may explain the gender disparity in the 
expression of this cardiac entity [ 27 – 29 ]. 

 In summary, there are probably multiple interrelated pathophysiologic mecha-
nisms in TCM. Most revolve around the effects of a transient increase in catechol-
amine levels in the presence of estrogen defi ciency. Transient left ventricular 
dysfunction results, possibly related to catecholamine effects on β receptors upregu-
lated at the apex and transient microvascular dysfunction. In a few patients, basal 
hypercontractility leads to outfl ow tract obstruction or multi vessel epicardial spasm 
is present. Both of these later conditions might be causative of TCM or just epi 
phenomena. Of course, these mechanisms might not apply to the occasional man or 
younger woman with TCM. One wonders whether or not there is a genetic compo-
nent that predisposes some individuals to this condition. We believe that the molec-
ular mechanisms underlying this syndrome also require further study.  

    Making the Diagnosis of TCM 

 Diagnostic criteria have been proposed by various authors (Tables  8.1 ,  8.2 ,  8.3 , and 
 8.4 ) [ 30 – 33 ]. The Mayo Clinic (Table  8.5 ) [ 34 ,  35 ] criteria are the most widely 
accepted. Most criteria exclude patients with head trauma, intracranial or subarach-
noid hemorrhage which does not seem logical since these patients often develop the 
typical signs of TCM on ECG and non invasive imaging. Signifi cant epicardial 
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coronary artery disease is a natural exclusion although, as mentioned earlier, this 
probably leads to under diagnosis since TCM is not ordinarily diagnosed in the 
presence of severe CAD even when the acute signs are otherwise classic and the 
recovery of function is typical. Given the advanced age of most patients, concomi-
tant coronary artery disease probably excludes many potential patients. Other situa-
tions may also preclude diagnosis such as not performing an angiogram to exclude 
CAD because the patient is too sick, i.e. ICU patients with trauma or sepsis etc. 
Occasionally, potential patients die before a diagnosis can be confi rmed by a repeat 
imaging study showing improvement in regional wall motion.

       After initial reports of TCM as the typical apical left ventricular dysfunction, 
new variants of altered ventricular geometry were reported. The dysfunction can 
preserve the apex and affect different segments of the left ventricle and right ven-
tricle as well. Akinesia of the middle ventricular segment with normal or increased 
apical and basal contraction is termed the mid ventricular variant. Basal akinesia 

   Table 8.2    Prasad criteria   

 Transient hypokinesia, akinesia, or dyskinesia of the middle segments of the LV, with or 
without alterations at the apex. 
 Regional abnormalities of wall motility extend beyond the area of distribution of a single 
epicardial vessel. 
 Absence of an obstructed coronary artery or angiographic evidence of acute rupture of a plaque. 
 New ECG abnormalities (ST elevation and/or T-wave inversion) or elevation of cardiac troponin. 
 Absence of: 
   Recent head injury 
   Intracranial haemorrhage 
   Pheochromocytoma 
   Myocarditis 
   Hypertrophic cardiomyopathy 

   Table 8.1    Abe and Kondo criteria   

  Major criteria : 
 Reversible left ventricular ballooning with abnormalities of apical motility and 
hypercontractility of the basal segments. 
 Abnormalities of the ST segment/T wave on the ECG, simulating acute myocardial infarction. 
  Minor criteria : 
 Physical or emotional stress as triggering factors. 
 Limited elevation of the cardiac enzymes. 
 Precordial pain. 
  Exclusion criteria : 
 Ischaemic myocardial stunning. 
 Subarachnoid haemorrhage. 
 Pheochromocytoma crisis. 
 Acute myocarditis. 
 Tachycardia-induced cardiomyopathy. 
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with preserved apical contractility is referred to as “inverted Takotsubo”. The typi-
cal apical variant is observed in over 2/3 s of patients [ 8 ,  36 ]. 

 Eitel et al. [ 37 ] have examined the role of MRI in 59 patients with clinical mani-
festations of TCM (patients with an ACS without signifi cant obstructive coronary 
disease and characteristic wall motion abnormalities). Based on magnetic resonance 
imaging only, a diagnosis of MCT was established in 68 % of patients. Typically, 
there is no late enhancement of gadolinium with TCM in comparison to LV dys-
function related to infarction. Presumably, this technique might be used in some 
patients with CAD and otherwise a typical TCM presentation to suggest the 
diagnosis.  

    Acute and Chronic Management of TCM 

 There is no specifi c treatment and the same supportive therapy used in any cardio-
myopathy is employed. The optimal treatment has not been established. Most would 
use beta blockers given the presumed role of excessive catecholamines but it is 

   Table 8.3    Segovia Cubero criteria   

  Previous conditions  ( both obligatory ): 
 1.  Evidence of a transient apical dysfunction of the LV with the typical form in systole (rounded 

apex with narrow neck due to hypercontractility of the basal segments), diagnosed by 
angiography, echocardiography, isotope scans, or cardiac magnetic resonance imaging. The 
disturbance typically reverts in 2–3 weeks, although it can persist for up to 2 months. 

 2.  Absence of other conditions associated with regional transient systolic dysfunction of the LV: 
subarachnoid hemorrhage, pheochromocytoma, ischemic myocardial stunning, drugs 
(cocaine), myocarditis, etc. 

  Diagnostic criteria : 
 1. Major: Early coronary angiography (within the fi rst 24 h) showing no anatomical lesions. 
 2. Minor: 
   Early coronary angiography showing non-signifi cant lesions (less than 50 % without 

characteristics of a complicated plaque or intraluminal thrombus). 
   Late coronary angiography (from the second to the seventh day after the onset of the 

syndrome) showing no signifi cant lesions. 
   Physical or psychological stress as the trigger of the disorder. 
   Typical ECG changes: 
   ST segment elevation in the acute phase, more marked in V4–V6 than in V1–V3. 
   Appearance of Q waves that disappear after the acute phase. 
   Very prominent negative T waves in V1–V6. 
   QTc prolongation. 
   Woman over 50 years of age. 
 Confi rmed TADS: 1 major criterion or 2 or more minor criteria, including an angiographic 
criterion. 
 Probable TADS: 2 or more minor criteria, with no angiographic criterion. 
 TADS: transient apical dysfunction syndrome. 
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unknown whether these hasten recovery. Furthermore, it is unclear whether selec-
tive beta blockers such as metoprolol (a selective β1 blocker) versus carvedilol (both 
a non selective β and α blocker) are the preferred agent. While most would continue 
beta blockers chronically, there are also no data supporting the fact that these agents 
reduce recurrences. Fortunately, the recurrence rate is ≤10 %. 

   Table 8.4    Kawai criteria   

  Exclusion criteria : 
 1. Signifi cant organic stenosis or spasm of a coronary artery. In particular, AMI due to a lesion 
of the anterior descending artery of the left coronary artery, which irrigates a large territory 
including the apex of the LV (urgent coronary angiography is desirable in order to view the 
image in the acute phase; during the chronic phase, coronary angiography is necessary to 
confi rm the presence or absence of signifi cant stenotic lesions or abnormal lesions that could 
explain the ventricular contraction). 
 2. Cerebrovascular disturbances. 
 3. Pheochromocytoma. 
 4. Viral or idiopathic myocarditis. 
 (Note: Coronary angiography is required for the exclusion of coronary artery lesions. Takotsubo- 
like myocardial dysfunction can occur in conditions such as cerebrovascular disorders or 
phaeochromocytoma). 
  Diagnostic references : 
 1. Symptoms: Precordial pain and dyspnoea similar to the fi ndings in the acute coronary 
syndrome. Takotsubo cardiomyopathy can also occur without symptoms. 
 2. Triggers: Emotional or physical stress, although it can also occur without any obvious trigger. 
 3. Age and gender: There is a recognized tendency to a higher frequency in elderly individuals, 
principally women. 
 4. Ventricular morphology: Apical ballooning with rapid recovery on ventriculography and 
echocardiography. 
 5. ECG: ST elevation may be observed immediately after the event. T waves progressively 
become negative in various leads and the QT interval progressively lengthens. These changes 
gradually improve, but the T waves may remain negative for months. Pathological Q waves and 
alterations of the QRS voltage may be observed in the acute phase. 
 6. Cardiac biomarkers: There is only a slight rise in the cardiac enzymes and troponin. 
 7. Nuclear medicine scan of the heart: Abnormalities may be detected on myocardial gamma 
scan in some cases. 
 8. Prognosis: Recovery is rapid in most cases, but some patients develop acute pulmonary 
edema and other sequelae, even death. 

   Table 8.5    Diagnostic criteria of the Mayo Clinic   

 Suspicion of AMI based on precordial pain and ST elevation observed on the acute-phase 
ECG. 
 Transient hypokinesia or akinesia of the middle and apical regions of the LV and functional 
hyperkinesia of the basal region, observed on ventriculography or echocardiography. 
 Normal coronary arteries confi rmed by arteriography (luminal narrowing of less than 50 % in all 
the coronary arteries) in the fi rst 24 h after the onset of symptoms. 
 Absence of recent signifi cant head injury, intracranial hemorrhage, suspicion of 
pheochromocytoma, myocarditis, or hypertrophic cardiomyopathy 

E.D. Gabe and J.A. Ambrose



107

 If there is adequate blood pressure, medical therapy usually includes not only a 
beta-blocker but also an angiotensin converting enzyme inhibitor, or angiotensin II 
receptor blocker. Systemic anticoagulation should be considered if a left ventricular 
thrombus is identifi ed or the wall motion abnormalities are slow to recover. Inotropic 
support may be necessary if the blood pressure is low but should not be used in 
patients with outfl ow tract obstruction. Thus, this indicates the importance of a 
 complete echocardiographic study or hemodynamic measurements at the time of 
angiography. A defi nitive diagnosis of TCM requires that the coronary arteries are 
visualized and are normal or non obstructive. An intra-aortic balloon pump or other 
methods of circulatory support is indicated with marked left ventricular dysfunction 
associated with severe hypotension or shock in the absence of outfl ow tract 
 obstruction. Hospital mortality in most of the published series is <3 %. These 
patients should also be monitored carefully after admission to prevent signifi cant 
arrhythmias. 

 If an elderly female is admitted with a STEMI- like presentation particularly 
involving the anterior wall and is not at or near a hospital with primary PCI 
 capability, should she receive thrombolytic therapy? One must always individualize 
therapy but, unless she is at high risk of bleeding, the answer is yes as the therapy 
could be life saving. However, angiography is always preferable to exclude the 
occasional TCM and provide the appropriate interventional therapy. This is particu-
larly suggested if the index of suspicion for TCM is high such as when there is a 
preceding great emotional stress and a large apical wall motion abnormality is seen 
on echocardiography or angiography.  

    Conclusion 

 In spite of being a reversible, mostly benign form of cardiomyopathy, there 
must always be a high index of suspicion for this diagnosis particularly in post 
menopausal women presenting with an ACS or unexplained LV dysfunction. 
Although there are controversial data regarding the incidence, pathophysiologic 
mechanisms, diagnostic criteria, therapeutic strategies and perhaps even the name 
of the syndrome, always consider TCM as a possibility particularly in this 
 population. You might be surprised how often you will fi nd it!     
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    Chapter 9   
 Chest Pain in Women: Evaluation 
and Management       

       Josephine     Warren     ,     Jennifer     Yu     ,     Liliana     Rosa     Grinfeld     , and     Roxana     Mehran     

    Abstract     Despite the signifi cant burden of ischemic heart disease (IHD) in women, 
the optimal evaluation and management of chest pain in this population is unclear, 
complicated by gender differences in presentation, etiology and disease perception 
as well as a relative paucity of specifi c, well-powered studies in this fi eld. In con-
trast to male IHD, which is typically characterized by classical symptomology and 
demonstrable obstruction on angiography, chest pain in women is often more vague 
and more likely caused by an atypical etiology such as microvascular disease or 
endothelial dysfunction. The absence of macroscopic coronary obstruction presents 
a management challenge to physicians, and a large proportion of index cardiac 
events in women result in fatality. Evaluating chest pain is further complicated by 
gender discrepancies in the accuracy of diagnostic testing due to anatomical and 
physical variation. Furthermore, there is a distinct lack of awareness of disease 
severity among women and treating physicians, placing the imperative on the need 
for improving public education. This chapter will analyze current controversies 
 pertaining to the evaluation and management of chest pain in women.  
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        Introduction 

 Cardiovascular disease represents the leading cause of mortality in women, claiming 
more lives annually than it does men [ 1 ]. Despite this, the evaluation and management 
of women presenting with chest pain remains suboptimal, and there is underutilization 
of invasive and medical management in women versus men. Not surprisingly, this has 
translated into worse outcomes and greater healthcare costs. With almost 40 % of index 
cardiac events in women resulting in fatality, the need for an effective diagnostic strat-
egy for those at risk is clear [ 2 ,  3 ]. The clinical assessment of women presenting with 
chest pain is complicated by the prevalence of atypical symptomology, lack of aware-
ness of risk, higher burden of symptoms, lower functional capacity and atypical etiol-
ogy [ 4 ]. Controversy lies in defi ning an investigative and management strategy that 
best refl ects the pathophysiological differences between genders. Recently, it has been 
proposed that coronary disease in women should be considered a different entity to that 
in men, and that management should be modifi ed accordingly to challenge the current 
paradigm that chiefl y revolves around the identifi cation and revascularization of large 
vessel coronary obstruction [ 5 ]. This chapter will outline the available evidence regard-
ing the optimal evaluation and treatment of woman presenting with chest pain.  

    Clinical Assessment 

    Clinical Presentation 

 Several key features differentiate the clinical presentation of chest pain between 
men and women. Women present on average 10 years older than men, and experi-
ence signifi cantly greater delay from symptom onset to diagnosis, with a more 
extensive risk factor profi le [ 6 – 8 ]. The primary priority in the assessment of chest 
pain in women is to establish the nature of the presenting complaint, which man-
dates establishing a history of duration, onset, distribution, intensity, character and 
aggravating or alleviating factors associated with the pain. Importantly, women are 
more likely to underestimate the severity of their presentation and to attribute their 
pain to a non-cardiac cause [ 9 ], necessitating perseverance from the physician. 

 In women, an atypical pattern of chest pain is not the rule, but occurs more 
frequently than in men. Features are described in Table  9.1  [ 10 ]. Though the 
mechanism is poorly understood, it is thought that this is due to higher frequency 

   Table 9.1    Atypical chest pain   

 Distribution: jaw, neck, back, arm, abdomen, left chest 
 Onset: at rest, during sleep, post-prandial, during mental stress 
 Character: sharp, stabbing, fl eeting 
 Associated symptoms: nausea, vomiting, fatigue, dyspnea, palpitations, indigestion, sweating, 
syncope 

J. Warren et al.



113

of atypical ischemic etiology in women, such as microvascular angina, endothelial 
dysfunction, and vasospasm [ 11 ,  12 ]. Therefore, a lowered index of suspicion for 
a cardiac etiology is required for women, particularly if the presentation is atypi-
cal. Indeed, while women are more likely to present with non-cardiac chest pain 
than men, their angina is still associated with an increased risk of mortality [ 13 ].

   Typical chest pain still occurs more frequently in women. A history of typical angina 
confers a predictive value of greater than 60 % for coronary artery disease (CAD) on 
the coronary angiogram [ 14 ]. Common atypical triggers for women include stress, rest 
and sleep [ 15 ]. An effective history also screens for non-cardiac causes and prevents the 
need for further invasive testing. Red fl ag diagnoses are presented in Table  9.2 .

       Systems Review 

 Women are signifi cantly more likely than men to report multiple symptoms [ 16 ] in 
the setting of chest pain so it is important to conduct a thorough cardiovascular 
systems review, with particular emphasis on the presence of palpitations, dyspnea 

   Table 9.2    Red fl ag diagnoses   

 Diagnosis  Differentiating signs and symptoms  Investigations 

 Acute coronary 
syndrome (ACS) 

 Acute chest pain  Elevated biomarkers 
 ± dyspnea, fatigue, nausea, syncope  Ischemic ECG changes 

 Takotsubo 
cardiomyopathy a  

 Acute chest pain  Mild biomarker elevation 
 ± dyspnea, shock  No obstruction on angiography 
 Precipitated by emotional stress  Circumferential ballooning on 

echo (apex, mid or base). 
 Aortic dissection  Tearing chest pain, radiation to the back  Widened mediastinum on CXR 

 ± aortic regurgitation, neurological 
defi cits 

 Echocardiography 

 Pulse defi cits  CT scan 
 Pulmonary 
embolism 

 Chest pain, may be pleuritic  V:Q scan 
 ± dyspnea, tachycardia, fever  CT pulmonary angiography 

 Cardiac 
tamponade 

 Chest pain  Pericardial effusion on 
echocardiography  Tachycardia, hypotension, muffl ed heart 

sounds 
 Pulsus paradoxus 

 Tension 
pneumothorax 

 Acute dyspnea, pleuritic chest pain  Pneumothorax ± displaced 
mediastinum on CXR  Reduced breath sounds, resonance to 

percussion, tracheal deviation 
 Spontaneous 
coronary artery 
dissectiona 

 Symptoms of ACS, recent child birth  Angiography or intravascular 
ultrasound demonstrating true 
and false lumen 

 Coronary 
vasospasm a  

 Chest pain at rest, sometimes during 
sleep 

 ST-changes on EKG 

 Younger women 

   a More common in women  
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and fatigue. In addition, a brief screening of other systems assists both in ruling out 
common differentials in women, such as esophageal spasm, anxiety and pleurisy, 
and in as identifying further risk factors for coronary vascular disease (Table  9.3 ).

       Gender-Specifi c Assessment 

 The assessment of chest pain is incomplete without a thorough obstetric and gyne-
cological history (Table  9.4 ) as many of these conditions may mask or exacerbate 
cardiovascular disease.

       Risk Factor Assessment and Risk Stratifi cation 

 Women present with a more extensive risk factor profi le at their index event than 
men, due in part to an older age at presentation, but are less likely to have prior his-
tory of IHD or revascularization [ 30 ]. Table  9.5  shows the risk factors for CAD in 
women. The presence of cardiovascular risk factors is a stronger predictor of CAD 
in women than in men [ 12 ].

   The Framingham risk estimation score, which is the current standard of risk strati-
fi cation, is a poor predictor of subclinical disease in women, and has the  tendency to 
misclassify those who would benefi t from investigation as low risk. As a result, these 
women potentially evade adequate assessment and thus the threshold for investigation 
should be lower [ 33 ]. Accuracy may be improved with the use of imaging assessment, 
such as the coronary artery calcium score, which is discussed later in this chapter. 

 Diabetes mellitus is the strongest independent predictor of CAD in women, to a 
much greater extent than in men. The presence of DM increases the chance of devel-
oping CAD three-fold [ 34 ,  35 ]. Similarly, the presence of concurrent peripheral 
vascular disease is equivalent to an existing diagnosis of CAD. The presence of one 
or more major risk factor should warrant consideration of further investigation.   

    Investigations 

 Despite best practice guidelines, women are signifi cantly less likely to undergo exer-
cise ECG stress testing and coronary angiography than their male counterparts [ 36 ]. 
Not surprisingly, women presenting with stable angina have an increased risk of 
1-year mortality, which highlights the need for a shift in the paradigm in the assess-
ment and treatment of women with chest pain. Female gender, coupled with age 
<55, functions as an independent risk factor for missed myocardial infarction [ 37 ]. 

 Several factors complicate the investigation of chest pain in women [ 38 ]. 
Anatomically, women have smaller body surface area, narrower coronary arteries 
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and a higher frequency of abnormal plaque morphology, rendering invasive proce-
dures and assessment more diffi cult [ 39 ]. Risk stratifi cation standards in women 
remain suboptimal, as evidenced by the higher incidence of women undergoing 
angiography only to fi nd normal coronary anatomy, highlighting the need for 
improvement in triage and investigation [ 11 ]. Figure  9.1  shows investigations for 
women presenting with chest pain.

      Acute Chest Pain 

    ECG 

 The standard 12-lead ECG is integral to the initial evaluation and triage of patients 
with suspected ACS. Ideally, this needs to be performed within 10 min of presenta-
tion, but this occurs less frequently in women [ 40 ,  41 ]. Discrepancies in the ECG 
seen in women include a prolonged QT interval, reduced QRS amplitude and 

  Table 9.3    Systems review   Systems: [ 17 ] 
 Cardiovascular 
   Dyspnea a  
   Palpitations a  
   Peripheral edema 
   Cyanosis 
   Syncope a  
   Diaphoresis a  
 Gastroenterological 
   Refl ux, indigestion, esophageal spasm b  
   Nausea and vomiting a  

   Abdominal pain or discomfort 
 Psychosocial 
   Depression b  
   Anxiety b  
   Somatoform disorders 
 Respiratory 
   Pleuritic chest pain 
 Musculoskeletal 
   History of trauma b  
   Neuropathic pain 
   Swelling, deformity 
 Rheumatological 
   Rheumatoid arthritis, systemic lupus erythematosus, 

psoriatic arthritis c  

   a Red fl ags 
  b Differential diagnoses 
  c Increase risk for CAD  
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   Table 9.4    Obstetric/gynecological review   

 Menopausal status 
   Risk factor for CAD, compounded by effects of ageing 
   Loss of protective effects of oestrogen on the vasculature and cholesterol profi le [ 18 – 20 ] 
   Hormone replacement therapy (HRT) as a cardiovascular protection agent in post-menopausal 

women is controversial, with the HERS trial fi nding no benefi t to this regime, with an 
increased rate of venous thromboembolic events (VTE) and MI in the early stages of 
therapy. 

 Pre-eclampsia 
   Pregnancy is often seen as a physiological stress test for cardiovascular disease, and is also a 

time when women fi rst undergo blood pressure and blood glucose monitoring, thus making 
it an essential part of a cardiovascular risk assessment in women [ 21 ]. 

   There is a link between hypertensive disorders of pregnancy (HDP) and development of 
coronary vascular disease, as well as stroke, and hypertension [ 22 ,  23 ]. 

   Pre-eclampsia is a marker of maternal predisposition to vascular disease, particularly at a 
younger age [ 24 ] 

 Gestational diabetes 
   Increased risk of cardiovascular disease and type 2 diabetes [ 25 ]. 
 Polycystic Ovarian Syndrome (PCOS) 
   Increased cardiovascular risk, as well as increasing the risk of co-morbidities such as insulin 

resistance, obesity and hyperlipidemia [ 26 ]. 
   Women with PCOS are at a higher risk than their age-matched counterparts and require 

earlier screening for CVD 
 Oral contraceptive pill (OCP) 
   However, the use of OCPs in women over the age of 35 who smoke is contraindicated due to 

the risk of venous thromboembolic events and myocardial infarction [ 27 ,  28 ]. 
   While some meta-analyses have indicated a higher risk of MI attributable to increased 

thrombogenicity, the overall attributable risk is low, and thus considered safe [ 29 ]. 

   Table 9.5    Risk stratifi cation tool   

 Moderate risk criteria  High risk criteria 

  One or more of the following  
   Smoking 
   Poor diet 
   Sedentary lifestyle 
   Obesity (particularly central) 
   Family history of premature CVD 
   Hypertension 
   Dyslipidemia (particularly hypertriglyceridemia 

[ 31 ]) 
 Subclinical vascular disease 
 Metabolic syndrome 
 Poor exercise capacity on ETT 

 Known coronary artery disease 
 Other arterial disease, including 
   Cerebrovascular disease 
   Peripheral arterial disease 
   Abdominal aortic aneurysm 
 Chronic renal impairment 
 Diabetes mellitus 
 10-year Framingham Global Risk 
>20 % 

   Adapted from : Mosca et al. [ 32 ]  
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duration, and reduced baseline ST deviation. In particular, these parameters reduce 
the effi cacy of diagnostic criteria for left ventricular hypertrophy, and despite the 
development of gender specifi c criteria, this condition continues to be under-diag-
nosed [ 42 ]. For STEMI, current guidelines advocate a lower threshold for diagnosis 
of ST elevation in women in leads V2-3, with ≥1.5 mm elevation signifying STEMI, 
as opposed to ≥2 mm in men [ 43 ,  44 ]. 

 Potentially, there may be a role for echocardiography in women presenting with 
suspected IHD in the absence of diagnostic ECG changes or an atypical pattern of 
symptomatology.  

    Cardiac Biomarkers 

 A multi-marker approach is advocated in the assessment of women with chest pain 
due to gender discrepancies in reference range and specifi c biomarker expression, 
with women less likely to present with troponin elevations than men [ 45 ]. The 
TACTICS-TIMI 18 trial found that in women with non-ST-segment acute coronary 
syndromes were more likely to have elevated BNP and hs-CRP than men, who 
were more likely to present with elevated troponin and CK-MB [ 46 ]. In addition, 
CRP is related to micro-vascular coronary disease, a common but atypical cause of 
ischemic chest pain in women, and may be associated with the post-menopausal 
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  Fig. 9.1    Investigations for women presenting with chest pain       
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drop in estrogen [ 47 ]. It may also play a role as a risk marker in women [ 48 ]. 
Advantages and disadvantages of imaging modalities are presented in Table  9.6 .

        Chronic Chest Pain 

    Exercise ECG Stress Test 

 The exercise ECG test (ETT) is considered the fi rst line non-invasive investigation 
for patients with a moderate risk of CAD and a normal baseline ECG [ 49 ]. ETT 
provides ischemic provocation in the form of exercise and allows interpretation of 
corresponding ECG abnormalities. However, there are clear gender discrepancies in 
the accuracy of exercise ECG testing between men and women. The sensitivity and 
specifi city of ETT in women is just 61 % and 70 %, compared to 72 % and 77 % in 
men, respectively [ 50 ]. Critically, the low specifi city gives rise to almost 30 % of 
women receiving a false negative diagnosis, indicating the clear need for improve-
ment in diagnostic strategy. Gender variation in the accuracy of ETT is thought to 
be due to the baseline ST abnormalities seen in women, lower functional capacity, 
lower voltage and the impact of fl uctuating estrogen levels on electrical recording 
[ 51 ,  52 ]. 

 The ETT can be of value in symptomatic women when interpreted in conjunc-
tion with the Duke treadmill score [ 53 ], shown below (see Table  9.7 ). Exercise time 
is measured in minutes and the ST deviation is the absolute distance from baseline 
in any lead except aVR.

    Duke treadmill score  =  Exercise time −  ( 5  ×  ST deviation )  −  ( 4  ×  Treadmill 
Angina index  1 ) [ 53 ] 

 Also of value is the ability of the ETT to provide information on exercise capac-
ity, which is a strong prognostic indicator in CAD. Women are considered high risk 
if they are incapable of performing more than fi ve metabolic equivalents of graded 
exercise [ 54 ]. Heart rate recovery might also provide valuable information in 
women. Recovery of resting heart rate within 1–2 min post-ETT has good prognos-
tic power [ 55 ].  

    Stress Echocardiography 

 Stress echocardiography is a highly effective non-invasive means for assessing and 
stratifying symptomatic women with intermediate risk of CAD. In addition, it pro-
vides the added benefi t of structural assessment which allows identifi cation of 
localized ventricular dysfunction, valvular disease and wall motion abnormalities 
when confronted with ischemic stress [ 56 ] in the form of either exercise or 

1   Treadmill angina index: 0 = no angina during exercise, 1 = non-limiting angina during exercise, 
2 = exercise-limiting angina. 
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dobutamine. Wall motion abnormalities are an early indication of ischemia. 
Dobutamine stress echocardiography is recommended in women incapable of exer-
cising regardless of baseline ECG. Stress echocardiography has a higher specifi city 
and sensitivity than stress ECG, with a combined accuracy of roughly 85 % [ 49 , 
 57 – 59 ]. The effi cacy of stress echo is not gender specifi c. The higher specifi city 
allows for lower rates of false positives and therefore reduces the rate of unneces-
sary angiography [ 60 ].  

   Table 9.6    Advantages and disadvantages of imaging modalities   

 Modality  Advantages  Disadvantages 

 Exercise ECG  Tests exercise capacity 
 Prognostic information 

 Lower sensitivity and specifi city 
in women due to baseline ST 
variation 

 Stress Echo  Higher sensitivity and specifi city 
than exercise ECG 
 Provides information on wall motion 
abnormality, LVEF, structural 
abnormalities 
 No radiation, quick procedure 
 Good negative predictive value 

 Operator variability 

 Coronary artery 
CT 

 Non-invasive 
 Identifi es non-obstructive and 
subclinical CAD (plaque burden) 
 Prognostic indicator 
 +++ sensitivity and specifi city 

 Radiation exposure 
 Good negative predictive value 
 Limited availability 

 Cardiac MRI  Structural and functional assessment 
 Sub-endocardial perfusion 
 ++ sensitivity and specifi city 

 Cost 
 Patient discomfort 
 Operator variability 

 SPECT  High sensitivity 
 Risk stratifi cation tool 
 Less variation between operators 

 Radiation exposure 
 Breast attenuation 
 Smaller heart 
 Poor detection of multi-vessel and 
micro-vascular disease 

 Coronary 
angiography 

 Gold standard for CAD diagnosis 
 Assessment of structure and 
function 
 Intervention can be performed 
simultaneously 

 May miss extra-luminal plaque, 
microvascular disease 
 Costly 
 Invasive procedure, patient 
discomfort, radiation 

 Coronary reactivity 
testing 

 Diagnoses endothelial dysfunction 
and micro-vascular disease 

 High rate of inconclusive results 
 Risk of coronary artery dissection 

   LVEF  left ventricular ejection fraction,  CAD  coronary artery disease  

  Table 9.7    Interpretation of 
Duke treadmill score  

 Risk  Score  Action 

 Low  ≥5  Preventative measures only 
 Moderate  5 to −11  Cardiac imaging ± coronary 

angiography 
 High  ≤−11  Coronary angiography 
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    SPECT 

 Single photo-emission computed tomography (SPECT) scanning provides informa-
tion on perfusion defects and left ventricular function and volume. This modality 
has a higher sensitivity and specifi city for detecting CAD than exercise stress test-
ing, particularly in conjunction with ECG. Many studies have indicated that SPECT 
is an accurate means of risk-stratifying women in conjunction with pre-test proba-
bility calculation [ 61 ]. However, it is not without its limitations. For women, breast 
attenuation, whereby the artifact of overlying breast tissue mimics areas of increased 
activity, can lead to false positives and reduce the accuracy of assessment [ 62 ]. The 
relatively smaller dimensions of the left ventricle in women also reduces diagnostic 
accuracy [ 63 ], and there is concern that radiation exposure may be linked to certain 
cancers. As such, SPECT scanning should be used sparingly in pre-menopausal 
women, and should be reserved for symptomatic women with high pre-test likeli-
hood ratio of CAD. 

 The introduction of technetium-99 m has reduced the impact of breast attenua-
tion and the risk of radiation, rendering it the agent of choice in the evaluation of 
chest pain in women [ 60 ]. In conjunction with gating, which is the simultaneous 
assessment with echocardiography, SPECT scanning has the highest sensitivity and 
specifi city for detecting IHD.  

    CT Coronary Angiography (CTCA) 

 CTCA is a non-invasive procedure that can provide useful information on the pres-
ence and extent of both obstructive and non-obstructive CAD [ 51 ,  64 ]. It also func-
tions as a prognostic and risk stratifi cation tool through the identifi cation of early 
markers of disease processes such as arterial remodeling, plaque development, and 
calcifi cation [ 65 ]. The identifi cation of non-obstructive CAD using CTCA is a pre-
dictor of long term mortality in women [ 66 ]. 

 CTCA also allows quantifi able assessment of calcifi c plaque burden with the 
coronary artery calcium (CAC) score, which confers high specifi city for predicting 
disease, and is of particular use in women who have higher rates of signifi cant sub-
clinical disease [ 67 ]. When used in conjunction with the Framingham risk score, 
CAC assessment provides incremental value to effectively identify candidates for 
aggressive preventative strategies [ 33 ]. 

 CTCA could also potentially assume a role in the triage of women presenting 
with non-specifi c chest pain, as its high negative predictive value allows avoidance 
of invasive assessment with coronary angiography, reducing the risk of inherent 
peri-procedural complications. Furthermore, CTCA affords exclusion of alternative 
red fl ag diagnoses, such as pulmonary embolism and aortic dissection, which are 
more common in women and present a comparable clinical picture to CAD.  
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    Cardiac MRI (CMRI) 

 Stress CMRI allows assessment of perfusion defects, structural dysfunction, 
and ventricular function. Cardiac MRI also provides visualization of sub-endo-
cardial perfusion, even in the absence of visible coronary obstruction, which is 
beneficial in women as risk is often underestimated in the absence of demon-
strable coronary obstruction [ 68 ]. As such, it is useful in patients who are 
symptomatic but fail to manifest pathology on coronary angiography. It also 
has the added advantage of no radiation exposure, but is costly and 
uncomfortable.  

    Coronary Angiography 

 Studies have demonstrated that women are signifi cantly less likely to undergo inva-
sive testing than their male counterparts, even in the setting of AMI [ 69 ,  70 ]. 
However, due to the prevalence of atypical etiology and poor correlation between 
degree of CAD and presence of angina, more than 50 % of women undergoing 
angiography have no evidence of obstruction in the epicardial arteries [ 71 ]. Despite 
this, women with normal coronaries but symptomatic disease are at an increased 
risk of major adverse cardiovascular events [ 5 ,  71 ]. Nonetheless, coronary angiog-
raphy remains the gold standard diagnostic test for CAD, but should only be per-
formed in women with a high pre-test probability. The use of radial access will be 
discussed in management.  

   Coronary Reactivity Testing 

 Due to the high prevalence of non-obstructive CAD among women [ 3 ,  45 ,  71 ], 
coronary reactivity testing is an important test for assessing endothelial function 
and microvascular disease. This population is generally poorly managed, costly, and 
has a higher risk of mortality [ 72 – 75 ]. Abnormal vasomotor function is also a 
known predictor of atherosclerosis and adverse cardiovascular events, an associa-
tion independent of the presence of obstructive CAD [ 73 ]. 

 These tests are indicated in women with symptoms suggestive of ischemia in the 
absence of obstruction on angiography, and involve the administration of dilatory 
agents such as adenosine, acetylcholine and nitrates to assess microvascular and 
endothelial function in the catheterization laboratory [ 76 ]. Though these tests pro-
vide valuable prognostic and diagnostic information, there is still risk of coronary 
artery dissection, and so testing should be reserved for those at high risk.    
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    Management 

 The management of chest pain in women spans multiple modalities, including life-
style modifi cation, pharmacological therapy and interventional or surgical approaches. 

    Invasive Management 

   Acute Coronary Syndrome 

 The optimal treatment strategy of acute coronary syndromes, including choice of 
revascularization therapy – invasive or conservative – remains to be defi ned in 
women, who continue to be underrepresented in large clinical trials. The current 
AHA/ACC guidelines advocate an invasive strategy for women who present with 
high risk non-ST-elevation ACS and a conservative strategy with low risk [ 77 ]. For 
STEMI, PCI is recommended within a target timeframe of 90 min, and the adjunc-
tive medical regime is the same for men, but with dose adjustment for weight [ 78 ]. 

 The indications for women undergoing elective PCI for stable angina should be 
the same as for men [ 79 ], using risk stratifi cation tools and consultation with the 
heart team to determine the optimal method of revascularization.  

   Percutaneous Coronary Intervention 

 There is confl icting evidence on whether women have worse outcomes following 
percutaneous coronary intervention (PCI) due to gender alone or higher baseline 
risk and treatment delay. Nonetheless, women have higher rates of short-term com-
plications but better long-term outcomes [ 80 ]. Women experience greater delays to 
PCI [ 81 ], often due to greater delay from symptom onset presentation, and are 
referred much less frequently for diagnostic catheterization [ 82 – 84 ]. Crude mortal-
ity and adverse outcome rates are higher in women undergoing PCI, but after adjust-
ment for age and co-morbidities, the majority of studies have found adverse event 
rates comparable between genders [ 85 ]. The difference in outcomes is more likely 
attributable to a higher risk profi le, due to a higher burden of co-morbidities, older 
age at presentation and confounding factors complicating the procedure, including 
poorer access due to smaller vessels, smaller body surface area, and higher preva-
lence of diabetes [ 86 – 88 ]. These factors also translate into higher rates of stent 
restenosis, a risk which appears to be at least partially mitigated with the introduc-
tion of drug eluting stents (DES). A large meta-analysis examining the effect of sex 
on the effi cacy of newer DES determined that women experienced signifi cant reduc-
tions in all ischemic endpoints, including mortality [ 89 ]. 

 Women experience an increased risk of bleeding post-PCI in both the short and 
long-term, with female gender functioning as an independent baseline predictor of 
bleeding risk across several risk predictor scores [ 90 ]. An analysis of a large ACS 
cohort found that the risk of bleeding associated with female gender persisted at 
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30 day and 3 year follow up, necessitating the implementation of appropriate reduc-
tion strategies [ 84 ]. 

 Women with positive biomarkers benefi t from invasive strategy signifi cantly more 
than those who do not exhibit biomarker elevation. The American College of Cardiology 
currently indicates that biomarker negative women should not receive a GP IIb/IIIa 
inhibitor due to high bleeding risk [ 91 ]. Due to a greater bleeding tendency, women 
have a higher rate of vascular complications. However, the risk has decreased substan-
tially with the development of anti-bleeding regimes, including weight-determined anti-
coagulation dosing, smaller sheath and stent use, and early sheath removal [ 92 – 94 ]. 

 The use of a transradial approach for PCI in women has not been extensively 
studied, but presents an attractive alternative to transfemoral angioplasty due to the 
reduced risk of access site bleeding [ 95 ]. However, women have narrower arteries, 
thus increasing the complexity of achieving transradial access. A recent randomized 
controlled trial, SAFE-PCI, was designed to examine the safety and effi cacy of a 
transradial approach in a cohort exclusively of women, but was stopped prematurely 
due to a small number of events [ 96 ].  

   Surgical 

 Similar to PCI, bypass surgery is complicated by the higher risk factor burden in 
women. CABG in women is also rendered more technically diffi cult by smaller coro-
nary vessel size, smaller surface area, a greater extent of CAD and co- morbidity profi le, 
and older age [ 97 ]. As a result, women have higher rates of procedural complications, 
in-hospital events and short-term mortality [ 98 ]. However, this does not translate into 
worse long-term outcomes, and survival rates are improving along with surgical exper-
tise [ 99 ]. However, quality of life is impacted more signifi cantly in women following 
CABG, with women experiencing greater loss of functional status, higher rates of 
revascularization and graft occlusion, and anxiety and depression than men [ 38 ,  100 , 
 101 ]. The decision to perform CABG on or off pump has important implications, as it 
appears that off-pump bypass yields better survival and lower complication rates in 
women than in men [ 102 ]. The effi cacy of CABG in women is still poorly studied, and 
improvement relies heavily on trials incorporating larger numbers of women.   

    Optimal Medical Management 

   Lifestyle Modifi cation 

 The fi rst line treatment for IHD is aggressive risk factor reduction through lifestyle 
modifi cation, including dietary changes, exercise and elimination of risk factors 
such as smoking and stress. Major gender-specifi c barriers to guideline adherence 
include incompatibility with busy lifestyle and low perceived risk of cardiovascular 
disease – appropriate counseling and improving practicality of management strate-
gies are paramount to assisting women in controlling risk factors.  
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   Pharmacological Therapy 

 Current clinical guidelines do not recommend different pharmacological manage-
ment of diagnosed IHD in women compared to men [ 38 ]. However, appropriate 
selection and dosage of agents is often poorly managed, as best practice is informed 
by large scale trials on study populations in whom the vast majority are men. 
Antithrombotic therapy, for example, is often associated with adverse bleeding 
events due to physicians’ failure to adjust dosing to mitigate the increased bleeding 
risk seen in many women due to lower body weight, older age, and pre-existing 
kidney disease [ 103 ]. 

 Medical reduction of cardiac risk factors, using anti-hypertensives and choles-
terol lowering agents, is also inadequately managed in women. Women are less 
likely to receive evidence based secondary prevention therapy even after confi rmed 
diagnosis of CAD, including beta-blocker and statin therapy post STEMI [ 36 ,  84 ]. 
Aspirin, for example, is of signifi cant benefi t for secondary prevention in women, 
but it is still widely under-prescribed [ 104 ]. Women have higher platelet reactivity, 
and have been shown to demonstrate a more marked response even to low-dose 
aspirin [ 105 ]. 

 Due to the unique atypical etiology of many women presenting with IHD, there 
is emerging evidence for pharmacological therapies tailored to treat micro-vascular 
angina. Some examples of therapies for improving endothelial dysfunction include 
L-arginine and beta-blockers, while ACE inhibitors and statins have shown promis-
ing results in improving micro-vascular dysfunction [ 107 ].  

   Public Education 

 The public understanding of heart disease in women is limited. Among women, 
self-perception of risk is vastly underestimated, translating to a greater delay from 
symptom development to eventual presentation and a lower likelihood to consent to 
invasive procedures [ 84 ,  108 ]. Similarly, there is a poor understanding of risk among 
physicians which persists even after CAD is diagnosed [ 106 ], with women less 
likely to be referred to cardiac rehabilitation following myocardial infarction [ 109 ]. 
The defi ciency in focused initiatives targeting primary prevention strategies and risk 
identifi cation needs to be addressed.    

    Conclusion 

 As the incidence and impact of IHD in women continues to rise, it is increasingly 
apparent that further female-oriented research is required to better understand the 
unique etiology of chest pain in women, and the optimal methods of reducing the 
burden of disease in our population.
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    1.    There are differences in the underlying pathophysiology causing chest pain in 
women, and so different investigative and management strategies must be 
explored.   

   2.    Gender bias persists in the use of invasive treatment.   
   3.    There is a defi ciency in literature that examines pharmacological and interven-

tional strategies in women specifi cally.   
   4.    There is confl icting evidence as to whether women have worse outcomes follow-

ing invasive revascularization due to gender alone or higher baseline risk and 
treatment delay.   

   5.    The public understanding of heart disease in women is limited and requires tar-
geted public awareness campaigns.         

  Disclosures   All authors declare no confl ict of interest.  
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    Chapter 10   
 Myocardial Infarction Diagnosis, Troponin 
Elevation and Angiographic Coronary Artery 
Disease       

       Arang     Samim       and     John     A.     Ambrose    

    Abstract     The advancements in technology and diagnostic studies in cardiology 
have helped the clinician but also resulted in sometimes confusing clinical pictures 
when attempting to diagnosis an acute MI. This chapter will review the use of car-
diac biomarkers in the setting of the current universal defi nition of acute MI, the 
pitfalls in interpreting the cause of troponin elevations, and discuss controversies 
regarding AMI presentations when angiography reveals ‘normal’ coronary arteries.  

  Keywords     Troponin   •   Universal Defi nition of Myocardial infarction   •   Microvascular 
dysfunction  

        Introduction 

 Acute myocardial infarction (AMI) has traditionally been defi ned as myocardial 
necrosis related to a supply demand mismatch which in the case of STEMI and most 
non STEMI is related to an acute reduction in blood supply due to a thrombotic total 
or near total occlusion of an epicardial artery. The terminology of AMI has changed 
over the last 40 years and with the routine use of sensitive biomarkers of myocardial 
necrosis such as high sensitivity troponins, the diagnosis of an AMI has likewise 
evolved. A Universal Defi nition of MI was introduced in 2007 in an attempt to pro-
vide some standardization to diagnosis particularly in the era of the sensitive tropo-
nin assays [ 1 ]. Of the fi ve types of AMI included in this defi nition (Table  10.1 ), the 

        A.   Samim ,  MD       
  UCSF-Fresno Medical Education Program, Department of Cardiology ,  University of 
California ,   Fresno ,  CA ,  USA   
 e-mail: asamim@fresno.ucsf.edu   

    J.  A.   Ambrose ,  MD    (*)
  Chief of Cardiology ,  UCSF Fresno ,   Fresno ,  CA ,  USA    

  Department of Medicine ,  UCSF Community Regional Medical Center ,   Fresno ,  CA ,  USA    

mailto:asamim@fresno.ucsf.edu


136

clinician if frequently confronted with the following scenario: the patient who pres-
ents to the emergency room with clinical symptoms that might be ischemic and has 
an elevated troponin. Is this an AMI or is the troponin increase related to another 
possible mechanism? Furthermore, in patients who meet criteria for AMI, angiogra-
phy does not always reveal signifi cant epicardial disease. This chapter discusses the 
diagnosis of AMI, troponin elevation and angiographic coronary artery disease. 
How often is the angiogram “normal” and what are the potential mechanisms? Also, 
how often does a positive troponin meet criteria for AMI?

       Diagnosing an AMI in the Era of the Sensitive Troponin Assay 

 Prior to the era of coronary angiography and revascularization, AMI had been pre-
dominantly a clinical diagnosis based on symptoms and classic electrocardiographic 
changes. The pathology in non survivors showed evidence of coagulation necrosis 

   Table 10.1    Universal classifi cation of myocardial infarction   

  Type 1 : Spontaneous myocardial infarction 
 Spontaneous myocardial infarction related to atherosclerotic plaque rupture, ulceration, erosion, 
or dissection with resulting intraluminal thrombus in one or more of the coronary arteries leading 
to decreased myocardial blood fl ow or distal platelet emboli with ensuing myocyte necrosis. The 
patient may have underlying severe CAD but on occasion non- obstructive or no CAD. 
  Type 2 : Myocardial infarction secondary to an ischemic imbalance 
 In instances of myocardial injury with necrosis where a condition other than CAD contributes to 
an imbalance between myocardial oxygen supply and/or demand, e.g. coronary endothelial 
dysfunction, coronary artery spasm, coronary embolism, tachy-/brady-arrhythmias, anemia, 
respiratory failure, hypotension, and hypertension with or without LVH. 
  Type 3 : Myocardial infarction resulting in death when biomarker values are unavailable 
 Cardiac death with symptoms suggestive of myocardial ischemia and presumed new ischemic 
ECG changes or new LBBB, but death occurring before blood samples could be obtained, 
before cardiac biomarker could rise, or in rare cases, cardiac biomarkers were not collected. 
  Type 4a : Myocardial infarction related to percutaneous coronary intervention (PCI) 
 Myocardial infarction associated with PCI is arbitrarily defi ned by elevation of cTn values 
5 × 99th percentile URL in patients with normal baseline values (99th percentile URL) or a rise 
of cTn values 20 % if the baseline values are elevated and are stable or falling. In addition, 
either (i) symptoms suggestive of myocardial ischemia, or (ii) new ischemic ECG changes or 
new LBBB, or (iii) angiographic loss of patency of a major coronary artery or a side branch or 
persistent slow- or no-fl ow or embolization, or (iv) imaging demonstration of new loss of viable 
myocardium or new regional wall motion abnormality are required. 
  Type 4b : Myocardial infarction related to stent thrombosis 
 Myocardial infarction associated with stent thrombosis is detected by coronary angiography or 
autopsy in the setting of myocardial ischemia and with a rise and/ or fall of cardiac biomarkers 
values with at least one value above the 99th percentile URL. 
  Type 5 : Myocardial infarction related to coronary artery bypass grafting (CABG) 
 Myocardial infarction associated with CABG is arbitrarily defi ned by elevation of cardiac 
biomarker values 10 × 99th percentile URL in patients with normal baseline cTn values (99th 
percentile URL). In addition, either (i) new pathological Q waves or new LBBB, or (ii) 
angiographic documented new graft or new native coronary artery occlusion, or (iii) imaging 
evidence of new loss of viable myocardium or new regional wall motion abnormality. 
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of the myocardium corresponding to the detection of occlusive coronary thrombosis 
of an epicardial coronary artery, with the degree of necrosis or reparative changes 
correlating to the time between onset of AMI and death [ 2 ]. Clinically, chemical 
biomarkers were introduced and added to the accuracy of diagnosis. Initially, serum 
glutamic oxaloacetic transaminase (also known as aspartate transaminase) was used 
as a biomarker of myocardial injury [ 3 ]. However, this was neither sensitive nor 
specifi c for myocardial injury, only to be replaced by lactate dehydrogenase (LDH) 
or creatine kinase, both of which also lacked specifi city for the myocardium [ 3 ]. 
The search for a more specifi c marker for myocardial injury lead to discovery of the 
creatinine kinase myocardial band (CKMB) isoenzyme and then the troponin pro-
teins [ 3 ,  4 ]. Troponins have essentially replaced all other biomarkers and they have 
now become the standard laboratory screening test for cardiac disease. The troponin 
assays have improved over time and now the current fourth generation troponin 
assays have excellent sensitivity. 

 With such a sensitive test, the troponin assay has become a ubiquitous test for 
myocardial disease. Yet, the clinical picture of many patients with elevated serum 
troponin levels was not consistent with AMI. Over the years, the defi nition of a true 
AMI has been redefi ned to incorporate the use of these more sensitive biomarkers 
and refl ect not simply just an elevated troponin level. The fi rst Global MI Task Force 
convened in 2000 to reach a consensus on the defi nition of a myocardial infarction. 
The most recent iteration of this was the third Universal Defi nition of myocardial 
infarction, a consensus expert statement in 2012, endorsed by the ACC, ESC, AHA, 
and the WHF [ 5 ]. 

 While it is understood that myocardial infarctions involved myocardial necrosis 
due to myocardial ischemia, the Universal Defi nition of myocardial infarction 
delineated the spectrum of etiologies. It has become apparent that elevated cardiac 
biomarkers were present in disease states other than classical acute coronary syn-
dromes. This defi nition, as mentioned above, categorized MI into fi ve subtypes in 
order to sort out all the known clinical presentations. A type I MI was a spontaneous 
myocardial infarction due to an acute disturbance within the coronary arterial tree 
[ 5 ]. This can be due to atherosclerotic plaque rupture, erosion or a calcifi ed nodule 
with superimposed thrombosis. This is the usual scenario in a patient with obstruc-
tive coronary artery disease but occasionally a type 1 MI was seen with no apparent 
signifi cant atherosclerotic disease on angiography as will be discussed later. 

 With its superior sensitivity, the preferred biomarker for diagnosing AMI, as 
already alluded to, is now troponin. Both troponin I and T are used and the com-
monly utilized assays are very sensitive for even minute quantities of myocardial 
necrosis. However, the more sensitive the test, the less specifi c they have become. 
While assays for CKMB have not changed appreciably over the years, the new era 
of troponin assays has advanced with improved detection of myocardial necrosis. 
Troponin assays are ever evolving in precision and biochemical research is steering 
to even more sophisticated laboratory testing. At our institution, the assay for tropo-
nin T was changed about 7 years ago. The new assay for high sensitivity troponin 
I (TnI-Ultra assay on the ADVIA Centaur XP immunoanalyzer, Siemens Healthcare 
Diagnostics) was about 25 times more sensitive than the prior assay with an upper 
reference level for the new assay of .04 ngs/ml. The ever changing spectrum of 

10 Myocardial Infarction Diagnosis, Troponin Elevation and Angiographic Coronary



138

biochemical analysis of cardiac biomarkers created a need for standardization of 
nomenclature and interpretation of results. The International Federation of Clinical 
Chemistry and Laboratory Medicine (IFCC) task force on clinical applications of 
cardiac biomarkers standardized the nomenclature so various assays can be consid-
ered a ‘high-sensitivity’ troponin assay if the total imprecision (coeffi cient of vari-
ance) was <10 % at the 99th percentile value in the population of interest [ 4 ]. 
Furthermore, the assay should attain measureable concentrations for samples below 
the 99th percentile, above the assays limit of detection in at least 50 % of healthy 
individuals [ 4 ]. 

 As such, elevated troponin I levels are sensitive to detect myocardial necrosis, 
but there remains controversy whether small rises in troponin signify myocyte 
infarction versus reversible ischemia or other mechanisms. It has been shown that 
troponin levels may rise above the 99th percentile in patients undergoing rigorous 
exercise [ 6 ]. Complimenting this idea was data that perhaps measurable troponin 
levels can be induced during routine stress testing. The TIMI 35 group published 
data demonstrating detectable levels of troponin I in patients undergoing exercise 
stress testing who had positive ischemic responses [ 7 ]. The proposed theory for 
these small elevations in troponin include changes in cell membrane permeability 
with release of free troponin from the cytosol, which accounts for about 5 % of the 
total myocyte troponin [ 8 ]. Other proposed mechanisms of troponin release in 
patients who do not meet clinical criteria for myocardial infarction included apop-
tosis, cellular release of proteolytic products, increased cell wall permeability with 
stress or stretch and the production of membranous blebs containing troponin [ 9 , 
 10 ]. However, the counter argument is that this small troponin elevation still refl ects 
minute levels of myocyte necrosis [ 11 ]. 

 Regardless of the sensitivity of the assay, no biochemical test alone will help the 
clinician determine the diagnosis. While the primary concern is that of an acute 
coronary syndrome, there are multiple other conditions associated with (or causing) 
elevated troponin values (Table  10.2 ). Some patients will meet criteria for AMI that 
are not related to an acute disturbance within the epicardial coronary arterial tree, 
but rather due to another cause for a supply demand mismatch. This has been des-
ignated as a type 2 MI by the Universal Defi nition [ 5 ]. Common causes include 
severe anemia, a hypertensive crisis, severe aortic valve disease, tachyarrhythmias 
and sepsis. Still there are other causes of troponin elevation that appear in low levels 
and do not clinically meet the current defi nition of AMI (a rise and /or fall in tropo-
nin and clinical evidence of ischemia related to symptoms, ECG changes or new 
wall motion abnormalities). Several conditions including pulmonary embolism, 
congestive heart failure, acute neurological disease and renal failure can elevate 
troponin levels but do not meet diagnostic criteria.

   As the number of positives increased with the newer assay at our institution, 
there was a marked increase in the number of consults to cardiology given the 
 routine use of measuring troponin levels for patients presenting with suspected 
 cardiac–related symptoms. We then performed a study to evaluate how often a posi-
tive troponin met criteria for AMI utilizing the Universal Defi nition [ 12 ]. Of the 
four defi nitions included in the Universal Defi nition document, the criteria utilized 
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was a rise and/or fall in troponin related to the upper reference level along with 
clinical evidence of ischemia related to either typical symptoms, ECG changes, new 
 pathologic Q waves and/or new wall motion abnormalities. All patients with tropo-
nin measurements were evaluated and those with a positive result were interviewed. 
Over 90 % of troponin measurements were initiated by the emergency department 
and this study did not routinely measure troponin after PCI or CABG. The results 
showed that only about 30 % of patients with a positive troponin met the universal 
defi nition of myocardial infarction and only about 2/3 s of those with an infarct 
could be classifi ed as a type I MI (Fig.  10.1 ) Thus, approximately 70 % of positive 
troponins at our institution during the study period did not meet AMI criteria accord-
ing to the Universal Defi nition [ 12 ].

   Since the majority of patients found to have an elevated troponin level do not 
meet criteria for AMI, it is important to avoid clinically labeling these patients as 
such. For example, a patient admitted with severe sepsis found to have a slightly 
elevated troponin levels may recover from illness and may not be subsequently dis-
charged on the standard cardiac regimen of beta blockers, statins and aspirin. In the 
era of electronic health records and quality of care indicators, the physician and/or 
hospital may be penalized if AMI is documented as a discharge diagnosis. 

  Table 10.2    Causes of 
(or conditions associated 
with) elevated troponin  

 Coronary Plaque rupture 
 Intraluminal coronary artery thrombus formation 
 Tachy-/brady-arrhythmias 
 Aortic dissection or severe aortic valve disease 
 Hypertrophic cardiomyopathy 
 Cardiogenic, hypovolemic, or septic shock 
 Severe respiratory failure 
 Severe anemia 
 Hypertension with or without LVH 
 Coronary spasm 
 Coronary embolism or vasculitis 
 Coronary endothelial dysfunction without signifi cant CAD 
 Cardiac contusion, surgery, ablation, pacing, or defi brillator 
shocks 
 Rhabdomyolysis with cardiac involvement 
 Myocarditis 
 Cardiotoxic agents, e.g. anthracyclines, herceptin 
 Heart failure 
 Stress (Takotsubo) cardiomyopathy 
 Severe pulmonary embolism or pulmonary hypertension 
 Sepsis and critically ill patients 
 Renal failure 
 Severe acute neurological diseases, e.g. stroke, subarachnoid 
 Hemorrhage 
 Infi ltrative diseases, e.g. amyloidosis, sarcoidosis 
 Strenuous exercise 
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Furthermore, there are medical-legal implications when someone is labelled as hav-
ing presumed ischemic heart disease. Thus, due to the ubiquitous use of the troponin 
assay in common clinical practice, we believe that this example and other such 
cases should be documented as a troponin elevation without AMI without ascribing 
a specifi c case. 

 A further unresolved issue is how does one diagnosis a type 2 MI? Sometimes 
the clinical situation precludes differentiation from a type I vs a type 2 MI. While it 
is practical in some cases to pursue noninvasive assessment with stress echocardiog-
raphy or nuclear myocardial perfusion imaging, we prefer visualization of the coro-
nary arteries for most cases to document the presence of signifi cant coronary 
disease. In a subsequent study comparing the angiographic fi ndings in type 1 versus 
type 2 MI, angiography in patients with a type 2 MI produced a bimodal distribution 
as they usually had either normal appearing coronary arteries, or severe multivessel 
CAD [ 13 ]. Accordingly, if normal or non-obstructive coronary arteries are visual-
ized without an acute culprit lesion, we believe this speaks in favor of a type 2 
MI. Likewise, severe CAD without a defi ned culprit and in the presence of an obvi-
ous supply/demand external perturbation will more likely be type 2. The treatment 
of such patients is open to debate, but we believe that if there is no evidence of CAD 
on angiography then treatment should focus on the underlying cause and acute anti-
coagulation is not necessary. Those with severe CAD should be treated with the 

27 patients with positive
TnI not enrolled
due to logistic reasons

7585 Troponin I
measurements

2979 patients
with TnI levels2241 patients with

all TnI levels £0.04 ng/ml

701 patients with ≥ 1 level
of TnI levels >0.04 ng/ml

216 (30.8 %)
Myocardial Infarction

(+)

461 (65.8 %)
Myocardial Infarction

(-)

24 (3.6 %)
Unclassified

9 (1.3 %)
Other*

64 (9.1 %)
Type 2

143 (20.4 %)
Type 1

  Fig. 10.1    Frequency of elevated Troponin I and diagnosis of AMI. * Includes Types 3 and 4 myo-
cardial infarction.  TnI  Troponin I (From Javed et al. [ 12 ], with permission of Elsevier)       
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appropriate guideline-based optimal medical therapies in addition to the precipitat-
ing cause. More data in the future are needed in these cases. 

 Of all the subtypes of myocardial infarction, the defi nition of a type 4a is perhaps 
the most widely debated. In the era of percutaneous coronary intervention, research 
registries and clinicians alike have noted increases in troponin levels above the 99th 
percentile of the upper reference limit (URL) commonly on routine measurement 
after uncomplicated PCI. Often, the troponin elevation will not result in clinical 
evidence of ischemia and is of uncertain prognostic relevance. The writing commit-
tee on the third universal defi nition attempted to refi ne this further by using the 
cutoff value of a fi vefold increase in troponin concentration above the 99th percen-
tile of the URL in addition to either evidence of clinical ischemia, new angiographic 
evidence of fl ow limitation or imaging evidence of a new loss of viable myocardium 
[ 5 ]. However, this defi nition was arbitrarily defi ned and there is no consensus that 
this designation affects long term prognosis. Some even argue that a much higher 
cut-off be established to avoid unnecessarily labeling patients as having a peri- 
procedural complication [ 14 ]. Further discussion of this issue is beyond the scope 
of this chapter. 

 One last consideration on the Universal Defi nition of myocardial infarction is 
that the distinction between a type 1 versus a type 2 MI versus a non infarct (no 
clinical evidence) is not, in all situations, crystal clear. There are cases that appear 
to overlap and a diagnosis cannot be defi nitively established. The physician must 
then decide, on the best available evidence, how this patient is to be managed.  

    AMI and Angiographically Normal Coronary Arteries 

 There is an appreciable subset of patients who meet clinical criteria for the diagno-
sis of myocardial infarction yet have little or no angiographic evidence of coronary 
artery disease. At our institution, our prospective evaluation of 224 patients with 
AMI revealed that 10 % of patients with an apparent type 1 NSTEMI had 
non obstructive or normal coronary arteries on angiography, including 1.4 % of 
patients with a diagnosis of STEMI [ 13 ]. Other studies have found a similar inci-
dence on angiography in men with NSTEMI with higher rates found in women 
[ 15 – 18 ]. How is it that with such rigorously defi ned criteria for AMI can the angio-
gram be non-diagnostic? 

 AMI with “normal” coronary arteries refl ects a heterogeneous group of clinical 
syndromes, as listed in Table  10.3 . As often seen clinically, a type 2 MI will occur 
in the setting of an imbalance of blood supply to myocardial demand precipitated by 
various medical illnesses. This diagnosis can occur with or without signifi cant epi-
cardial disease. Aside from a type 2 MI, one of the oldest appreciated causes of MI 
with or without angiographic coronary disease is the phenomenon of coronary vaso-
spasm. Initially described by Myron Prinzmetal in the 1950s, coronary vasospasm 
is an intense vasoconstriction of the epicardial coronary arteries that can cause total 
or subtotal vessel occlusion. While the initial reports involved patients with severe 
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proximal CAD, subsequent reports occurred in the absence of epicardial disease on 
angiography [ 19 ]. Symptoms can vary on the degree of vasoconstriction and may 
lead to AMI and even sudden death. However, often the vasoconstriction is transient 
and by the time the patient reaches angiography the vasospastic episode may have 
terminated. Spontaneous vasospasm alone on a coronary artery without angio-
graphic narrowing is an uncommon cause for AMI in the United States although 
cocaine or methamphetamine-induced vasospasm of the epicardial or microvascu-
lature leading to an AMI is not that uncommon.

   Another uncommon cause of AMI and normal angiographic coronaries can be 
embolic phenomena to the coronaries. This can be seen in left sided valvular heart 
disease including endocarditis, left atrial or LV mural thrombus, left atrial myxoma, 
aortic valve fi broelastoma or with a patent foramen ovale. Of course, if the patient 
is studied acutely, there can be an acute cut off usually in a distal epicardial vessel 
without any other evidence of angiographic disease elsewhere. Angiographic misdi-
agnosis is another possible cause related to severe ostial stenosis or fl ush occlusions 
of an epicardial branch vessel. Takotsubo cardiomyopathy may also masquerade as 
AMI. If fact in one recent study, up to 6 % of post-menopausal women who pre-
sented with an AMI based on the Universal Defi nition, met criteria for defi nite or 
probable takotsubo cardiomyopathy [ 20 ]. Other cardiomyopathies, such as hyper-
trophic obstructive cardiomyopathy, cardiac amyloidosis or sarcoidosis may present 
with AMI. Even patients who are alcoholics, classically thought to be protective of 
ischemic heart disease, can present with crushing chest pain and STEMI yet have 
normal or non-obstructive coronary artery disease. In fact, a post mortem studies on 
alcoholic patients with AMI showed evidence of acute transmural infarction and 
regional scar formation [ 21 ]. These patients had no other systemic illness and all but 
one had normal complete blood counts. Evaluation of their coronary arteries showed 
normal or minimal obstructive coronary disease but did show evidence of periarte-
rial fi brosis of unclear signifi cance [ 21 ]. 

  Table 10.3    Causes of acute 
myocardial infarction with 
normal coronary arteries  

 Type II myocardial infarction 
 Coronary artery vasospasm (Prinzmetal angina) 
 Embolic phenomena (paradoxical embolus, endocarditis, 
mural thrombus, etc.) 
 Spontaneous coronary artery dissection 
 Myocarditis 
 Plaque rupture in ‘normal’ appearing coronary arteries 
 Flush occlusion of a coronary side branch 
 Microvascular coronary dysfunction 
 Taokotsubo cardiomyopathy 
 Cardiotoxic agents, anthracyclines, herceptin, cocaine 
 Autoimmune vasculitis 
 Coronary thrombosis  in situ  with spontaneous lysis 
 Hypertrophic cardiomyopathy 
 Infi ltrative disease, e.g. amyloidosis, sarcoidosis 
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 Years ago, patients who presented with chest pain consistent with angina pecto-
ris yet had normal coronary arteries on angiography became a recognized entity 
with unclear signifi cance. These patients were labelled as ‘Cardiac Syndrome X’. 
As it was more prevalent in women, it was thought to pose a benign prognosis [ 22 ]. 
However, cardiac syndrome x represents a heterogeneous group of patients. Often 
times, the clinical symptoms of chest pain were later revealed to be non-cardiac in 
nature. These patients were found to have GI pathology, anxiety or pulmonary eti-
ologies of their chest pain. As our understanding and defi nition of AMI evolved and 
these confounding patients were teased out, there still remained patients who had 
angina, objective evidence of ischemia by stress testing, yet non obstructive coro-
nary artery disease. Data from the National Heart, Lung and Blood institute spon-
sored the Women’s Ischemia Syndrome Evaluation (WISE) study demonstrated 
that patients with the triad of angina, abnormal stress testing and non-obstructive 
coronary artery disease on angiography had microvascular coronary dysfunction 
using coronary reactivity testing (CRT) [ 23 ,  24 ]. CRT is an invasive test during 
angiography, incorporating the use of vasoactive substances such as acetylcholine, 
adenosine and nitroglycerin to test coronary fl ow reserve on the microvascular level 
[ 25 ]. Therefore, the term cardiac syndrome x has become an out of date classifi ca-
tion and if patients truly suffer from microvascular coronary dysfunction, then it is 
important to treat these patients accordingly as data show these patients have a 
2.5 % annual risk of adverse cardiac events including MI, stroke, congestive heart 
failure or death [ 26 ]. 

 While coronary microvascular dysfunction has become more appreciated as an 
etiology in patients presenting with exertional symptoms and carries an increased 
risk of future myocardial infarction, what about patients who present with what 
appears to be a typical type 1 STEMI or NSTEMI? One expects a signifi cant 
obstructive lesion, whether it is either related to plaque rupture, erosion or a calci-
fi ed nodule with a superimposed thrombus. However, as mentioned previously, in 
some studies, up to 10 % of patients and possibly up to 25 % of women who present 
with acute coronary syndrome have no obstructive coronary artery disease on coro-
nary angiography [ 15 – 18 ]. Although this has been recognized for several years, 
there is little information on possible pathophysiology on how this could occur. 
Some have suggested these patient may have had vasospasm, while others thought 
it due to endothelial dysfunction or takotsubo syndrome. 

 One of the few objective studies on this entity was performed by Reynolds et al. 
[ 27 ]. They prospectively evaluated all women who presented to the hospital with 
AMI per the universal defi nition of MI. Patients who had obstructive CAD or had 
recent vasospastic agent use (i.e. cocaine) were excluded. Eligible patients under-
went intravascular ultrasound at the time of angiography and also cardiac MRI 
within 7 days of angiography. Fifty women were fully eligible and enrolled in the 
study. The suspected culprit vessel, based on electrocardiographic and wall motion 
evidence was studied with IVUS. Thirty-eight percent of patients were found to 
have plaque disruption by IVUS. Although there were no obstructive angiographic 
lesions, plaque rupture was found only in patients with some degree, albeit mild, of 
angiographic coronary artery disease and not in any patients with completely  normal 
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appearing angiograms. Of the patients that continued enrollment and underwent 
cardiac MRI, 39 % had at least one area of late gadolinium enhancement, correlat-
ing to the territory of infarction. Interestingly, out of the 14 patients with IVUS 
proven plaque rupture, only one of these patients had late gadolinium enhancement 
(LGE) but the majority had T2 signal hyperintensity, indicative of acute myocardial 
edema [ 27 ]. Among the 22 patients without any IVUS evidence of plaque rupture, 
11 had LGE on cardiac MRI (Fig.  10.2 ). Thus, plaque rupture appears to be not 
uncommonly found in women who present with signs and symptoms suggesting a 
type 1 MI and yet with non-obstructive CAD. However, due to the limitations of 
angiography in evaluating atherosclerosis and positive remodeling, many of these 

  Fig. 10.2    Proportion of plaque disruption in women presenting with AMI [ 27 ].  AMI  acute myo-
cardial infarction,  IVUS  intravascular ultrasound,  CMR  cardiac magnetic resonance       
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lesions do not appear signifi cant on luminal coronary angiography and require 
 intravascular imaging to appreciate the lesion. But the fact that the majority of isch-
emic appearing LGE images on CMR corresponded to patients without any plaque 
disruption on IVUS point to possible other clinical syndromes such as microvascu-
lar coronary dysfunction, occult plaque disruption not visible with IVUS or possi-
bly other etiologies yet to be identifi ed.

       Conclusions 

 Our evolving understanding of atherosclerotic coronary artery disease and the 
pathophysiology of myocyte necrosis has pioneered many advances in diagnosis 
and treatment of ischemic heart disease, but it has also exposed several areas of 
uncertainties. Based on the above discussion, we conclude the following:

    1.    The Universal Defi nition of AMI has helped clarify the diagnosis and etiology of 
AMI in the era of sensitive troponin assays.   

   2.    Most troponin elevations do not meet criteria for AMI.   
   3.    The diagnosis and treatment of type 2 MI is still unresolved. We believe that 

coronary angiography is necessary in most cases to rule out signifi cant coronary 
artery disease in order to properly guide therapy, although more data in this area 
are needed.   

   4.    When a myocardial infarction is diagnosed clinically but there is normal or non- 
obstructive coronary arteries, the diagnosis can still be elusive. These cases may 
require intravascular imaging and/or advanced non-invasive imaging such as car-
diac MRI or CT angiography to elucidate a diagnosis as the appropriate treat-
ment relies, in part, on establishing the causative etiology.         
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    Chapter 11   
 New Therapeutic Options for Patients 
with Refractory Angina       

       Luís     Henrique     Wolff     Gowdak       and     Eulógio     E.     Martinez    

    Abstract     Despite the indisputable advances in medical treatment and revascular-
ization procedures (percutaneous and surgical), many patients present debilitating 
symptoms related to myocardial ischemia which cannot be controlled by a combi-
nation of antianginal drugs due to progression of disease with arterial occlusion and 
diffuse involvement of previous grafts or post-angioplasty restenosis, preventing 
new attempts of myocardial revascularization. This condition is defi ned as refrac-
tory angina, which greatly impairs the quality of life of the affected. Recently, new 
therapeutic strategies are being either developed or already applied for the treatment 
of patients with refractory angina, including gene therapy, stem cell therapy, trans-
myocardial laser revascularization, enhanced external counterpulsation, spinal cord 
stimulation, and extracorporeal shockwave myocardial revascularization. However, 
many of the above techniques are still surrounded by a shadow of controversy, con-
fl icting results between the basic science and clinical application, mixed feelings 
from the scientifi c community regarding their usefulness (beyond the placebo 
effect), and the appropriateness of the conducted clinical trials in which they have 
been tested. Common challenges in the fi eld are, for example, the fact that there is 
no experimental model that exactly mimics the condition seen in patients with dif-
fuse CAD; many promising new therapies, i.e. gene therapy, have succeeded in 
animal models of myocardial ischemia only to fail when rigorously tested in double- 
blind, placebo controlled trials. Finally, the scientifi c community should truly be 
committed regarding the rigor with which data are obtained and presented, so that 
science may steadily advance towards fi nding better, proven treatment options for 
patients with refractory angina.  
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        Introduction 

 Cardiovascular disease (CVD) is the leading cause of death worldwide. The World 
Health Organization [ 1 ] estimates that CVD alone was responsible for approxi-
mately 17.5 million deaths in 2012 (or 31.4 % of all deaths in that year). CVD 
deaths are mainly due to ischemic heart disease (7.3 million deaths) or stroke (6.7 
million deaths). 

 One of the most common manifestations associated with ischemic heart disease 
(IHD) is stable coronary artery disease (CAD), which can be translated clinically by 
chest discomfort (or equivalent) evoked by different levels of physical activity 
depending on the extent of the disease. In the United States, approximately 7.8 mil-
lion people live with the diagnosis of angina pectoris [ 2 ]. 

 Despite the indisputable advances in medical treatment and revascularization 
procedures (percutaneous and surgical), many patients will present debilitating 
symptoms related to myocardial ischemia which cannot be controlled by a combi-
nation of antianginal drugs due to progression of disease with arterial occlusion and 
diffuse involvement of previous grafts or post-angioplasty restenosis, preventing 
new attempts of myocardial revascularization. This condition is defi ned as refrac-
tory angina [ 3 ]. The estimated annual incidence of patients with refractory angina is 
between 50,000 and 200,000 new cases in the United States [ 4 ] and between 30,000 
and 100,000 in Europe [ 5 ]. Currently, between 600,000 and 1.8 million individuals 
are living with refractory angina in the United States [ 6 ]. 

 The hallmark of this condition is the great impairment of quality of life [ 7 ,  8 ]. 
Their goal is to be able to perform any physical activity (no matter how trivial it 
seems like walking a few meters or even bathing) without anginal pain. Some 
patients are frequently awakened during the night by angina. Presently, all major 
Cardiology Societies (American Heart Association and American College of 
Cardiology [ 9 ], Canadian Cardiovascular Society [ 10 ] and the European Society 
of Cardiology [ 5 ]) acknowledge the need to seek new therapeutic strategies for this 
growing population of patients in whom maximally tolerated conventional treat-
ment has failed. For these patients, the primary goal of treatment is to improve qual-
ity of life, to increase exercise tolerance, and to decrease the need for hospitalization 
and diagnostic or therapeutic procedures. In this chapter, we will briefl y discuss the 
main non- pharmacological therapeutic strategies being either developed or already 
applied for the treatment of patients with refractory angina (Table  11.1 ) and con-
sider any unrvesolved or controversial areas in therapy.

   It is important to note, however, that many of the above techniques are still sur-
rounded by a shadow of controversy, confl icting results between the basic science 
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and clinical application, mixed feelings from the scientifi c community regarding 
their usefulness (beyond the placebo effect), and the appropriateness of the con-
ducted clinical trials in which they have been tested. Table  11.2  shows a few exam-
ples of the controversial issues to be explored in the corresponding sessions in this 
Chapter.

   Table 11.1    New therapeutic options for patients with refractory angina   

 Therapy 
 Current status for clinical use (class of 
recommendation/level of evidence) 

 Gene therapy  Investigational 
 Stem cell therapy  Investigational 
 Transmyocardial laser revascularization  Approved (IIb/B) a  
 Enhanced external counter-pulsation  Approved (IIb/B) a  (IIa/B) b  
 Spinal cord stimulation  Approved (IIb/C) a  (IIb/B) b  
 Extracorporeal shockwave myocardial 
revascularization 

 Approved in a few countries in Europe and Asia 
 Investigational in the USA 

   a According to the American Heart Association/American College of Cardiology Guidelines 
  b According to the European Society of Cardiology Guidelines  

   Table 11.2    Controversial issues in therapeutic options for patients with refractory angina   

 Therapy  Controversy/unresolved issues 

 Gene therapy  Confl icting results between experimental models (success) 
and clinical application (disappointment) 
 Moved to fast from bench to bedside (!) 
 Placebo effect (?) 

 Stem cell therapy  Confl icting results between experimental models (success) 
and clinical application (failure or modest benefi t) 
 Moved to fast from bench to bedside (!) 
 Placebo effect (?) 
 Unanswered “burning” questions: best cell? Dosage? 
Route for delivery? Which patient? Long-term safety 
profi le? 
 The “miracle cure” for almost every disease known to man 
(false advertisement without robust scientifi c support) 

 Transmyocardial laser 
revascularization 

 Placebo effect (?) 
 Class IIb/B in the USA versus a class III in Europe 

 Enhanced external 
counter-pulsation 

 Reduction in MACE (?) 

 Spinal cord stimulation  Reduction in MACE (?) 
 Mechanism of action (?) 

 Extracorporeal shockwave 
myocardial revascularization 

 Placebo effect (?) 
 Lack of randomized, double-blind, placebo-controlled, 
properly sized trial 
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       Gene Therapy 

 Gene therapy can be defi ned as a medical intervention for transferring genetic mate-
rial to somatic cells  in vivo , allowing the  in situ  expression of the transferred gene 
[ 11 ] with therapeutic effect. Administration of therapeutic genes requires the use of 
a vehicle, called a vector, capable of carrying the gene of interest and guiding it to 
the target cell, thereby facilitating the transfer of genetic material into somatic cells 
[ 12 ] (Fig.  11.1 ).

   The accumulation of knowledge about vascular growth and angiogenic cytokines 
and the parallel development of more effi cient vectors allowed for testing the 
hypothesis that gene transfer of growth factors could mitigate the damage from 
myocardial ischemia by stimulating vascular growth, a strategy known as therapeu-
tic angiogenesis [ 12 ]. 

 From the late 1990s, many researchers including Losordo et al. [ 13 ], Symes et al. 
[ 14 ], Rosengart et al. [ 15 ] and others reported the results of the VEGF 165  gene trans-
fer by direct intramyocardial injection in patients with refractory angina. During 
follow-up, they were able to document a signifi cant reduction in the number of 
angina attacks, a signifi cant decrease in the number of hypoperfused myocardial 
segments, and an increased Rentrop score (number of collateral vessels) in all 
patients. No procedure-related adverse effects were observed. 

  Fig. 11.1    Gene therapy using a modifi ed virus as a vector for gene transfer into somatic cells 
(Source: United States National Library of Medicine)       
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 Later on, the AGENT ( Angiogenic Gene Therapy ) trial [ 16 ], the fi rst multicenter 
study to include 79 patients with symptomatic CAD to receive one of fi ve escalating 
doses of viral vector encoding FGF 4  or placebo, was published. Although the analy-
sis of the overall therapeutic effectiveness based on the exercise test did not show 
any differences between groups, analysis of the subgroup with greater initial func-
tional impairment showed a signifi cant increase in exercise tolerance. Subsequent 
studies like the AGENT-3 and -4 [ 17 ] trials involving more than 500 patients in 
several countries did not replicate the results originally obtained regarding better 
exercise tolerance after administration of FGF 4  in patients with stable angina and 
were, therefore, prematurely interrupted. Similar results were also obtained in the 
VIVA trial ( Vascular Endothelial Growth Factor in Ischemia for Vascular 
Angiogenesis ) [ 18 ]. In this trial, clinical evaluation performed at 120 days after 
treatment showed that the group receiving the highest dose of VEGF had a signifi -
cant reduction in angina (functional class improvement) with only a favorable trend 
towards better exercise performance. Because of the lack of consistent, replicable 
data in terms of effi cacy in controlled randomized clinical trials, much of the initial 
interest in gene therapy for the treatment of patients with refractory angina has 
faded away.  

    Cell Therapy 

 The therapeutic potential of transplantation of stem cells and/or progenitor cells has 
been explored experimentally for over a decade aiming to induce the growth of new 
blood vessels (angiogenesis) [ 19 ] and/or to regenerate cardiomyocytes after myo-
cardial infarction [ 20 ]. 

 Motivated by the initial success obtained in experimental models of myocardial 
ischemia, the fi rst results of cell therapy applied to patients with CAD were reported 
in the last decade. Assmus et al. [ 22 ] transplanted bone marrow-derived or periph-
eral blood progenitor cells by means of intracoronary infusion in patients after acute 
MI. After 4 months, treated patients had improved the left ventricular ejection frac-
tion and the regional wall motion in the infarct area was associated with a lower 
end-systolic volume and increased coronary fl ow reserve in the culprit, treated coro-
nary artery was noted. No adverse events were observed. 

 The use of adult bone marrow-derived cells for treating severe CAD associated 
with heart failure was proposed by Perin et al. [ 23 ]. Fourteen patients underwent 
trans endocardial injection guided by electromechanical mapping in ischemic but 
viable areas (hibernating myocardium). The authors showed that, after 4 months, 
there was an improvement in functional class, signifi cant reduction in perfusion 
defects assessed by SPECT, and an increase in ejection fraction from 20 to 29 % in 
treated patients. 

 Stamm et al. [ 24 ] proposed the use of intramyocardial injection of bone marrow- 
derived stem cells combined with CABG in 6 post-MI patients. Functional assess-
ment revealed an increase in LV global motility (in 4 out of 6 patients) and increased 
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perfusion in the infarct area (in 5 out of 6 patients). Gowdak et al. [ 25 ] tested a simi-
lar strategy for the treatment of patients with severe and diffuse CAD, refractory to 
medical therapy and not amenable to complete surgical revascularization strategy 
because of the extent of the disease. In 21 patients, autologous progenitor hemato-
poietic cells were injected during CABG in those areas previously identifi ed as 
viable and ischemic. No adverse events related to the procedure were noted [ 26 ]. 
There was an increase in myocardial perfusion in the injected segments, which have 
not been grafted, along with improved regional contractility. A large randomized, 
double blind, controlled trial is underway to test the role of cell therapy as adjunc-
tive therapy to incomplete myocardial revascularization in patients with stable 
angina [ 27 ]. 

 The RENEW study, currently underway, will test the safety and effi cacy of intra-
myocardial injection of autologous CD34+ cells in patients with refractory angina 
unresponsive to optimal medical therapy and who are not candidates for revascular-
ization procedures [ 28 ]. Another study recently launched, the IMPACT-CABG [ 29 ], 
will test the safety and effi cacy of intramyocardial injection of autologous CD133+ 
cells in patients undergoing CABG. 

 More recently, the angiogenic potential of adipose-derived mesenchymal cells 
began to be explored in patients with ischemic heart disease [ 30 ], acute myocardial 
infarction and heart failure [ 31 ]. These clinical trials will document the possibility, 
if successful, of using this abundant cell source for the treatment of patients with a 
large spectrum of CVD. 

 Finally, one of the last cell types to be tested in the treatment of patients with 
ischemic cardiomyopathy resulted from the identifi cation of resident cardiac stem 
cells with the potential for myocardial regeneration [ 32 ]. Many preclinical studies 
have demonstrated the effi cacy of these cells in the treatment of post-MI left ven-
tricular dysfunction [ 33 ,  34 ]. In the SCIPIO [ 35 ] study, cardiac resident stem cells 
were obtained from the right atrial appendage during surgery for myocardial revas-
cularization. Once isolated, the cells were expanded and infused via intracoronary 
about 4 months after surgery. Evaluation of cardiac function by magnetic reso-
nance imaging showed a signifi cant increase in LVEF in the treated group from 
27.5 % (baseline) to 35.1 % and 41.2 %, 4 and 12 months after infusion of the 
cells, respectively, as well as a signifi cant decrease in the area of infarction. 
However exciting these data might sound, caution must be exercised in the inter-
pretation of these studies due to the small numbers of highly selected patients and 
intra- and inter- observer variability in infarct size measurements. Anatomical and 
histological examinations of large numbers of patients treated with these cells are 
necessary to confi rm signifi cant generation of myocytes and decreases in infarct 
size and fi brosis [ 36 ]. Moreover, as with any other form of novel therapy, the use 
of cardiac resident stem cells will have to face the challenge of a double-blind, 
randomized, placebo controlled clinical trial so that its contribution for myocardial 
repair can be determined. But even before that, a shadow of uncertainty was 
already casted on these preliminary data, as we learned that concerns about the 
integrity of certain data published have led to an internal investigational on the 
fairness of the study [ 37 ].  
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    Transmyocardial Laser Revascularization (TMLR) 

 Mirhoseini and Cayton fi rst proposed the use of laser beams for myocardial revascu-
larization in 1981, after a successful experimental study in acute myocardial isch-
emia model by ligation of the left anterior descendent artery in dogs [ 38 ]. The same 
group published the fi rst report of the clinical use of a CO 2  laser as an adjunct strat-
egy to CABG [ 39 ]. Transmyocardial laser revascularization (TMLR) is a surgical 
procedure in which intramyocardial channels (1 mm in diameter) are created through 
the application of high-energy CO 2  laser beams on the heart, without cardiopulmo-
nary bypass, through a left anterolateral thoracotomy. The procedure is based on the 
premise that myocardial perfusion will increase as blood fl ows from the myocardial 
ventricular cavity through the channels created to the ischemic areas (Fig.  11.2 ).
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  Fig. 11.2    Transmyocardial laser revascularization for the treatment of patients with inoperable CAD       
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   In one of the early clinical experiences in a small series of patients, Frazier et al. 
[ 40 ] applied TMLR in 31 patients with refractory angina who were not candidates 
for conventional revascularization procedures. Their study showed a signifi cant 
improvement in functional capacity, increased endocardial perfusion and LVEF 
after the procedure. The patency of the channels created by laser was documented 
for the fi rst time in a post-mortem study on a patient who died 3 months after sur-
gery [ 41 ]. On the other hand, Dallan and Oliveira [ 42 ] performing an autopsy in a 
patient who died 14 months after surgery demonstrated that the initially open intra-
myocardial channels were closed and replaced by interstitial fi brosis, perpendicular 
to the epicardium, extending towards the endocardium. Careful histological analy-
sis revealed, however, in the same case, the presence of newly formed vessels, 
which could contribute to the benefi cial effects observed, despite the late occlusion 
of the channels. 

 The evidence for benefi t and safety of this technique was obtained from random-
ized clinical trials with adequate numbers of patients. The positive results initially 
seen in small series of patients were replicated in a larger study involving 200 
patients with advanced, inoperable CAD and several centers in the United States 
[ 43 ]. A comparative study between TMLR and medical therapy in patients with 
refractory angina followed for 1 year showed that medical treatment-only was asso-
ciated with a higher incidence of unstable angina and hospitalizations, worsening of 
functional class and worsening myocardial perfusion [ 44 ]. However, in a similar 
study by Schofi eld et al. with 188 refractory angina patients, TMLR was not able to 
signifi cantly increase functional capacity (objectively assessed by exercise tread-
mill testing) or to offer any benefi t on survival at 12 months of follow-up [ 45 ]. 

 After many years in practice, the experience accumulated in numerous clinical 
studies was compiled in a recent meta-analysis involving more than 1000 patients 
showing that TMLR provides benefi t in relieving symptoms and improving quality 
of life, with no appreciable impact on the incidence of cardiovascular events [ 46 ]. 
Thus, in the United States, TMLR received in the ACC/AHA guidelines, a Class 
IIb, level of evidence B [ 45 ,  47 ], and it therefore may be utilized for the relief of 
symptoms in patients with refractory angina, not candidates for conventional myo-
cardial revascularization procedures. The association between TMLR and intra-
myocardial stem cell therapy has recently been proposed with the objective of 
exploring the potential synergistic angiogenic effect resulting from the combination 
of both techniques, to accelerate the recovery of the perfusion in ischemic areas [ 48 , 
 49 ]. As with the stem cell therapy, large randomized controlled trials are needed to 
establish the role of the combined procedure for patients with refractory angina.  

    Enhanced External Counter-Pulsation 

 Enhanced external counterpulsation (EECP) is a noninvasive physical therapy 
designed to increase venous return, raise cardiac preload, increase cardiac output, 
and decrease systemic vascular resistance [ 50 ]. EECP therapy is usually offered at 
daily sessions with 1 h duration, fi ve times a week for 7 weeks, totaling 35 sessions. 
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During each session, the patient’s lower extremities are wrapped in three compres-
sive pneumatic cuffs applied to the calves, lower thighs, and upper thighs/buttocks 
(Fig.  11.3 ). Leg compression occurs sequentially from distal to proximal in early 
diastole resulting in not only an increase in proximal diastolic aortic pressure but 
also in venous return. Next, the cuffs rapidly defl ate just before the onset of systole, 
signifi cantly reducing the heart’s workload by lowering peripheral vascular resis-
tance (Fig.  11.4 ) [ 51 ].

  Fig. 11.3    A patient with 
refractory angina 
undergoing EECP 
(Reproduced from 
Braverman [ 51 ], with 
permission of Elsevier)       

  Fig. 11.4    Schematics of the EECP. Details in the text (Reproduced from Braverman [ 51 ], with 
permission of Elsevier)       
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    Several mechanisms of action were postulated to explain the benefi cial effects 
often observed with this therapy, both in the short and long term. Such mechanisms 
involve improved endothelial function, development of coronary collateral circula-
tion, restauration of left ventricular function and improvement in peripheral circula-
tion [ 52 ]. Clinical benefi ts were observed in over 80 % of those who underwent this 
therapeutic strategy including a decrease in the number of angina attacks and con-
sumption of sublingual nitrate, increased exercise tolerance, improved quality of 
life, objectively demonstrable increase in time for the onset of ischemia and 
improvement in myocardial perfusion defects [ 53 – 55 ]. These benefi ts occur early 
after treatment initiation and can be sustained in many patients as long as up to 
5 years [ 56 ]. In the United States, EECP therapy received a Class IIb, level of evi-
dence B.  

    Spinal Cord Stimulation 

 Spinal cord stimulation (SCS) has been used from the 1960s for the treatment of 
neurogenic pain and, beginning in 1976, for the treatment of ischemic pain second-
ary to peripheral arterial disease. The clinical application of SCS for the treatment 
of refractory angina was proposed in the early 1990s [ 57 ] with many favorable 
results on the quality of life of those affected, improved exercise tolerance and 
decreased consumption of short action nitrates, although the mechanisms of action 
this technique are still under investigation. 

 In theory, SCS decreases myocardial ischemia by one or more of the following 
mechanisms: an increase of coronary blood fl ow, reduction of O 2  demand, and 
direct inhibition of nociception with consequent reduction in the consumption of 
O 2 . One cannot rule out the contribution of neuromodulation to increase the pain 
threshold, possibly by redistributing coronary fl ow [ 58 ]. Briefl y, this technique 
involves inserting a cable into the epidural space connected to an implanted stimula-
tion pulse generator in the subcutaneous tissue. Electrical stimulation can be gener-
ated in a continuous, cyclical or intermittent mode. 

 The effectiveness of SCS was documented in several open clinical observational 
studies or randomized controlled trials. The Italian Prospective Registry [ 59 ] 
described improvement of >50 % in angina attacks in 73 % of treated individuals 
and at least one functional class of angina in 80 % of patients. Recently, random-
ized controlled studies have been published: one study demonstrated increased 
exercise capacity and improved ischemia recorded by 24-h Holter in 13 patients 
with refractory angina undergoing the procedure compared to a group kept on opti-
mal medical therapy only. Another study confi rmed similar clinical benefi t (reduc-
tion in angina) between SCS and CABG, but with lower rates of cardiovascular 
morbidity and mortality in the SCS group [ 60 ]. Currently in the United States, SCS 
has received a Class IIb, level of evidence C, for symptomatic relief in patients with 
refractory angina.  
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    Extracorporeal Shockwave Myocardial Revascularization 

 Extracorporeal shockwave myocardial revascularization (ESMR) is a noninvasive 
therapy that, through the application of low energy shock waves directed to the 
ischemic areas of the myocardium, the induction of growth of new blood vessels 
(neoangiogenesis) may occur, increasing tissue perfusion and leading to relief of 
symptoms (Fig.  11.5 ).

   The mechanisms involved in the vascular growth involve the release of angio-
genic cytokines such as VEGF, the enzyme endothelial NO synthase and the 
recruitment of progenitor endothelial cells [ 61 – 63 ]. A few experimental studies 
have shown that the application of shock waves increases the perfusion in isch-
emic  myocardum [ 63 ] and improves left ventricular function after myocardial 
infarction [ 64 ]. Initial experience in small series of 9 patients [ 65 ] demonstrated 
the safety and effi cacy of the procedure in relieving angina in patients with severe 
CAD. This study was followed by another study comprised of 18 patients with 
debilitating angina [ 66 ], in whom not only clinical improvement was observed 
(decreased number of angina attacks and lower consumption of short-acting 
nitrates), but also an improvement in left ventricular function. This technology is 
investigational in the United States, although it is being used in few countries in 
Europe and Asia.  
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  Fig. 11.5    Basic principle of extracorporeal shock-wave myocardial revascularization       
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    Conclusion 

 As a result of the combination of a greater life expectancy, a decline in CVD mor-
tality adjusted for age and an increased prevalence of risk factors (especially dia-
betes, obesity and hypertension), the number of patients living with chronic CVD 
is expected to grow in the coming years, particularly those with CAD. Moreover, 
these patients with CAD now have a longer life expectancy than three decades ago 
thanks to the many advances in medical therapy and interventional procedures. On 
the other hand, this allowed for the appearance of a population of patients in 
which the disease continues its relentless progression towards more advanced 
forms, with diffuse arterial involvement, also affecting grafts distally or previ-
ously implanted stents. Thus, we believe that new therapeutic strategies must be 
sought for those living with refractory angina. Accordingly, new therapeutic 
options are being tested in the treatment of this condition but they all have to deal 
with common challenges:

    1.    There is no experimental model that exactly mimics the condition seen in patients 
with diffuse CAD. We have to rely on approximate animal models to test new 
therapies.   

   2.    Many promising new therapies, i.e. gene therapy, have greatly succeeded in ani-
mal models of myocardial ischemia and even in early, open label, uncontrolled 
clinical trials. When rigorously tested in double-blind, placebo controlled trials, 
they fell far short of expectations. On the other hand, there was criticism regard-
ing many trial designs and chosen endpoints to prove the benefi t of gene therapy, 
and that “ the baby was thrown away with the dirty water ”.   

   3.    The compelling need to relief symptoms and improve survival serve as the 
rational for quickly moving from an early experimental success in the bench 
to the bedside. If one considers stem cell therapy, we are still looking for the 
best cell, in the right concentration properly delivered for a great cell survival 
rate into the right patient. But clinical trials have been conducted beginning in 
the 2000s.   

   4.    The lack of properly sized, double-blind, placebo controlled clinical trials may 
hamper the further application and development of conceptually interesting 
strategies such as external shockwave myocardial revascularization.   

   5.    Perhaps the future will show that, indeed, a combined approach may work best 
for patients with refractory angina, i.e., TMR and stem cell therapy.   

   6.    Finally, every single scientist involved in this fi eld should keep the highest 
level of scientifi c commitment regarding the rigor with which data are obtained 
and presented, above any personal confl ict of interest, so that science may 
steadily advance towards fi nding better treatment options for our patients. For 
they deserve to not only live longer but also and, equally important, live 
better.         
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    Chapter 12   
 Medical and Invasive Management 
of Coronary Artery Disease in Patients 
on Anticoagulants       

       Ryan     Berg       and     Nabil     Shafi     

    Abstract     The management of coronary artery disease in patients on anticoagulants 
represents a diffi cult clinical scenario. As more intense therapy is given, patients are 
expected to have less ischemic/thrombotic events, but they will have increased 
bleeding risks. In this chapter we examine the evidence base of the risks and bene-
fi ts of combining antiplatelet therapy and anticoagulant therapy in both the primary 
and secondary prevention settings. While most of these data concern warfarin as the 
primary anticoagulant, we will review any data on the novel oral anticoagulants 
(NOACs) as well.  

  Keywords     Aspirin   •   Clopidogrel   •   Warfarin   •   Coronary artery disease   •   Triple 
 therapy   •   Novel oral anticoagulants  

        Introduction 

 The management of coronary artery disease (CAD) in patients on anticoagulants 
represents a diffi cult clinical scenario. This has been previously described as a “Yin- 
Yang” paradigm of balancing anti-ischemic effi cacy and bleeding risk when com-
bining more potent antithrombotic/anticoagulant therapy [ 1 ]. As more intense 
therapy is given, patients are expected to have less ischemic/thrombotic events, 
however, in return they are at risk for increased bleeding. There is further potential 
risk when a recent coronary stent is placed in a patient on an anticoagulant due to 
the concern for stent thrombosis with early discontinuation of antiplatelet therapy if 
a bleeding episode occurs. To further complicate the matter, there are now multiple 
antiplatelet agents available (ticagrelor, clopidogrel, prasugrel, ticlopidine, aspirin) 
as well as multiple oral anticoagulants (warfarin, dabigatran, rivaroxaban, and 
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apixaban). This chapter examines the evidence base in both primary and secondary 
prevention and considers the controversies and unresolved issues surrounding the 
use of triple therapy. While most of these data utilized warfarin as the primary anti-
coagulant, we will review any data on the novel oral anticoagulants (NOACs) as 
well.  

    Aspirin for Primary Prevention of Cardiovascular Disease 
in addition to anticoagulation 

 Aspirin (ASA) has been the mainstay of pharmacotherapy for the secondary preven-
tion of cardiovascular events by reducing mortality and decreasing subsequent car-
diac events [ 2 ]. Aspirin’s antithrombotic effect is through the irreversible inhibition 
of COX-1 and 2, which prevents the generation of prostaglandins including throm-
boxane A2 that induce platelet aggregation. Consequently, the principle effect of 
ASA is the inhibition of platelet-mediated thrombus formation in the arterial circu-
lation [ 2 – 4 ]. The prophylactic use of ASA for the primary prevention of coronary 
artery disease (CAD) events has been extensively investigated over the last 25 years 
and the data are less certain than the secondary prevention data. Questions remain 
regarding the effi cacy, safety and the degree of cardiovascular risk associated with 
the most favorable benefi t: risk ratio for its use in primary prevention of CAD. 

 A meta-analysis carried out by the Anti-Thrombotic Trialists (ATT) Collaboration 
in 2009 [ 5 ] included the fi rst six primary prevention trials [ 6 – 11 ] (n = 95,000) and 
demonstrated ASA signifi cantly reduced the incidence of serious vascular events, 
defi ned as a combined end point of MI, death from a vascular cause or stroke (0.51 
versus 0.57 %/year). This signifi cant reduction was attributable principally to a sig-
nifi cant reduction in the fi rst non-fatal MI (0.18 versus 0.23 %/year). ASA therapy 
was associated with six fewer myocardial infarctions (MI) per 1000 low-risk per-
sons treated over a 10 year period (5 % CAD risk at 10 years according to the 
Framingham risk categories). For persons at moderate (15 %) and high (25 %) CVD 
risk, ASA led to a reduction of 19 and 31 MIs per 1000 patients treated, respectively 
[ 12 ]. However, this benefi t came at the expense of a bleeding event rate that was 
higher as a function of cardiovascular risk. Compared with placebo, the high risk 
population would experience 22 more bleeds per 1000 persons treated with ASA 
versus 4 more bleeds per 1000 persons treated with ASA in the low-risk population 
[ 12 ]. The meta-analysis by the ATT Collaboration found that allocation to ASA 
increased major GI and other extracranial bleeds (defi ned as a bleed requiring trans-
fusion or resulting in death) by about 50 % (0.10 %/year vs. 0.07 %/year; risk ratio: 
1.54 [95 % CI: 1.30–1.82], p < 0.0001). Furthermore, ASA also increased the risk of 
hemorrhagic stroke. A meta-analysis of 16 placebo-controlled RCTs, comprising a 
total of 55,462 patients, showed that treatment with aspirin was associated with a 
relative risk of hemorrhagic stroke of 1.84 (p < 0.001) [ 13 ]. 

 With respect to mortality, the ATT Collaboration showed aspirin compared with 
placebo did not reduce all-cause mortality, cardiovascular mortality, non-vascular 
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mortality or deaths of unknown cause [ 4 ]. Four more recent meta-analyses have 
been performed by other groups, and published in 2011–2012 [ 14 – 17 ]. In all of 
them, three additional trials were included: the JPAD (Japanese Primary Prevention 
of Atherosclerosis With Aspirin for Diabetes), POPADAD (Prevention of 
Progression of Arterial Disease and Diabetes), and AAA (Aspirin for Asymptomatic 
Atherosclerosis) trials [ 18 – 20 ]. These meta-analyses had the same unifi ed message 
that ASA use did not reduce cardiovascular related death or overall mortality. 
However, ASA use was associated with a 12 % proportional reduction in major 
vascular events, translating to a number needed to treat (NNT) of about 2000 in low 
risk individuals to prevent one non-fatal myocardial infarction [ 21 ]. In the 2012 
meta-analysis, the net cardiovascular benefi t exceeded the bleeding risk at higher 
baseline CAD events rates [ 17 ]. In summary, ASA use in the primary prevention of 
CAD events has been shown to reduce the risk of a fi rst MI (particularly in high risk 
patients), but coming at a signifi cant expense of an increased risk of both gastroin-
testinal bleeding and hemorrhagic stroke [ 7 ]. As a result, current guidelines differ 
substantially in their recommendations for ASA’s use in primary prevention of 
CAD, refl ecting the uncertainty of a clear risk/benefi t ratio in this population 
[ 12 ,  22 – 24 ] (see Table  12.1 ).

   As there is already a concern of increased bleeding with aspirin alone for pri-
mary prevention, it is no surprise that combining with an anticoagulant in primary 
prevention leads to even further increases in bleeding. There are limited data that 
assess combination therapy in the primary prevention cohort. One meta-analysis of 
ten randomized controlled trials performed by Dentali et al. assessed the treatment 
of combination warfarin-ASA compared to warfarin alone primarily in patients 
where the indication for aspirin was the primary prevention of cardiovascular dis-
ease (both CAD and stroke) [ 25 ]). Six of the trials used low dose aspirin (<100 mg), 
and four of the trials had higher doses of aspirin. The risk for cardiovascular events 

   Table 12.1    Summary of major society recommendations for aspirin use in primary prevention 
of CVD   

  American Heart Association  ( AHA )/ American College of Cardiology  ( ACC )/ American 
Diabetes Association  ( ADA ) [ 22 ] 
 1. Aspirin is reasonable in diabetic patient whose 10 year risk of events is >10 % and who are 
not at increased risk of bleeding 
 2. Aspirin may be considered for diabetic patients with intermediate risk of cardiovascular 
events (younger patients with at least risk factor, older patients with no risk factors, or patients 
with a 10-year risk of 5–10 %) 
  American College of Chest Physicians  ( ACCP ) [ 12 ] 
 Aspirin (75–100 mg daily) for persons age 50 years or older without symptomatic CVD (Grade 2B) 
  US Preventative Services Task Force  [ 23 ] 
 Low dose Aspirin for men 45–79 years and women 55–79 years when the potential benefi t due 
to reduction of MI outweighs the potential harm due to increase in gastrointestinal hemorrhage 
(Grade A). Risk factor calculator for available at   http://cvdrisk.nhlbi.nih.gov/calculator.asp     
  European Society of Cardiology  [ 24 ] 
 Aspirin is not recommended in individuals without cardiovascular or cerebrovascular disease 
due to increased risk of major bleeding (Class III, Level of Evidence: B) 

12 Medical and Invasive Management of Coronary Artery Disease

http://cvdrisk.nhlbi.nih.gov/calculator.asp


166

was signifi cantly reduced by combination warfarin-ASA therapy (OR = 0.66; 95 % 
CI: 0.52–0.84). However, this therapeutic benefi t was driven by fi ve studies involv-
ing patients with mechanical heart valves (OR = 0.27; 95 % CI: 0.15–0.49). There 
was no statistically signifi cant cardiovascular event reduction in the other studies 
where the warfarin was given for other indications. The aforementioned meta- 
analysis also assessed the risk for major bleeding associated with combination 
warfarin- ASA compared with warfarin alone. There was an increased risk for major 
bleeding with warfarin-ASA over warfarin alone, with an annual risk of 2.3 % vs. 
1.3 %, a difference that was clinically relevant, although it was of borderline statisti-
cal signifi cance (OR = 1.43; 95 % CI: 1.00–2.02). 

 In the ORBIT AF registry, it was found that despite this known evidence, it is 
common in up to 35 % of patients in atrial fi brillation in modern practice to be on 
combination therapy with an antiplatelet on top of an anticoagulant [ 26 ]. A signifi -
cant proportion of this population (39 %) was on the antiplatelet agent for primary 
prevention only. As this was a more modern study, most (89 %) patients were on an 
81 mg dose of aspirin. This study also confi rmed what was postulated in the prior 
meta-analysis: combination therapy was associated with more major bleeding 
(adjusted hazard ratio, 1.53; 95 % confi dence interval, 1.20–1.96 p = 0.0006) with 
no benefi t in preventing ischemic outcomes leading toward a trend in increased 
mortality in the dual therapy group (adjusted hazard ratio 1.26 (0.98–1.63) p = .08). 

 Overall, there does not appear to be compelling evidence that warfarin-ASA 
combination therapy is more effective than warfarin alone for the prevention of 
cardiovascular events in patients with atrial fi brillation. There is, however, consis-
tent evidence that warfarin-ASA therapy increases serious bleeding, irrespective of 
the patient population studied. As stated above, the group of patients with mechani-
cal heart valves should be considered separately as combination therapy has shown 
net clinical benefi t. Patients with mechanical valve prostheses require long-term 
anticoagulation and aspirin administration due to the inherent risk of thromboem-
bolism. This is primarily due to abnormal fl ow conditions (stagnation and shear 
stress fl ow) imposed by the prosthetic heart valves, increasing both the risk of 
thrombosis and thromboembolism [ 27 ]. In a Cochrane report, 13 studies involving 
4122 patients were reviewed [ 28 ]. Compared with anticoagulation alone, the addi-
tion of an antiplatelet agent (either dipyridamole or ASA) reduced the risk of throm-
boembolic events (odds ratio (OR) 0.43, 95 % confi dence interval (CI) 0.32–0.59; 
P < 0.00001). This came at the expense of an increase in major bleeding (OR 1.58, 
95 % CI 1.14–2.18; P = 0.006), despite the fact that low dose aspirin (<100 mg) was 
used in a majority of the trials that included aspirin as the antiplatelet agent. 
However, the net clinical benefi t favored the combination of an anticoagulant plus 
an antiplatelet, as there was shown to be decreased mortality (OR 0.57, 95 % CI 
0.42–0.78; P = 0.0004). In summary, patients with mechanical heart valves derive a 
net therapeutic benefi t with warfarin-ASA as the reduction in thromboembolic 
events outweighs the increase in the risk for serious bleeding and this combination 
is endorsed by the latest American College of Cardiology (ACC) 2014 guidelines 
on Valvular heart disease [ 29 ].  
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    Secondary Prevention 

 While it is fairly clear from primary prevention that the risk of bleeding outweighs 
the benefi t of a combination of antiplatelet therapy and anticoagulation, there is 
much more controversy in the realm of secondary prevention. There are many dif-
ferent secondary prevention scenarios (stable CAD, acute coronary syndromes, 
patients after recent coronary artery bypass surgery (CABG), and patients after 
recent stenting) each of which have different ischemic risk profi les in which to bal-
ance the bleeding risk. As we make our decision as to what regimen to give, we are 
always balancing a risk/benefi t ratio of ischemic effi cacy vs bleeding risk. The isch-
emic benefi t of the antiplatelet therapy on top of the anticoagulants is quite different 
in each of those secondary prevention scenarios. Unfortunately, there are not enough 
data available to cover every different drug in every different clinical scenario. 
However, we must examine these clinical scenarios separately and review the data 
that are available and the subsequent guideline recommendations from the major 
medical societies.  

    Secondary Prevention of Stable CAD 

 The ACC guidelines on secondary prevention in stable ischemic heart disease state 
that aspirin monotherapy (or other antiplatelet if allergic) is a Class I indication to 
continue lifelong [ 30 ]. For a patient on anticoagulation for thrombotic disease, the 
anticoagulants are more effi cacious as compared to antiplatelet agents in preventing 
a thrombotic event in the common clinical scenarios of deep vein thrombosis (DVT), 
pulmonary embolism (PE), and atrial fi brillation [ 31 ]. It is common in up to 11 % 
of the population with stable coronary artery to have an indication for anticoagula-
tion [ 32 ]. In this situation, it is common for practitioners to combine an antiplatelet 
agent with an anticoagulant with the thought that they are treating two separate 
diseases with two separate targeted therapies. However, recent real world registries 
have shown that the combination can lead to serious bleeding which is an indepen-
dent predictor of mortality [ 32 ,  33 ]. In the CORONOR trial, over 4000 patients with 
stable CAD (at least 1 year out from any acute coronary syndrome or revasculariza-
tion procedure) were prospectively studied over a 2 year period [ 32 ]. Patients on an 
anticoagulant in addition to an antiplatelet had a 7.3 times increased risk of bleeding 
in comparison to antiplatelet monotherapy. This trial only assessed signifi cant 
(Bleeding Academic Research Consortium (BARC) 3 or higher) bleeding, and 
indeed the bleeding events were an independent predictor of mortality in this stable 
CAD population. There was no downside (no increased ischemic stroke, myocar-
dial infarction or cardiovascular death) to being on a single anticoagulant alone as 
compared to being on an anticoagulant plus an antiplatelet agent. Therefore, this 
study clearly shows the benefi t of only taking anticoagulation alone (without the 
addition of any antiplatelet agent) in a stable coronary artery disease patient that is 
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at least 1 year out from an acute coronary syndrome or any type of revascularization 
that has a defi nite indication for anticoagulation. One limitation of this study was 
that the dosing of aspirin was not reported. A larger observational cohort study of 
8700 Danish patients with both atrial fi brillation and stable coronary artery disease 
backs up this hypothesis as well [ 33 ]. They showed that relative to warfarin mono-
therapy, there was no decrease in the risk of MI or coronary death associated with 
the use of warfarin plus an antiplatelet agent. In fact, if triple combination therapy 
was used, there was actually an increase in this ischemic risk. There was also com-
parative benefi t in all of these groups in terms of preventing thromboembolism. On 
the fl ip side, bleeding risk hazard ratios were signifi cantly (50–80 %) higher on dual 
therapy and up to 100 % higher with triple therapy as compared with monotherapy 
with warfarin alone. Bleeding was also shown to be an independent predictor of 
mortality in this study as well. What about trying antiplatelet therapy alone in this 
population? This population had over 95 % of the patients with a CHADS 2 VASC 2  
score of ≥2. Antiplatelet therapy alone did have decreased bleeding risks, but in 
exchange there was increased MI, cardiovascular death, thromboembolism and 
mortality. Therefore, this is not an acceptable alternative. One limitation of this 
large data set was that the exact aspirin dosing was not reported and broken down to 
the individual endpoints, although it was stated that all doses were <150 mg i.e. a 
relatively low dose. A second limitation was that there were no patients on NOACS 
or new antiplatelet agents in this trial. However, the combination of dual or single 
antiplatelet therapy in addition to NOACs has been shown to have a similarly 
increased bleeding risk without additional stroke prevention benefi t [ 34 ,  35 ]. 
Current guidelines do not provide guidance on combination therapy in this stable 
ischemic heart disease population.  

    Secondary Prevention after Acute Coronary Syndrome (ACS) 
or Percutaneous Coronary Intervention (PCI) 

 Most ACS patients will undergo an early invasive strategy which frequently leads 
them to revascularization by CABG or stenting. It is clear from the early stent trials 
that antiplatelet therapy is more effi cacious in preventing stent thrombosis than war-
farin alone or with warfarin with a single antiplatelet agent [ 36 – 39 ]. However, these 
trials involved early generation bare metal stents that were not necessarily deployed 
appropriately and would be expected to be at a higher risk of thrombosis than current 
stent deployment techniques with thin strut bare metal stent systems or second /third 
generation drug eluting stent (DES) systems. On the other hand, it is also clear that 
dual antiplatelet therapy alone is not a substitute for anticoagulation in those patients 
at risk of stroke [ 40 ]. Therefore, it is important to assess newer trials in the DES area 
to see where the net clinical benefi t of multiple pharmacologic regimens lie. 

 Initial registry data (n = 239) showed the combination of warfarin plus clopido-
grel as having no stent thrombosis compared to a 15 % rate with warfarin plus 
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aspirin, as well as a higher MI rate of 18.2 % vs 11 % [ 41 ]. This was followed by 
the large Danish registry assessing over 12,000 patients with atrial fi brillation that 
had a recent MI or PCI on various anticoagulant regimens [ 42 ]. This registry showed 
no increased risk of an ischemic coronary event in double therapy (anticoagulant 
plus single antiplatelet) vs triple therapy (dual antiplatelet plus anticoagulant). On 
the other hand, the bleeding risk was lower with dual therapy as compared to triple 
therapy. When clopidogrel was the antiplatelet agent, this lower bleeding risk was 
not statistically signifi cant, compared to aspirin which did have statistically signifi -
cant lower bleeding. One limitation of this trial was that aspirin dosing was not 
reported. All-cause mortality was statistically signifi cantly lower with the combina-
tion of an oral anticoagulant plus clopidogrel in comparison to an oral anticoagulant 
plus aspirin. As a whole, these registry data are hypothesis-generating suggesting 
that a combination of clopidogrel plus an oral anticoagulant alone might be the best 
combination when a stent is placed and both an anticoagulant and an antiplatelet is 
needed. 

 The warfarin and clopidogrel combination was more defi nitively tested in the 
multicenter, randomized WOEST trial [ 43 ]. The WOEST trial studied 573 patients 
who were on long term anticoagulation for multiple clinical indications (majority of 
patient had atrial fi brillation) and who were undergoing PCI (25–30 % with acute 
coronary syndromes). Patients were randomized to receive triple therapy (aspirin at 
a dose of 80–100 mg, clopidogrel 75 mg, and warfarin) versus dual therapy with 
warfarin plus clopidogrel. The primary endpoint was any bleeding which occurred 
more in the triple therapy group (44.4 %) as compared to the double therapy group 
(19.4 % p < .0001). Severe bleeding (BARC 3) was twice as high with triple therapy 
as compared to double therapy and this was statistically signifi cant. There was no 
difference in ischemic/thrombotic outcomes in either of the groups. However, there 
was lower mortality with double therapy (2.5 %) vs triple therapy (6.3 % p = .027). 
While these data are impressive, the study was not powered to consider the ischemic 
and mortality endpoints and must only be considered hypothesis-generating. 

 One limitation of these studies was that warfarin was used as the anticoagulant 
and not the NOACS. However, based on other evidence, it is reasonable to expect 
similar increased bleeding risk with NOACS as part of a triple therapy combination. 
For example, in post ACS patients, triple therapy with apixaban was associated with 
worsening bleeding but no better thromboembolic protection leading to premature 
discontinuation of the APPRAISE-2 clinical trial [ 44 ]. When all studies of NOACs 
in ACS were included in multiple meta-analyses, a similar trend was seen with at 
least a doubling of bleeding rate with triple therapy as compared to dual antiplatelet 
therapy with only a very mild decrease in ischemic events [ 45 ,  46 ]. 

 The newest 2014 ACC guidelines on atrial fi brillation give a IIb recommendation 
for choosing bare metal stents to minimize the duration of dual antiplatelet therapy 
in atrial fi brillation patients as compared to DES [ 47 ]. There is also a IIb recom-
mendation to use clopidogrel alone plus an oral anticoagulant for those with a 
CHADS 2 VASC 2  scores ≥2. This is in contrast to the European guidelines on revas-
cularization [ 48 ] and their consensus document on atrial fi brillation in the setting of 
PCI or ACS [ 49 ]. These provide more detail depending on the patient’s 
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CHADS 2 VASC 2  score and HAS BLED score (see Fig.  12.1 ). Triple therapy was the 
preferred strategy for at least 1 month. These recommendations were based mostly 
on expert opinion. Like the ACC guidelines, they endorsed the WOEST strategy of 
dual therapy right away as only a IIb indication. They do clarify that prasugrel or 
ticagrelor should not be used as a part of triple therapy because of the greater risk of 
major bleeding [ 50 ].

       Conclusion 

 Based on the current guidelines and the data presented above, in a patient with an 
indication for anticoagulation, we recommend the following:

    1.    No additional antiplatelet regimen should be used for primary prevention of cor-
onary artery disease or for secondary prevention in stable coronary artery disease 
patients (at least 1 year out from revascularization or ACS). Anticoagulation 
alone should be given.   

   2.    In a patient with a recent acute coronary syndrome or a recently placed stent, we 
endorse the individualized approach of the ESC guidelines in which the exact 
regimen should be based on weighing their thrombotic risk (CHADS 2 VASC 2  
score) vs the bleeding risk (HAS BLED) score (Fig.  12.1 ).   

   3.    In patients with mechanical heart valves, combination therapy of both aspirin 
and warfarin should be given, regardless of cardiovascular disease status.   

   4.    It is important to realize the limitations of most of the data that have been pre-
sented. First, it is important to realize that most of the data comes from patients 

Recommendations Classa Levelb

I C

IIa C

IIa C

IIa C

IIa C

IIa C

IIb B

III CThe use of ticagrelor and prasugrel as part of initial triple therapy is not recommended

Dual therapy of (N)OAC and clopidogrel 75 mg/day may be considered as a alternative to initial triple
therapy in selected patients.

In patients requiring oral anticoagulation at high bleeding risk (HAS BLED ≥3), triple therapy of
(N)OAC and ASA (75–100 mg/day) and clopidogrel 75 mg/day should be considered for a duration of one
month followed by (N)OAC and aspirin 75–100 mg/day or clopidogrel (75 mg/day) irrespective of clinical 
setting (SCAD or ACS) and stent type (BMS or new-generation DES).

In patients with ACS and atrial fibrillation with low bleeding risk (HAS-BLED ≤2), inital triple therapy of
(N)OAC and ASA (75–100 mg/day) and clopidogrel 75 mg/day should be considered for a duration of 6 
months irrespective of stent type followed by (N)OAC and aspirin 75–100 mg/day or clopidogrel
(75 mg/day) continued up to 12 months.

In patients with SCAD and atrial fibrillation with CHA2DS2-VASc score ≥2 at low bleeding risk
(HAS-BLED ≤2), inital triple therapy of (N)OAC and ASA (75–100 mg/day) and clopidogrel 75 mg/day
should be considered for a duration of at least one month after BMS or new-generation DES followed by
dual therapy with (N)OAC and aspirin 75–100 mg/day or clopidogrel (75 mg/day) continued up to 12 months.

New-generation DES are preferred over BMS among patients requiring oral anticoagulation if bleeding
risk is low (HAS-BLED ≤2).

In patients with a firm indication for oral anticoagulation (e.g. atrial fibrillation with CHA2DS2-VASc score
≥2, venous thromboembolism, LV thrombus, or mechanical valve prosthesis), oral anticoagulation is
recommended in addition to antiplatelet therpay.

DAPT should be considered as alternative to initial triple therapy for patients with SCAD and atrial
fibrillation with a CHA2DS2-VASc score ≤1.

  Fig. 12.1    2014 European Guideline recommendations for antithrombotic treatment in patients 
undergoing PCI who require oral anticoagulation.  a  class of recommendation,  b  level of evidence, 
 DAPT  dual antiplatelet therapy,  SCAD  stable coronary artery disease (Modifi ed from Windecker 
et al. [ 48 ], with permission of Oxford University Press)       
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with the indication for anticoagulation being atrial fi brillation. When considering 
atrial fi brillation, the risk of stroke using the CHADS 2 VASC 2  risk algorithm 
might be low (score = 0 or 1) and these patients could benefi t from antiplatelet 
therapy alone. This was shown convincingly in the MUSICA prospective regis-
try. Low risk atrial fi brillation patients (CHADS of 0 or 1) had no adverse cardio-
vascular events, including stroke, on dual antiplatelet therapy alone whereas any 
combination with an anticoagulant showed more bleeding and worsening cardio-
vascular events in this low risk subset [ 51 ]. Another limitation is that the exact 
dosing of aspirin wasn’t known in many of the large registries and meta-analyses 
that make up a bulk of the data. Also, when considering bleeding risk, there are 
multiple defi nitions of bleeding that vary from minor nuisance bleeding to a 
major intracranial bleed that could be life threatening. Therefore, all bleeding 
“endpoints” don’t carry the same clinical weight within and between trials. It is 
important for the physician to make sure they are comparing “major” ischemic 
events that they are trying to prevent (like stroke and myocardial infarction) to 
“major” bleeding events. It is sometimes necessary to go back to the individual 
clinical trial to sort this out. Therefore, even with the current evidence and guide-
line recommendations, it is always necessary for a physician to individualize 
care to their particular patient, and it is often necessary to go outside of the 
guidelines when the evidence base that made up the guidelines didn’t include 
that particular demographic in their trials.   

   5.    Clearly, there is currently an incomplete evidence base and we look forward to 
the publication of further trials Redual PCI (looking at dabigatran in various 
combination regimens), Pioneer AF-PCI (examining rivaroxaban in various 
combination regimens, Isar Triple (looking at 6 weeks of triple therapy vs 
6 months of triple therapy after DES implantation)) and the creation of new larger 
randomized trials to help further guide best practices in this controversial area.         
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    Chapter 13   
 Managing Intracoronary Thrombus 
During PCI       

       David     Antoniucci     

    Abstract     Occlusive or nonocclusive thrombosis triggered by a disrupted or eroded ath-
erosclerotic plaque is the anatomic substrate of most acute coronary syndromes includ-
ing ST-segment elevation myocardial infarctions (AMI). For this pathological substrate, 
macro- and microembolization during percutaneous coronary intervention (PCI) in the 
setting of AMI is frequent and may result in obstruction of the microvessel network, and 
decreased effi cacy of reperfusion and myocardial salvage. Thrombus may complicate 
other complex anatomic conditions associated with an altered fl ow such as ectatic or 
aneurysmatic coronary arteries, degenerated venous grafts, or coronary stents. Removal 
of thrombus before any other intervention may dramatically decrease the risk of no-fl ow, 
and has the potential for improvement in survival. Many types of thrombectomy removal 
or protection devices are currently available, from low technology catheters based on 
manual thrombus aspiration, including proximal or distal antiembolic protection devices, 
to high technology devices using mechanical energy allowing fragmentation and removal 
of thrombus. Studies on thrombectomy before stenting have produced confl icting results 
and there is no consensus as to their routine use in lesions containing thrombus. Other 
procedural approaches include specifi c covered and self-expandable stents for thrombus 
jailing, or deferred stenting after prolonged infusion of antithrombotic drugs.  

  Keywords     Thrombectomy   •   Myocardial infarction   •   Primary percutaneous coronary 
intervention  

        Introduction 

 Occlusive or nonocclusive thrombosis triggered by a disrupted or eroded athero-
sclerotic plaque is the anatomic substrate of most acute coronary syndromes includ-
ing ST-segment elevation myocardial infarctions (AMI). For this pathological 
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substrate, macro- and microembolization during percutaneous coronary interven-
tion (PCI) in the setting of AMI is frequent and may result in obstruction of the 
microvessel network, and decreased effi cacy of reperfusion and myocardial salvage 
[ 1 ]. Thrombus may complicate other complex anatomic conditions associated with 
an altered fl ow such as ectatic or aneurysmatic coronary arteries, degenerated 
venous grafts, or coronary stents. In this conditions frequently the thrombotic bur-
den is large and the risk of extensive macro- and micro-vessel network disruption 
and myocardial infarction due to embolization during PCI is very high. Removal of 
thrombus before any other intervention may dramatically decrease the risk of no- 
fl ow, and has the potential for improvement in survival. A specifi c procedural 
approach to thrombus removal should be considered in the large majority of patients 
with AMI and in patients with angiographic evidence of thrombus and a large area 
at risk, or pre-existing severe left ventricular dysfunction, since in these patients 
 no-refl ow due to embolization is associated with a very high mortality rate [ 2 ]. 

 Many types of thrombectomy removal or protection devices are currently avail-
able, from low technology catheters based on manual thrombus aspiration, includ-
ing proximal or distal antiembolic protection devices, to high technology devices 
using mechanical energy allowing fragmentation and removal of thrombus. Studies 
on thrombectomy before stenting have produced confl icting results and there is no 
consensus as to their routine use in lesions containing thrombus. Other procedural 
approaches include specifi c covered and self-expandable stents for thrombus jail-
ing, or deferred stenting after prolonged infusion of antithrombotic drugs.  

    Antiembolic Protection Devices (Table  13.1 ) 

    Antiembolic protection devices include distal and proximal occlusive devices and 
fi lters. All studies on these devices in the setting of AMI have failed to show any 
reduction in infarct size and improvement in clinical outcome [ 3 – 7 ]. Conversely, 
their use in the treatment of degenerated venous grafts is supported by the positive 
results of several trials [ 8 – 10 ].  

    Manual Aspiration Catheters 

 The majority of published studies on thrombectomy in patients with AMI used aspi-
ration catheters [ 11 – 17 ]. A major advantage of manual aspiration catheters is the 
ease of use. Two major limitations of these devices are the unpredictability of the 
effi cacy, since in 30 % of cases of successful lesion crossing by the catheter, the 
aspiration is completely negative, and the high profi le of the catheters that may 
promote embolization when the occlusion is crossed or prevent their utilization in 
tortuous, calcifi ed, or small vessels. The routine use of manual aspiration catheters 
in the setting of AMI was supported by the positive results of some single center 
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studies. In the Thrombus Aspiration during Percutaneous coronary intervention in 
Acute myocardial infarction (TAPAS) trial 1,071 patients were randomized to man-
ual aspiration or conventional PCI, and 10 % of patients randomized to thrombus 
aspiration crossed to conventional PCI since the operator considered the target ves-
sel too small or tortuous to allow the use of the aspiration catheter [ 15 ]. Thus, in this 
study any traumatic attempt to cross the lesion with the aspiration catheter in 
patients with a diffi cult anatomy was avoided. Despite the exclusion from aspiration 
of patients with diffi cult anatomy, particles could be retrieved in only 72.9 % of 
cases randomized to aspiration, and manual aspiration was associated with a better 
myocardial reperfusion as assessed by the surrogate angiographic primary end point 
of myocardial blush [ 15 ]. At 1 year follow-up, patients randomized to manual aspi-
ration had a better survival than patients randomized to conventional PCI: the mor-
tality rates were 3.6 and 6.7 %, respectively [ 16 ]. However, it should be outlined 
that the study was not powered for survival and the differences in survival could 
have been due to chance. 

 The results of the TAPAS trial were not confi rmed by the TASTE trial, that was 
the largest trial comparing manual aspiration with conventional angioplasty in 
patients with AMI and suffi ciently powered for clinical outcome [ 18 ,  19 ]. This mul-
ticenter study randomized 7,244 patients to manual aspiration or conventional 
PCI. Randomization to manual aspiration was not associated with improved sur-
vival at 1 month and at 12 months. The 30-day mortality rates were 3.0 % in the 

   Table 13.1    Summary of studies on antiembolic protection devices   

 Setting  Device  End point  Result 

 Stone et al. [ 3 ]  AMI 
(n = 496) 

 GuardWire a   Infarct size, ST-segment 
resolution 

 Negative 

 Muramatsu 
et al. [ 4 ] 

 AMI 
(n = 341) 

 Guardwire a   Blush score 3  Negative 

 Gick et al. [ 5 ]  AMI 
(n = 200) 

 FilterWire b   Adenosine-induced 
Doppler fl ow velocity 

 Negative 

 Guetta et al. [ 6 ]  AMI 
(n = 100) 

 FilterWire b   TIMI fl ow, myocardial 
blush, ST-segment 
resolution 

 Negative 

 Cura et al. [ 7 ]  AMI 
(n = 140) 

 FilterWire b   ST-segment resolution  Negative 

 Baim et al. [ 8 ]  SVG 
(n = 801) 

 GuardWire a   30-day MACE  Positive 

 Stone et al. [ 9 ]  SVG 
(n = 651) 

 FilterWire b  vs 
GuardWire a  

 30-day MACE  Positive 

 Grube et al. [ 10 ]  SVG 
(n = 103) 

 GuardWire a   TIMI fl ow grade 3  Positive c  

   AMI  acute myocardial infarction,  MACE  major adverse cardiac events,  SVG  saphenous venous 
graft 
  a Distal occlusive device 
  b Nonocclusive device 
  c Nonrandomized trial  
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standard PCI arm and 2.8 % in the manual aspiration arm (HR 0.94 95 % CI 0.72–
1.20, p =0.63). At 1 year, there were no difference in the composite of death, myo-
cardial infarction and stent thrombosis between the 2 arms (17.7 % in the standard 
PCI arm, and 16.3 % in the manual aspiration arms). Another ongoing trial compar-
ing manual aspiration with standard PCI is enrolling 10,700 patients and will pro-
vide a defi nite answer to the usefulness or futility of routine use of manual aspiration 
catheter in AMI (TOTAL; ClinicalTrials.gov number, NCT01149044).  

    Mechanical Thrombectomy Devices 

 The rheolytic thrombectomy (RT) system (AngioJet, Boston Scientifi c, Minneapolis, 
MN) consists of a dual lumen catheter with an external pump providing pressurized 
saline solution via the effl uent lumen to the catheter tip. Multiple saline jets from the 
distal part of the catheter travel backwards at 390 mph, and create a localized nega-
tive pressure zone that draws thrombus where the jets fragment it and propels the 
small particles to the evacuation lumen of the catheter. The fi rst 5 F generation 
catheter for coronary use was associated with a substantial device failure rate due to 
the inability to cross the lesion by the large and poorly trackable catheter, emboliza-
tion, and vessel perforation. In a post-hoc analysis in a series of 70 patients with 
AMI enrolled in the VEGAS 1 and 2 trials, the device failure rate was 22 % [ 20 ,  21 ]. 
The second generation AngioJet catheter (XMI) and the more recent third genera-
tion catheter (Spirofl ex) that are available are 4 F in size and have an improved 
design of the profi le and of the opening of the jets allowing easy and nontraumatic 
navigation also in complex anatomy (tortuous or calcifi ed vessels), and the ability 
to remove quickly large amount of fresh thrombus. The last generation catheter can 
cross the lesion without the need for pre-dilation in more than 95 % of the cases. 

 Four randomized trials tested the effi cacy and safety of RT in different settings 
(Table  13.2 ). The effi cacy of RT in decreasing procedural embolization and subse-
quent clinical adverse events was demonstrated by the VeGAS-2 trial that enrolled 
patients with a very high risk of embolization, such as patients with diseased venous 
grafts or native vessels with angiographic evidence of large thrombus [ 21 ]. Patients 
with AMI were excluded. The study, based on a sample of 352 patients compared 
RT with intravessel infusion of urokinase and showed a > 50 % reduction in 1-month 
major adverse events in patients randomized to thrombectomy (16 %and 33 % 
respectively, P < 0.001). The Florence-AngioJet randomized trial was a mechanistic 
small study based on a sample of 100 patients with a fi rst AMI and the end points of 
the study were early ST-segment resolution, the corrected TIMI frame count, and 
the infarct size as assessed by technetium-99 m sestamibi scintigraphy at 1 month 
[ 22 ]. All end points were met. Patients randomized to thrombectomy before direct 
stenting had a higher incidence of early ST-segment elevation resolution (90 % vs 
72 %, P = 0.022), lower corrected TIMI frame counts (18.2 ± 7.7 vs 22.5 ± 11.0, 
P = 0.032), and smaller infarcts (13.0 ± 11.6 % vs 21.2 ± 18.0 %, P = 0.010) as com-
pared to patients randomized to direct stenting alone. By multivariate analysis, the 
only variables related to the early ST-segment resolution were randomization to 
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thrombectomy (OR 3.56, 95 % CI 1.11–11.42, P = 0.032), and diabetes mellitus 
(OR 0.24, 95 % CI 0.07–0.86, P = 0.029). At 1 month, no patient died, or had rein-
farction, and the 6-month clinical outcomes were identical in the 2 arms: the mortal-
ity rate was 2 % in both groups, and no patient had reinfarction.

   The AIMI trial is a multicenter randomized trial that compared RT before stent-
ing of the infarct artery with conventional PCI and was based on a sample of 480 
patients [ 23 ]. The primary end point of the study was infarct size as assessed by 
sestamibi scintigraphy at 14–28 days after the procedure. The study showed larger 
infarcts in the thrombectomy arm as compared to the control arm (12.5 ± 12.13 % 
and 9.8 ± 10.92 % respectively, P = 0.03), and more importantly, an unexpected 
higher mortality in the thrombectomy arm at 1 month (4.6 % vs 0.8 %, P = 0.02) and 
at 6 months (6.7 % vs 1.7 %, P = 0.01). Final TIMI grade 3 fl ow was seen more fre-
quently in the control arm as compared to the thrombectomy arm (97 % and 91.8 % 
respectively, P < 0.02). Several concerns in study design and in RT technique may 
explain the negative and harmful results of the study. The enrollment criteria did not 
include angiographically visible thrombus, and moderate to large thrombus (grade 3 
and 4 according to TIMI thrombus score) was present in an unrealistic minority of 
patients at baseline angiography (21.3 % in the thrombectomy arm and 19.6 % in the 
control arm). This fi gure suggests a selection bias against the enrollment of patients 
with a large amount of thrombus and who could derive the strongest benefi t from 
thrombectomy before coronary stenting. Unfortunately, the authors did not provide 
a screen fail registry, but other characteristics of the study patient cohort strengthen 
this suspicion. More than 1/3 of patients (35 %) had an already open infarct artery at 
baseline angiography, and more importantly the infarct size was very small in both 
arms, with similar normal left ventricular ejection fraction at the time of scinti-
graphic assessment (51.3 ± 11.53 % in the thrombectomy arm, and 52.3 ± 10.89 % in 
the control arm). Another concern of the study design was the exclusion from enroll-
ment of patients with severe left ventricular dysfunction and cardiogenic shock. The 
exclusion of these high-risk patients is not easily explained considering that just in 
this type of patients a no-refl ow due to PCI embolization may be immediately fatal. 

   Table 13.2    Randomized studies on rheolytic thrombectomy   

 Setting  Patients  End point  Result 

 Kuntz et al. 
[ 21 ] 

 SVG and native 
vessel with 
thrombus 

 352 a   30-day MACE  Positive 

 Antoniucci 
et al. [ 22 ] 

 AMI  100  cTIMI frame count, 
ST segment 
resolution, infarct 
size 

 Positive 

 Ali et al. [ 23 ]  AMI  480  Infarct size  Negative 
 Migliorini 
et al. [ 24 ] 

 AMI  501  ST-segment 
resolution and 
infarct size 

 Negative for infarct size, 
positive for ST-segment 
resolution and clinical 
outcome 

   AMI  acute myocardial infarction,  MACE  major adverse cardiac events,  SVG  saphenous vein graft 
  a Comparison of rheolytic thrombectomy with local infusion of urokinase  
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Finally, the nonuniformity of treatment may have introduced confounding effects 
favoring the control arm. Eight percent of patients randomized to thrombectomy did 
not have the treatment, procedural variables that may have a signifi cant impact on 
the risk of no-refl ow, such as predilation, or postdilation, or stent type were left to 
the discretion of the operator, as well as the thrombectomy technique, with a distal-
to proximal approach used in 48 % of cases. The thrombectomy retrograde tech-
nique should be considered as inappropriate since with this technique, the activation 
of the thrombectomy catheter is made only after the positioning of the device across 
the occlusion favoring embolization before thrombectomy. 

 The JETSTENT trial was a multicenter trials that enrolled 501 patients with AMI 
and angiographic evidence of thrombus TIMI grade 3–5, and compared RT before 
direct infarct artery stenting with direct stenting alone [ 24 ]. The co- primary end 
points of the study were early ST-segment elevation resolution and infarct size as 
assessed by  99m Tc-sestamibi scintigraphy. The ST-segment resolution was more fre-
quent in the RT arm as compared with the DS alone arm: 85.8 % and 78.8 %, 
respectively (p = 0.043), while no signifi cant differences between groups were 
revealed in infarct size and the other surrogate angiographic end points. The 6-month 
major adverse cardiovascular events rate was 11.2 % in the thrombectomy arm and 
19.4 % in the direct stenting alone arm (p = 0.011). The 1-year event-free survival 
rates were 85.2 ± 2.3 % for the RT arm, and 75.0 ± 3.1 % for the direct stenting alone 
arm (p = 0.009). At multivariable analysis, RT was independently related to early 
ST-segment elevation resolution (OR 1.70, 95 % CI 1.03–2.82, p = 0.0039) and to 
major adverse cardiovascular events at 1 year (HR 0.55, 95 % CI 0.35–0,86, 
p = 0.008). Although the primary effi cacy end points were not met, the results of this 
study support the use of RT before infarct artery stenting in patients with acute 
myocardial infarction and evidence of coronary thrombus. 

 A small randomized study including 80 patients with AMI, the SMART trial, com-
pared the effi cacy of RT with manual aspiration catheter [ 25 ]. The primary end point 
of the study was residual thrombus burden after thrombectomy and before direct 
infarct artery stenting as assessed by optical coherence tomography. The study showed 
large residual thrombus burden more frequently in the manual aspiration arm as com-
pared to RT (patients with number of quadrants containing  thrombus above the median 
value were 60 % in the manual aspiration arm and 37 % in the rheolytic thrombectomy 
arm, p = 0.039). All surrogate markers of reperfusion were better in the RT arm and at 
6 months, the percentage of malapposed stent struts in the manual aspiration arm was 
higher than the RT arm (2.7 ± 4.5 %, and 0.8 ± 1.6 %, respectively, p 0.019). More 
importantly, the study showed that both techniques do not allow for the complete 
removal of thrombus (only 1 out of 80 patients did not have residual thrombus after 
thrombectomy). It is unknown if the residual more organized thrombus after throm-
bectomy has a decreased potential for embolization after infarct artery stenting. 

 Alternative energies such as laser and ultrasound have shown, despite the ratio-
nale for the use of these energies to destroy the thrombus, negative and harmful 
results in the clinical setting, due to the poor trackability of the catheters, the low 
effi cacy of thrombus ablation, and the high rate of major procedural complications 
(dissection, perforation, embolization).  
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    Self-Expanding Stents 

 The rationale for the use of a self-expanding stent in the setting of AMI is that 
thrombus and vasoconstricion can result in undersizing the stent with subsequent 
stent malapposition when the jailed thrombus is resolved, and an increased risk of 
thrombosis and restenosis. On the other hand, an aggressive post dilatation after 
stent deployment may result in an increased risk of embolization and no-refl ow. A 
small randomized study including 80 patients compared stent malapposition after 
self-expanding stent (Stentys, Stentys S.A., Paris, France) with a balloon expand-
able stent utilizing optical coherence tomography. At 3 days after implantation, there 
was a better apposition of the self-expanding stent and no difference in the clinical 
outcome at 6 months [ 26 ]. A large multicenter registry including 1000 patients with 
AMI treated with the self-expanding stent Stentys showed a low rate of major adverse 
cardiac events and cardiac mortality at 12 months (9.3 % and 3.2 %, respectively) 
and a defi nite or probable stent thrombosis rate of 3.4 % [ 27 ]. In this registry, stent 
post-dilation was at the discretion of the operator, and the rate of defi nite or probable 
stent thrombosis was high (5 %) in patients who did not receive post-dilation.  

    Covered Stents 

 A specifi c covered stent for the treatment of patients with AMI and lesion contain-
ing thrombus is the M-Guard stent (InspireMD, Tel Aviv, Israel). This stent com-
prises a balloon-expandable, thin-strut stainless steel (316 L) or chromium cobalt 
alloy bare metal stent platform with mesh sleeve fi bers of polyethylene erephtalate 
(fi ber width of 20 μm) attached to its outer surface. These fi bers act like a net pre-
venting distal embolization of the plaque debris/thrombus placed between the ves-
sel wall and the stent. A randomized trial including 422 patients with AMI, the 
MASTER trial, compared this device with a standard balloon expandable stent [ 28 ]. 
The primary end point of the study was complete (>70 %) ST-segment elevation 
resolution. The primary end point rate was reached in 57.8 % in the M-Guard arm 
and 44.7 % in the control arm (p = 0.008). No difference between arms was found in 
the 30-day clinical outcome or surrogate angiographic end points.  

    Deferred Stenting 

 An alternative strategy for the treatment of lesion containing thrombus in patients 
with AMI is to defer infarct artery stenting after the recanalization of the infarct 
artery in order to decrease the thrombus burden with a prolonged infusion of 
antithrombotic drugs. This strategy was tested in the DEFER- STEMI trial that 
compared immediate infarct artery stenting with deferred stenting in 101 patients 
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with AMI and a high risk of no-refl ow [ 29 ]. The study hypothesis was that after 
the initial achievement of a normal TIMI fl ow by wiring or nonaggressive balloon 
angioplasty or aspiration, a brief deferral of stenting (4–16 h) and simultaneous 
infusion of glycoprotein IIb/IIIa and low weight heparin could result in a 
decreased thrombotic burden and risk of no-refl ow. The deferred stenting strategy 
resulted in a dramatic decrease in the no/slow- refl ow rate (5.9 % vs 28.6 %, OR 
0.16 [0.03–0.63], p = 0.005), and more importantly, the prevention of the no/
slow-refl ow according to the mechanistic design of the study, was associated with 
improved myocardial reperfusion and myocardial salvage as shown by all angio-
graphic, electrocardiographic and magnetic resonance imaging parameters. 
Recurrence of AMI due to infarct artery reocclusion in the deferred stenting 
group was very low: only two patients had reocclusion of the infarct artery and 
both were treated successfully with bailout stenting. Indirectly, the study con-
fi rms the inability of manual thrombus aspiration to decrease the risk of emboli-
zation and no/slow-refl ow since the large majority of patients in both arms 
(>85 %) received this treatment. Using the short temporal window of 4–16 h from 
the restoration of a normal fl ow, the logistic constraints in the application of this 
strategy are not impossible. However, the increased costs of a second procedure 
should be balanced by the demonstration of improved clinical outcome by a large 
clinical randomized trial.  

    Conclusions 

 According to the available evidence, I believe the following points are valid:

    1.    The routine use of manual aspiration catheters in the setting of AMI is not rec-
ommended due to the complete ineffectiveness of this technique in  approximately 
40 % of cases, and the high rate of a large residual thrombus burden in most 
cases.   

   2.    Rheolytic thrombectomy is more effective than manual aspiration in thrombus 
removal and can be used also in diffi cult and complex coronary anatomies but 
data from randomized studies are insuffi cient to recommend its routine use in the 
setting of AMI.   

   3.    Other specifi c approaches in the setting of AMI such as self-expandable stents 
and covered mesh stents can be considered in individual patients, but data from 
studies are insuffi cient to recommend their routine use.   

   4.    In case of a large thrombus burden complicating a coronary aneurysm or degen-
erated vein grafts, antiembolic protection devices or rheolytic thrombectomy 
should be considered as a fi rst option treatment, and in these cases a multi device 
approach can be considered as the most appropriate (Fig.  13.1 ).

       5.    Deferred stenting in patients with a restored normal fl ow and a predicted high 
risk of no-refl ow after stenting is an attractive option.         
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  Fig. 13.1    ( a ) Acute myocardial infarction due to the thrombotic occlusion complicating a big 
aneurysm of the proximal right coronary artery. ( b ) The 4 French Angiojet catheter (2 radiopaque 
markers) navigating in the vessel. ( c ) Restoration of a normal fl ow. ( d ) Implantation of 2 covered 
stent (3,5 mm/ 14 mm in length, covering of bovine pericardium) and partial exclusion of the 
aneurysm. ( e ) shifting of the stents due to malapposition and evidence of 2 channels. ( f ) jailing and 
fi xing of the 2 covered stent by a self-expandable stent with complete exclusion of the aneurysm         

a b

c d

e f
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    Chapter 14   
 Coronary Stenting Remains the First 
Revascularization Option in Most Patients 
with a Clinical Indication for Myocardial 
Revascularization       

       Juan     Mieres      ,     Nicolás     Herscovich      , and     Alfredo     E.     Rodríguez     

    Abstract     In the past, randomized clinical trials (RCT) either with the use of plain 
old balloon angioplasty or bare metal stents (BMS) did not show a survival advan-
tage with coronary artery graft surgery (CABG) in spite of a greater number of 
repeat revascularization procedures (TVR) with angioplasty. Moreover, meta-anal-
ysis from RCT in the BMS era showed similar survival and the incidence of myo-
cardial infarction (MI) between PCI and CABG including diabetic patients. 

 With the introduction of drug eluting stents (DES) in the past decade, the inci-
dence of TVR and restenosis was signifi cantly reduced, although the high incidence 
of stent thrombosis in the very late period after DES implantation introduced a 
cause of concern. 

 Recently, long term follow up of new RCTs between PCI with 1st generation 
DES versus CABG showed poor survival and a high incidence of MI when they 
were treated with 1st generation DES in comparison with CABG. However, patients 
treated with surgery had a threefold increase in stroke. 
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 Simultaneously with these studies, a large improvement in the design of DES 
platforms was observed which signifi cantly enhanced the safety profi le of these 
devices. Several well conducted RCT and also large registries demonstrated the 
safety profi le of these new DES platforms, including biocompatible or biodegrad-
able polymers or complete bioabsorbable stents. All showed a remarkably low rate 
of adverse events with these new DES designs, either in comparison to 1st genera-
tion DES or BMS. Furthermore, the incidence of very late stent thrombosis was 
almost zero. 

 In summary, the current safety gap between PCI and CABG in complex lesion 
subsets, three vessel CAD and diabetics, should not be closed until new RCT with 
the last generation of DES have been conducted.  

  Keywords     Coronary artery bypass surgery   •   Stents   •   Drug eluting stents   • 
  Randomized trials   •   Myocardial revascularization   •   Coronary artery disease  

        Introduction 

 In the past, several randomized comparisons between percutaneous coronary inter-
ventions (PCI), either with balloon angioplasty (POBA) or bare metal stents (BMS), 
versus coronary artery bypass graft (CABG) in patients with a clinical indication for 
myocardial revascularization showed a similar comparative long term incidence of 
death and myocardial infarction (MI), in spite of a greater number of repeat revas-
cularization procedures (TVR) with PCI. In those trials, the extent of coronary 
artery disease (CAD) was not associated with a better survival with CABG, and 
only diabetic patients had an inferior survival after percutaneous procedures [ 1 – 8 ]. 

 With the introduction of drug eluting stents (DES) during coronary angioplasty, 
the incidence of TVR was signifi cantly reduced compared to BMS although, the 
high incidence of stent thrombosis (SET) present with 1st generation DES including 
very late SET years after stent implantation introduced a new cause for concern 
[ 9 – 11 ]. In the past decade, new randomized comparisons between PCI with DES 
versus CABG in complex patient subsets such as 3 vessel CAD, unprotected left 
main and diabetics were designed and launched [ 12 – 19 ]. End points of these trials 
were, in general, a composite of hard clinical end points such as death, MI and cere-
brovascular accident (CVA) with 1, 3 and 5 years of follow up. One of these included 
diabetic and non- diabetic patients [ 12 – 14 ] whereas the last three included only 
patients with diabetes [ 15 – 19 ]. The 5 year follow up from the two largest 
(FREEDOM and SYNTAX) showed a lower incidence of death, cardiac death and 
MI with CABG in spite of higher CVA rates with surgery. Surprisingly, long term 
follow up of these DES vs CABG studies did not show any improvement in com-
parison to the old results with BMS vs CABG [ 20 ,  21 ]. This chapter explores these 
studies and the reasons for these intriguing differences are considered. Do we really 
know that all diabetics do better with CABG and that CABG is always preferred 
with complex multi vessel disease?  
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    Randomized Comparisons Among PCI and CABG: 
From Balloon Angioplasty to BMS and DES 

 We can summarize the data from early RCT between PCI either POBA or BMS, 
analyzing the results from 2 meta-analysis from individual patient pooled data 
[ 22 ]. One included 10 randomized studies [ 23 ], either with the archaic techniques 
of POBA and or BMS, whereas the other analysis included only studies using 
BMS as a default strategy in the PCI arm [ 23 ]. Hlatky et al. reported long term 
results, 6 years or beyond, of these two revascularization techniques, where only 
diabetics had a survival advantage with CABG. As the authors pointed out in their 
conclusion, the extent of coronary artery disease was not a predictor of better 
survival with surgery [ 24 ]. In addition, they [ 23 ] observed that over a median 
follow-up of 5.9 years, the effect of CABG vs. PCI on mortality varied according 
to age with an adjusted CABG: PCI hazard ratios (HR) of 1.23 (0.95–1.59) in the 
youngest tertile, 0.89 (0.73–1.10) in the middle tertile, and 0.79 (0.67–0.94) in the 
oldest tertile. In their analysis, younger diabetic patients had a similar survival 
independent of revascularization treatment, 19 % with CABG and PCI: HR 0.93 
(0.55–1.55) p = 0.77. 

 In the same way, Daemen et al. also reported 5 years results from the combined 
data of the studies that used only BMS (Table  14.1 ). In this meta-analysis [ 22 ] there 
were no differences in freedom of death and MI between both revascularization 
strategies; 1533 were randomized to CABG and 1520 to BMS. The cumulative 

    Table 14.1    Meta-analysis of the 4 randomized clinical trials between BMS and CABG in multiple 
vessel disease   

 Crude event rates % 
 Kaplan-Meier 
estimates % 

 Variables 
 PCI 
 (n = 1518) 

 CABG 
 (n = 1533)   p  

 PCI 
 (n = 1518) 

 CABG 
 (n = 1533) 

 HR (95 % 
CI)   p  

 Death  8.5(129/1518)  8.2 
(125/1533) 

 0.74  8.5  8.2  0.95 
(0.73–1.23) 

 0.69 

 Stroke  2.5 (38/1518)  2.9 
(45/1533) 

 0.51  3.1  3.6  1.16 
(0.73–1.83) 

 0.54 

 MI  6.6 (100/1518)  6.1 
(94/1533) 

 0.66  7.3  7.6  0.91 
(0.68–1.23 

 0.54 

 TVR  25.0 
(379/1518) 

 6.3 
(96/1533) 

 0.001  29.0  7.9  0.23 
(0.18–0.29) 

 <0.001 

 Death, 
stroke, or 
MI 

 14.2 
(215/1518) 

 14.6 
(224/1533) 

 0.76  16.7  16.9  1.04 
(0.86–1.27) 

 0.69 

 Death, 
stroke, MI, 
or TVR 

 34.2 
(519/1518) 

 19.6 
(301/1533) 

 <0.001  39.2  23.0  0.53 
(0.45–0.61) 

 <0.001 

  Adapted from Daemen J, et al. [ 26 ] with permission of Wolters Kluwer Health 
  BMS  bare metal stent,  PCI  percutaneous coronary intervention,  CABG  coronary artery bypass 
graft,  MI  myocardial infarction,  TVR  target vessel revascularization  
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incidence of death, MI and CVA was similar in the randomized group of patients 
treated with PCI versus the corresponding group treated with CABG (16:7 % ver-
sus 16:9 %, respectively; p = 0.69) with a low statistical heterogeneity. As expected, 
a signifi cantly higher frequency of repeat revascularization for the group treated 
with PCI was observed (29:0 % vs 7:9 % of the CABG group; p < 0:001); further-
more, there was no interaction in this analysis in the diabetic patient cohort, p = 0.70. 
An unexpected fi nding was that diabetics had a similar incidence in the composite 
of death, MI or CVA, 20.9 % in PCI and 21.4 % in CABG arms, in spite of a higher 
recurrence of revascularization with PCI [ 22 ].

   In the last decade, with the introduction of 1st generation DES, we were able to 
signifi cantly reduce angiographic and clinical in stent restenosis and improve out-
comes compared to BMS technology. Therefore, one expected that any new ran-
domized comparison between PCI versus CABG would be now more favorable to 
PCI [ 25 ]. 

 During 2004/2008, 4 randomized clinical trials (RCT) have been conducted to 
compare 1st generation DES versus CABG in patients with multi vessel disease 
including left main stenosis and diabetics. We will briefl y illustrate the study design 
and results from these latest trials [ 14 ,  15 ,  17 ,  19 ] (Table  14.2 ).

    Table 14.2    Trial design and baseline characteristics of recent randomized clinical trials between 
1st generation DES versus CABG. [ 14 , 15 , 17 , 19 ]   

 CARDIa  SYNTAX  FREEDOM  VA CARDS 

 Enrolment period  2002–2007  2005–2007  2005–2010  2006–2010 
 Patients (n)  254  903  699  101 
 Mean age (y)  64  65  63  62 
 Men (%)  74  71  71  99 
 Diabetes (%)  100  26  100  100 
 Hypertension (%)  79  70  NA  96 
 Smokers (%)  24  16  16  24 
 Hyper cholesterol (%)  90  82  NA  NA 
 Previous MI (%)  NA  32  26  41 
 PVD (%)  4  15  NA  14 
 Congestive heart failure (%)  NA  7  NA  8 a  
 Severe LV dysfunction (%)  1  3 c   3 b   7 d  
 Three vessel disease (%)  62  83  83  NA 
 Left main disease (%)  Excluded  29  Excluded  Excluded 
 Stents (%)  100  100  100  100 
 DES (%)  69  100  100  100 
 Glycoprotein IIb/IIIa 
inhibitor (%) 

 Routine  34  Recommended  100 

   BMS  bare metal stent,  DES  drug eluting stent,  LV  left ventricule,  MI  myocardial infarction,  NA  not 
available,  PCI  percutaneous coronary intervention,  PVD  peripheral vascular disease 
  a Class III congestive heart failure 
  b LVEF <40 % 
  c LVEF <30 % 
  d LVEF <35 %  
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      SYNTAX 

 The study design included patients with three vessels (71 %) and left main stenosis 
(29 %) in diabetic and non- diabetic populations [ 12 – 14 ]. SYNTAX was a non- 
inferiority trial and the primary end point of major adverse cardiac and cerebrovascu-
lar events at 1 year was not met due to the higher rate of TVR in the PCI arm. Secondary 
end points included the same end points at 5 years, rates of each individual component 
and rates of SET or graft occlusion. Taxus Express stents (Boston Scientifi c, Natick, 
MA, USA) were used in all PCI patients; 4.6 stents per patient were used and per 
protocol, all vessels with a reference diameter > 2.0 mm should be treated. 

 At 5 years, adverse events were higher in the PCI arm compared to CABG (37.3 
and 26.9 %, respectively, p < 0.001). This difference between arms was driven by the 
higher rate of TVR, MI and cardiac death, although this benefi t was more pro-
nounced in patients with 3 vessel CAD (death: 14.6 and 8.2 % with DES and CABG 
respectively p < 0.001; MI: 10.6 and 6.1 % with DES and CABG respectively 
p = 0.003). On the contrary, in most patients with left main stenosis, long term out-
comes were similar between both revascularization strategies. The authors made a 
post hoc subgroup analysis using a risk /benefi t angiographic score called “Syntax 
Score”, and they found that patients with low scores (<22) had similar composite 
end points with both revascularization strategies . In contrast, in patients with an 
intermediate or high “Syntax score”, the benefi t was in favor of bypass surgery. One 
might argue that, since the primary end point of the study was not met, these sub-
group analyses should not be allowed. 

 Analyzing the subgroup of 452 patients with treated diabetes, CABG had a better 
survival and lower incidence of MI only in the subgroup with insulin dependent 
diabetes (IDDM), whereas in non- insulin dependent diabetes (NDDM), the 
 differences between PCI and CABG were only driven by a greater number of revas-
cularization procedures with PCI. 

 This study had potential limitations:

    1.    unpublished data showed an extreme variability in the performance of the cen-
ters involved in the study: among the 85 sites, the incidence of the primary end 
point ranged from 0 to more than 40 % in patients randomized to CABG (11 
centers without adverse events; 1 top enroller center with > 40 % of adverse 
events) or PCI (3 centers without adverse events; 1 center with > 50 % of them).   

   2.    There was a disparity in the follow-up rate between groups at long term. 
Originally, 897 patients were randomized to CABG and 903 to PCI; after 1 year 
849 patients randomized to CABG remained in the study (40 patients withdrew 
or were lost), while 891 randomized to PCI remained in the study (7 withdrew 
and 5 were lost). At 5 years, only 805 CABG patients remained in the study 
compared to 871 in the PCI group. Consequently, 92 (10.2 %) patients out of 897 
randomized to CABG withdrew consent or were lost, while only 32 (3.5 %) from 
the PCI arm with the same situation. Sensitivity analysis showed that if all non- 
evaluable patients (withdrawn or lost) were thought dead, the 5-year mortality 
rate was lower in the PCI arm than the CABG arm [ 26 ].   
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   3.    The Taxus Express, a 1st generation DES which is now considered largely out-
of- date, as refl ected in the results of randomized trials and registries with new 
generations DES [ 27 ,  28 ] was used.   

   4.    The sample size in diabetics was too small to achieve any conclusion.      

    FREEDOM trial 

 The FREEDOM trial was a multicenter, open-label prospective randomized superior-
ity trial of PCI/DES versus CABG in 1900 diabetic patients in whom revascularization 
was indicated with stenoses of more than 70 % in 2 or more major epicardial vessels 
involving ≥2 separate coronary-artery territories and without left main stenosis. In the 
PCI arm, DES was used in 100 % of the cases and Taxus and Cypher (Johnson & 
Jonhson, Cordis, Miami Lakes, FL, USA) were the predominant stents [ 15 ,  16 ]. 

 Recently, the FREEDOM trial results at 5 years have shown that for diabetics 
and multiple vessel disease, CABG was superior to PCI with DES in that CABG 
signifi cantly reduced death rates and MI, albeit with a higher rate of non- fatal 
CVA. Similar to SYNTAX, the primary end point of death, MI and CVA became 
signifi cant in the CABG arm only after the second year of follow up. The composite 
end point was 13 % vs 10.9 %, p = ns, at the 2nd year of follow up. It rose to 26.6 % 
vs 18.7 %, in PCI and CABG respectively at 5 years, making the differences highly 
signifi cant in favor of CABG, p = 0.005. At 5 years, the advantage of CABG over 
PCI was seen in both IDDM and NIDM; an increase of 33 and 57 % in the combined 
end point of mortality and MI respectively with PCI, in spite of the 54 % increase in 
non- fatal CVA with surgery [ 15 ,  16 ]. The stroke risk was higher with CABG in 
both groups of diabetic patients-NIDM (1,7 % vs 4.3 % with PCI and CABG respec-
tively) and IDDM (3.7 % vs 7.5 % with PCI and CABG respectively) although the 
differences were not signifi cant - 5 years stroke HR, PCI vs CABG was 0.51 (0.25–
1.06) in NIDM and 0.60 (0.28–1.30) in IDDM. Repeat revascularization procedures 
were low with CABG [ 16 ]. In FREEDOM, the advantages with surgery were inde-
pendent of the SYNTAX score, underscoring the potential limitations of this score 
to predict outcome in all groups. 

 In FREEDOM, there were geographic differences in the results. The primary end 
point was reached in favor to CABG only in USA and Canada sites; death/MI/CVA 
was 16 and 28 % with DES and CABG respectively, from a population of 770 
patients. Conversely, non-USA and Canada sites, from a population of 1130 patients, 
the primary end point was 25 % with DES and 21 % with CABG which was not 
statistically signifi cant, with a p = 0.05 for interaction between North American and 
outside North American sites. These observed geographic disparities between PCI 
and CABG in FREEDOM should not be a surprise as regional differences in results 
between PCI and CABG were also seen in RCTs in the BMS era. Moreover, 2 South 
American studies -ERACI II and MASS II- showed similar mortality with both revas-
cularization strategies in non- diabetic and diabetic patients treated either with BMS 
or CABG [RR 1 (0.27–3.72) and 0.95 (0.41–2.22) in ERACI II and MASS II, respec-
tively] [ 5 ,  6 ]. In contrast, another European BMS/CABG trial showed signifi cant 
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survival advantages with CABG at 6 years [ 8 ] and the advantages were driven by 
extremely low in-hospital mortality with surgery. 

 Therefore, both old (ERACI, MASS and SOS) [ 5 ,  6 ,  8 ] and new RCTs 
(FREEDOM and SYNTAX) [ 12 ,  15 ] have shown large geographic inconsistencies 
in the results between PCI and CABG. These differences may profoundly affect the 
interpretation of these trials.  

    CARDia 

 In this trial, 510 diabetic patients were randomized to either PCI or CABG. The fi rst 
year of follow up was published and the 5 years was reported [ 17 ,  18 ]. This was a 
non-inferiority trial that compared, as the primary end point, a composite of death, 
MI and CVA. In the PCI arm, DES was used in 69 % and BMS in 31 %. 

 At 5 years, PCI was non inferior to CABG. Death, MI and CVA were 20.5 % 
with CABG and 26.6 % with PCI (p = 0.11). However, signifi cant differences in MI, 
6.3 % with CABG and 14 % with PCI, p = 0.007, and a repeat revascularization rate 
of 8.3 % with CABG vs 21.9 % with PCI p < 0.001 was seen. Overall death and non- 
fatal CVA were similar. A major limitation was the small sample size with lack of 
power to detect end point differences between groups [ 18 ].  

    VA CARDS 

 This study randomized 198 patients, 97 to surgery and 101 to PCI, and it was termi-
nated due to low recruitment rate, and at that point no signifi cant differences between 
groups were found [ 19 ]. 

 Major limitation: the VA CARDS was severely underpowered for its primary 
endpoint and therefore no fi rm conclusions about the comparable effectiveness of 
CABG and PCI were possible. However, at 2 years, a 76 % reduction of death was 
noted in CABG group. On the other hand, the incidence of MI, was signifi cantly 
higher in CABG group. Similarly to the FREEDOM trial [ 12 ], SYNTAX score did 
not predict differences in outcome (Table  14.2 ).   

    Randomized Clinical Trials of Stents Versus CABG: ARTS, 
ERACI II, MASS II, SoS, CARDia, FREEDOM, SYNTAX 
and VA CARDS; Lack of Benefi t with 1st Generation DES 

 We have now the opportunity to analyze results from the 8 RCT comparing stents 
versus CABG; a fi rst meta-analysis showed a signifi cant safety advantage of bypass 
surgery over PCI only in patients with diabetes with the penalty of a threefold 
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increase stroke risk with CABG (RR 1.84: 1.18–2.53). As we can see in Table  14.3 , 
death in the overall group was signifi cantly lower with CABG (0.79 [0.69–0.90] 
p < 0.001), although this benefi t was only driven by signifi cant differences in the 
diabetic subgroup of patients. On the contrary, survival was almost identical with 
PCI or CABG in the non-diabetic group (8.9 and 9.1 % with CABG and PCI respec-
tively, p = 0.80). The same fi ndings were seen with the composite of death/MI/CVA- 
a signifi cant benefi t with CABG only driven by the outcome in diabetics (p < 0.001), 
Table  14.3 .

   If we compare the results of CABG from the 8 trials with only those achieved 
with BMS (4 trials), there is no signifi cant difference between both revasculariza-
tion strategies, neither in diabetics (9.5 and 12.4 %, with CABG and BMS, respec-
tively, p = 0.14) nor in non- diabetics (8.9 and 7.7 % with CABG and BMS, 
respectively, p = 0.34). Similar fi nding were observed with the composite of death/
MI/CVA between CABG and BMS, all differences were not signifi cant. Diabetics 
had non-signifi cant lower mortality but 46 % higher risk of CVA with surgery, 4.6 % 
(58/1248) with CABG vs. 2.5 % with BMS (38/1518), p < 0.001 [ 21 ,  22 ] (Table  14.3 ). 

 On the contrary, comparing CABG results from the 4 of the 8 trials utilizing only 
DES, survival was better with CABG, including diabetics (9.5 % with CABG and 
14.3 with DES, p < 0.001) and non-diabetics (8.9 % with CABG and 11.8 % with 
DES, p = 0.028) (Fig.  14.1 ); similar results were observed when we analyzed the 
composite of death/MI/CVA. All data were signifi cantly in favor of CABG, inde-
pendent of diabetes status (p < 0.001 in both subgroups). These results were obtained 
in spite of a signifi cant increase in CVA [ 12 ,  15 ,  17 ] with surgery.

   What might explain these differences that seemingly favor BMS in these com-
parisons? The completeness of revascularization [ 29 ] does not seem to explain these 
differences, taking in account that in all randomized studies, CABG always achieved 
a higher completeness of revascularization than PCI with either DES or BMS. We 
may argue that BMS data included different patient populations. However [ 12 ], if 

     Table 14.3    Indirect comparison among randomized clinical trials of BMS vs CABG (ARTS, 
ERACI II, MASS II and SoS) and 1st generation DES versus CABG (CARDia, FREEDOM, 
SYNTAX and VA CARDS) in diabetics and non diabetics population [ 7 ,  5 ,  6 ,  8 ,  14 ,  15 ,  17 ,  19 ]   

 CABG 
(%) 

 BMS 
(%) 

 DES 
(%)  CABG: BMS  CABG:DES  BMS:DES 

 Death non 
diabetics 

 8.9  7.7  11.8  1.15 
(0.90–1.46) 
 p = 0.23 

 0.75 
(0.58–0.97) 
 p = 0.031 

 0.65 
(0.49–0.87) 
 p = 0.003 

 Death 
diabetics 

 9.5  12.4  14.3  0.77 
(0.54–1.09) 
 p = 0.14 

 0.66 
(0.55–0.80) 
 p < 0.001 

 0.86 
(0.61–1.21) 
 p = 0.39 

 Death, MI or 
stroke non 
diabetics 

 13.9  12.6  19.5  1.10 
(0.91–1.32) 
 p = 0.29 

 0.71 
(0.58–0.85) 
 p = 0.001 

 0.64 
(0.52–0.79) 
 p < 0.001 

 Death, MI or 
stroke in 
diabetics 

 17.6  21.5  23.4  0.81 
(0.63–1.04) 
 p = 0.12 

 0.75 
(0.65–0.86) 
 p < 0.001 

 0.91 
(0.71–1.17) 
 p = 0.48 

   DES  drug eluting stent,  CABG  coronary artery bypass graft,  MI  myocardial infarction  
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we analyzed only those patients having 3 vessel CAD, any cause of death with BMS 
was 10.2 % in 548 patients, lower than the 14.6 % in the 456 patients treated with 
1st generation DES from Syntax, p < 0.03. Moreover, this lack of benefi t with 1st 
generation DES was seen in diabetic and non-diabetic populations. In fact, the 
observed incidence in the composite of death, MI and CVA in FREEDOM at 5 years 
was 20 % higher than previously seen in diabetic patients randomized in BMS/
CABG trials [ 3 ,  7 ,  12 ]. 

Diabetics

25.6 %

30

25

20

15

10

5

0

21.3 % 1.5 %

E3-CABG (n = 39) E3-DES (n = 47) E4-FRB (n = 68)

Non diabetics

17.7 %

15

20

10

5

0

10.7 % 1.9 %

E3-CABG (n = 186) E3-DES (n = 178) E4-FRB (n = 157)

  Fig. 14.1    Outcome of patients included in the registry. MACCE rate with 2nd generation DES 
Firebird 2 are similar between diabetics and no-diabetics. As we can see in the fi gure the MACE 
was similar between the two populations. This has not been observed in previous studies.  MACCE  
major adverse cardiovascular events,  MI  myocardial infarction,  CVA  cerebrovascular accident, 
 TVR  target vessel revascularization,  E3-CABG  coronary artery bypass graft arm from ERACI 3 
Study,  E3-DES  drug eluting stent arm from ERACI 3 study,  E4-FRB2  ERACI 4 Registry       
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 It is clear that this indirect comparison has limitations: 1- we are including a non- 
simultaneous series of patients with one decade of difference between BMS and 
DES data; 2- baseline and angiographic characteristics between groups may be dif-
ferent; 3-adjunctive medical therapy changed and we have now better medical ther-
apies for prevention/progression. 

 However, the reason for this comparison is to demonstrate a potential major fl aw 
 of SYNTAX  [ 12 ]  and FREEDOM  [ 15 ]  which was likely the stent design used in most 
patients. C onsequently, any defi nitive conclusion of the advantages of CABG ther-
apy over PCI is questionable when the results with these DES appear to be worse 
than those obtained years ago with BMS.  

    Randomized Comparison with the Latest Generation DES 

 In the past few years, several RCT either comparing 2nd or 3rd generation DES 
versus the 1st generation were conducted. All consistently showed a signifi cant 
reduction in the incidence of cardiac late events including cardiac death and/or MI, 
death/MI and very late stent thrombosis with the newer DES [ 30 – 34 ]. Randomized 
studies with everolimus-eluting stents (EES) with a durable polymer, versus 
paclitaxel- eluting stents (PES/ Taxus, Boston Scientifi c Corp) showed a signifi cant 
reduction in death/MI (p < 0.02), SET and target lesion revascularization (TLR) 
(p < 0.001 for both) in the non- diabetic population (Table  14.4 ).

   In the randomized SPIRIT V diabetic study, late lumen loss and 1-year cardiac 
death or MI was also signifi cantly reduced with EES. Recently, the randomized 
ESSENCE-DIABETES study found an extremely low ID-TLR rate with EES [ 35 ] 
which is in agreement with the Bern-Rotterdam registry [ 36 ] in diabetic patients. In 
addition, with the introduction of absorbable polymer or complete bioabsorbable 
stents (BVS), we are observing promising results in the diabetic patient cohort. 
Pooled results from individual patient-level data from RCT -ISAR-TEST 3, ISAR- 
TEST 4 and LEADERS- comparing biodegradable polymer DES with durable 
polymer SES, reported at 4 years a signifi cant reduction of SET, defi nite or proba-
ble, in diabetic patients treated with biodegradable polymer DES and the difference 
was driven by signifi cantly lower SET with biodegradable polymer DES between 1 
and 4 years (0.4 % vs. 2.8 % p = 0.02) [ 33 ]. Furthermore, a pooled analysis from the 
1 year-follow up of diabetics from several trials using a 2nd generation permanent 
polymer and EES: SPIRIT FIRST, SPIRIT II, SPIRIT III, SPIRIT IV versus a 3rd 
generation bioabsorbable DES (BVS): ABSORB Cohort B and ABSORB EXTEND 
trial, showed that in diabetes treated with BVS, the incidence of target lesion failure 
(TLF), cardiac death, MI, and ID-TLR was -for the fi rst time in the stent era lower 
when compared to non-diabetics. The cumulative incidence of adverse events at 
1 year did not differ between diabetic and non-diabetic patients treated with BVS 
(3.7 % vs. 5.1 %, p = 0.64), whereas SET between diabetics and non-diabetics was 
also equal (0.7 %) [ 37 ]. The role of restoring vasomotor function and the potential 
for “stabilizing” vulnerable plaques with BVS might be of great interest in diabetics 
where endothelial dysfunction and plaque rupture are common [ 38 ]. 
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 Also, in all of these new DES designs, stent strut coverage and the incidence of 
late stent mal-apposition were signifi cantly improved [ 39 ]. New data suggest that 
long term dual antiplatelet therapy with these newer generation stents may be pref-
erable for 30 months after implantation [ 40 ]. 

 Recent data from a multicenter prospective and controlled registry, ERACI IV, 
with a “real world” patient population of 2 or 3 vessel disease and /or unprotected 
left main, 60 % with acute coronary syndromes including 67 % in Braunwald class 
III B/C, over 30 % of diabetics, bifurcations in 17 %, overlapping stents in 29 % etc. 
showed interesting results. All were treated with a second generation DES, Firebird 
−2 (Microport Inc, Shangai, China), a rapamycin-eluting coronary stent with a 
cobalt chromium platform and a polyolefi n polymer. This prospective registry 
showed, at 9 months of follow-up, a remarkably low incidence of death/MI/CVA, 
1.8 %. An indirect comparison with results obtained in the previous ERACI III 
study demonstrated either in comparison with CABG or 1st generation DES, a sig-
nifi cant reduction of MACE (p < 0.001 and p = 0.004 respectively), and these advan-
tages were also seen in diabetics, p = 0.04 vs. CABG and p = 0.02 vs 1st generation 
DES [ 41 ]. (Table  14.5 ) Noteworthy, for the fi rst time in our large experience with 
PCI in complex multi-vessel disease, MACE rate in diabetics and non- diabetics 
patients were similar 1.5 % and 1.9 % respectively with a cumulative incidence of 
defi nite/ probable SET of 0.4 % (Fig.  14.1 ).

       Conclusions and Highlights 

     1.     In non-diabetic patients, coronary angioplasty with stent implantation compared 
to CABG had both similar death rates and the composite of death, MI and CVA 
at 5 years of follow up. These results remain when the comparison included 
patients with 2, 3 vessel or left main disease CAD.    

   Table 14.5    ERACI IV 9 months follow up of the three arms, ERACI III-DES (Taxus and Cypher); 
ERACI III-CABG; ERACI IV-Firebird 2 stents   

 Overall 
 outcome 

 ERACI III 
DES 
 (225) 

 ERACI III 
CABG 
 (225) 

 ERACI IV 
fi rebird 
 (225) 

 ERACI III DES vs 
ERACI IV FB 
 (p value) 

 ERACI III 
CABG vs 
ERACI IV FB 
 (p value) 

 Any death  17 (7.6 %)  7 (3.1 %)  1 (0.4 %)  <0.001  0.03 

 MI  14 (6.2 %)  6 (2.7 %)  1 (0.4 %)  <0.001  0.057 

 Non fatal stroke  2 (0.9 %)  5 (2.2 %)  0 (0 %)  0.47  0.07 

 Death/MI/stroke  33 (14.7 %)  15 (6.7 %)  2 (0.8 %)  <0.001  0.001 

 TVR  11 (4.9 %)  20 (8.9 %)  3 (1.3 %)  0.03  <0.001 

 MACCE (Death/MI/
stroke/TVR) 

 44 (19.1 %)  27 (12 %)  4 (1.8 %)  <0.001  <0.001 

   DES  drug eluting stent,  CABG  coronary artery bypass graft,  MI  myocardial infarction,  TVR  target 
vessel revascularization,  MACCE  major adverse cardiovascular events  
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   2.     In diabetes, coronary angioplasty with DES had a higher risk of death and the 
composite of death, MI and CVA compared to CABG. Thus, CABG has become 
the preferred revascularization strategy in diabetic patients with multi vessel 
CAD. However, the threefold increased risk of stroke with CABG, could balance 
the fi nal decision, particularly in young patients or patients with comorbidities.    

   3.     CABG is associated with a signifi cant reduction of repeat revascularization pro-
cedures at 5 years compared to PCI, either if they used DES or BMS.    

   4.     Randomized and observational studies with new generation DES demonstrate a 
signifi cant improvement in safety profi le compared to the 1st generation in terms 
of MACE, cardiac death, myocardial infarction, SET, stent strut coverage, late 
stent mal-apposition and restoration of endothelial dysfunction. Therefore, the 
safety gap between PCI with CABG observed in FREEDOM  [ 15 ]  and SYNTAX  
[ 12 ] , cannot be closed until new trials with the latest generation DES have been 
conducted.    

   5.     All the RCT mentioned in this manuscript met clinical, angiographic or func-
tional appropriateness revascularization criteria  [ 42 ] . Thus, if medical treat-
ment alone was an option, those patients were mostly excluded from these 
trials.      

 In conclusion in most non- diabetic patients with clinical indication of myocar-
dial revascularization, PCI with stent deployment remains the fi rst therapeutic 
option if an equivalent completeness of revascularization can be achieved. We 
believe, as mentioned above, that the diabetic strategy remains to be determined.     
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    Chapter 15   
 Optimal Management of Multivessel CAD: 
PCI Versus CABG Surgery Versus Medical 
Therapy Alone       

       William     E.     Boden     

    Abstract     Over the past decade, landmark randomized clinical trials comparing ini-
tial management strategies in stable ischemic heart disease (SIHD) have demon-
strated no signifi cant reduction in “hard” endpoints (all-cause mortality, cardiac 
death, or myocardial infarction [MI]). The main advantage derived from early revas-
cularization is improved short-term angina relief and improved quality of life, and 
often a reduction in myocardial ischemia. Nonetheless, questions remain regarding 
how best to approach the initial management of SIHD patients, such as when (or if) 
cardiac catheterization should be performed, whether one or more high-risk sub-
groups (defi ned either by coronary anatomy or functional ischemic burden) could 
be identifi ed that benefi t from early revascularization, and if not, when should revas-
cularization be performed to improve symptoms alone and/or quality of life. The 
NIH-funded ISCHEMIA trial is designed to address many of these scientifi c ques-
tions by randomizing SIHD patients with at least moderate ischemia to an initial 
conservative strategy of optimal medical therapy (OMT) or an initial invasive strat-
egy of OMT plus cardiac catheterization and revascularization.  

  Keywords     Stable ischemic heart disease   •   Optimal medical therapy   •   Coronary 
bypass surgery   •   Percutaneous coronary intervention  

        Introduction 

 Since the fi rst percutaneous coronary intervention (PCI) was performed almost 
40 years ago, there have been profound and sustained evolutions in catheter-based 
revascularization that has shifted the treatment of patients with coronary artery dis-
ease (CAD) largely away from an initial pharmacologic approach to one that has 
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increasingly embraced a more anatomically-driven management strategy. Because 
there are abundant clinical trial data that support the benefi t of urgent/emergent PCI 
in patients with ST-segment elevation myocardial infarction or non-ST-segment 
elevation acute coronary syndromes (ACS) in reducing death or myocardial infarc-
tion (MI) [ 1 – 6 ], there has been an understandable and appropriately-expanding use 
of PCI and coronary stenting that has revolutionized patient management and 
improved signifi cantly clinical outcomes in these high-risk patients. 

 By contrast, patients with stable CAD—or perhaps using the more encompass-
ing descriptive term, stable ischemic heart disease (SIHD)—do not appear to derive 
the same clinical benefi t of cardiovascular event (CV) reduction with PCI. On the 
other hand, in randomized trials that have compared clinical outcomes in patients 
with multivessel CAD, particularly among those subjects with more extensive epi-
cardial coronary disease and among diabetics, who have undergone coronary artery 
bypass graft (CABG) surgery—either when compared to PCI or medical therapy—
these patients appear to derive signifi cant CV event reduction with CABG surgery. 

 It is against this therapeutic backdrop that clinicians frequently are faced with dis-
cordant evidence from clinical trials that complicate decision-making for patients with 
symptomatic CAD. Clinical intuition would suggest that adverse clinical outcomes 
(i.e., all-cause mortality, cardiac death and MI) associated with ischemic myocardium 
or high-grade coronary stenoses could be avoided with prompt revascularization in 
SIHD patients, as this is clearly what is observed in patients with ACS. However, 
landmark clinical trials over the past decade – implementing aggressive lifestyle inter-
ventions and comprehensive aggressive contemporary optimal medical therapy – have 
challenged this paradigm [ 7 – 9 ] 1  ,  2  ,  3 . COURAGE, BARI-2D, and FAME-2 have pro-
vided the clinical community robust evidence that the benefi t from early revasculariza-
tion in most SIHD patients is only symptomatic, with no survival benefi t.  

    Differing Pathobiology Between ACS and SIHD 

 One important factor that may explain the apparent differences in clinical outcomes 
with revascularization between patients with ACS and SIHD is the likely difference 
in pathobiology that underlies these two clinical expressions of CAD. Clearly, there 
have been major advances in our understanding of the pathophysiology of ACS and 
the recognition of the signifi cance that predisposing non-fl ow-limiting coronary ste-
noses are more prone to rupture, as well as increasing insight into plaque and patient 
vulnerability. Clearly, in the context of an acute plaque rupture associated with total 
or subtotal coronary occlusion, mechanical dilatation of the infarct-related coronary 

1   Boden et al., 2007—The original COURAGE trial article that conceptualized and demonstrated 
that OMT + PCI did not lead to improved outcomes in SIHD patients. 
2   BARI-2D Study Group 2009—One of the original landmark trials comparing OMT against revas-
cularization with CABG or PCI. 
3   De Bruyne et al., 2012—The original FAME-2 trial results comparing FFR-guided PCI versus 
OMT demonstrating no benefi t with PCI in regards to hard cardiovascular outcomes. 
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artery results in a signifi cant improvement in both long-term death and the composite 
of late death or MI. This improved understanding of the pathobiology of ACS has led 
directly to the more aggressive use of appropriately targeted pharmacologic agents 
and an evolution in what constitutes contemporary optimal medical therapy (OMT). 
Moreover, these same observations of the benefi ts associated with PCI in ACS 
patients, based on the pathobiology of plaque rupture causing obstructive lesions that 
cause increased death or MI, provide important insight into why PCI may not reduce 
clinical events (death or MI) in SIHD patients. In the chronic angina or SIHD patient, 
progressive, fi brotic and calcifi ed coronary stenoses cause angina, exercise-induced 
myocardial ischemia, and increased calcium scores on CT imaging studies, but these 
stenotic/fi brotic lesions with small lipid cores and thick fi brous caps are much less 
likely to result in acute plaque ruptures of thin-capped fi broatheromas. Conversely 
(and perhaps paradoxically), the late events that occur in SIHD patients are generally 
associated with plaque ruptures in native, non-instrumented coronary arteries where 
stenosis diameter is less than 50–60 %. Thus, it is plausible to understand why PCI 
for stable CAD does not necessarily confer clinical benefi t, since such non-fl ow-lim-
iting coronary stenoses are not amenable to PCI in the fi rst place, and successful PCI 
of fl ow-limiting coronary stenoses may reduce the propensity for ischemic complica-
tions or clinical events, but only in those stented coronary segments.  

    Evolution of Contemporary Optimal Medical Therapy (OMT) 

 Perhaps less well-recognized and appreciated over the past two decades has been 
concomitant evolution and refi nement in medical therapy, which has become increas-
ingly robust by contemporary standards and now includes the routine use of evi-
dence-based “disease-modifying” secondary prevention therapies (e.g., aspirin, 
thienopyridines, statins, inhibitors of the renin-angiotensin system, and beta- blockers 
for post-MI patients)—all of which have been shown in placebo-controlled, random-
ized controlled trials (RCTs) to reduce death and MI in CAD patients. Additionally, 
important treatments directed primarily toward anginal symptoms and relief of isch-
emia (e.g., beta-blockers for angina, calcium channel blockers, long-acting nitrates, 
and ranolazine) are widely-utilized clinically. When these proven therapies are com-
bined with lifestyle interventions (heart-healthy diet and weight loss/maintenance, 
smoking cessation, and regular physical exercise), the aggregation of these comple-
mentary and additive management approaches is frequently referred to as OMT.  

    Clinical Conundrum Facing Clinicians 

 Many clinicians are left with an uncomfortable paradox: diseased epicardial coro-
nary anatomy underlies future adverse cardiovascular events, but prophylactic 
revascularization of such lesions may not necessarily produce better clinical out-
comes [ 10 ]. Thus, these landmark clinical trials comparing optimal medical therapy 
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(OMT) alone versus OMT plus revascularization have met substantial resistance in 
changing practice patterns [ 11 ]. The diffi culty in translating these clinical trials into 
practice may arise from misinterpreting trial results: COURAGE, BARI-2D and 
FAME-2 should be viewed as evaluating  initial  management strategies for SIHD 
patients, with OMT considered a safe and effective  initial  treatment option while 
revascularization can be reserved for those with refractory symptoms or an Acute 
Coronary Syndrome (ACS) [ 12 ]. The results of these trials do not cast doubt on 
whether revascularization is appropriate when necessary, but question  when  revas-
cularization should be employed, if at all, in the individual patient who has had a 
trial of intensive optimal medical therapy and is showing signs of symptom improve-
ment and/or ischemia reduction. 

 In this chapter, a careful review of the evidence comparing an initial conservative 
strategy versus an invasive approach in SIHD management will be undertaken. 
Additionally, the strengths and limitations of each trial and scientifi c questions that 
remain to be answered – i.e., is there an ischemic threshold above which prompt 
revascularization provides a death or MI benefi t over an initial course of medical 
therapy will be addressed. Finally, a concluding discussion of the ongoing 
ISCHEMIA (International Study of Comparative Health Effectiveness with Medical 
and Invasive Approaches) trial, designed to provide clarity to SIHD management by 
addressing the gaps in knowledge following previous SIHD strategy trials will be 
provided. 

    What Do the Current SIHD Guidelines Recommend? 

 The 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS Guidelines for the Diagnosis 
and Management of Patients with SIHD recommend revascularization for a survival 
benefi t in patients with three-vessel CAD with >70 % stenosis or two-vessel CAD 
including the proximal LAD, regardless of extent of ischemic burden or symptom 
status [ 13 ] 4 . For those patients with two-vessel disease, the guideline recommenda-
tion is to utilize various noninvasive stress testing modalities to detect inducible 
ischemia, allowing clinicians to risk stratify those patients who would benefi t from 
revascularization. Despite endorsing the use of ischemic burden to guide the revas-
cularization decision, the 2012 guidelines loosely identify an ischemic threshold at 
which point revascularization would be indicated, instead describing situations of 
“large ischemic burden”(i.e., ≥10 % of the left ventricle), regardless of stress test 
results, as grounds to proceed with invasive coronary angiography and potential 
revascularization [ 13 ]. Several early observational cohort studies proposed that the 
severity of ischemic burden, measured by imaging modalities such as stress single- 
photon emission computed tomography (SPECT), can identify subsets of patients 
who may benefi t from early revascularization, leading to overall better prognosis. 

4   Fihn et al., 2012—Current professional society based guidelines for the management of SIHD 
patients. 
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However, many observational studies justifying this premise predated the common 
use of contemporary disease-modifying OMT [ 14 – 16 ], and more recent studies fur-
ther challenge this well-established paradigm [ 17 – 19 ] 5 . 

 The aforementioned 2012 SIHD management guidelines [ 13 ] and the 2013 
European Society of Cardiology (ESC) guidelines [ 20 ] recommend coronary angi-
ography to risk stratify those SIHD patients with signs and symptoms of heart 
failure, high risk features or inconclusive fi ndings on noninvasive testing, or refrac-
tory symptoms despite OMT. The 2014 focused update by the ACC/AHA further 
delineates the role of coronary angiography – but with substantial room for inter-
pretation [ 21 ]. The evidence base to determine when to perform cardiac catheter-
ization in SIHD patients is inconclusive, and is currently being addressed by the 
ISCHEMIA trial.  

    Clinical Trials Comparing Initial Revascularization Versus 
Conservative Strategies 

 Before the modern era of OMT, randomized clinical trials (RCTs) from the 1980s 
suggested coronary artery bypass grafting (CABG) had a survival benefi t as com-
pared with medical therapy for certain patient subsets with high risk anatomy [ 22 ]. 
Medical therapy in those trials was relatively minimal and consisted principally of 
aspirin, beta-blockers and nitrates [ 23 – 25 ]. Clearly, those early trials are outdated 
historically, as effective secondary prevention with lifestyle and pharmacologic 
interventions are now fi rmly established with a combination of robust secondary 
prevention therapies and lifestyle interventions. 

 As cited previously, recent clinical trials have rigorously compared revascular-
ization plus medical therapy with medical therapy alone and shown that neither 
strategy is superior. The fi ndings from COURAGE, BARI-2D, and FAME-2 assure 
us that in SIHD patients – particularly those without signifi cant left main coronary 
disease, refractory angina, and with preserved left ventricular function – a trial of 
OMT is a justifi able and appropriate initial strategy [ 7 – 9 ]. The results and limita-
tions of these RCTs are discussed in further detail below. 

    The COURAGE Trial 

 The COURAGE trial investigators randomized 2,287 patients with SIHD to either 
an initial strategy of PCI + OMT or a conservative strategy of OMT alone [ 7 ]. A 
pre- randomization diagnostic angiogram was required, and only patients with 
objective evidence of inducible ischemia and a ≥70 % coronary artery stenosis plus 
evidence of inducible ischemia were included in the trial. In the approximately 

5   Mancini et al. 2014—COURAGE trial post hoc analysis demonstrating anatomic burden of dis-
ease better prognosticates future cardiovascular events compared to ischemic burden. 
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10 % of patients who presented with Canadian Cardiovascular Society Class 3 
symptoms at baseline, and for whom stress testing was considered not indicated 
clinically, an ≥80 % coronary artery stenosis was required for inclusion. After a 
median 4.6 year follow-up, there was no signifi cant difference in the rate of the 
primary endpoint of all-cause mortality and non-fatal MI in the PCI + OMT group 
versus the OMT alone group (19 % vs. 18.5 % of patients; HR, 1.05, 95 % CI, 
0.87–1.27; P = 0.62). Additionally, there were no signifi cant differences in the com-
posite of death, MI, stroke, and hospitalization for unstable angina between the two 
study groups. In a 2008 analysis investigating quality of life of COURAGE partici-
pants, 53 % of patients in the PCI group and 42 % in the medical therapy group were 
angina-free (P < 0.001) at 3 months, with those patients with more severe angina at 
baseline deriving the greatest benefi t [ 26 ]. The difference in symptom control was 
greatest at 3 months, but at 3 years there was no difference between the quality of 
life in the PCI and OMT groups. 

 The COURAGE trial forms the foundation of a growing evidence base demon-
strating that PCI can be safely deferred until a later time without risk of increased 
death and overall rate of MI, compared with earlier intervention [ 27 ]. Nonetheless, 
COURAGE does have some limitations. With randomization occurring  after  angi-
ography, some patients with severe lesions may have been revascularized during 
catheterization and excluded from the study, unintentionally skewing results by 
eliminating high-risk groups who may have most benefi tted from revascularization 
[ 12 ]. DES was not widely available during enrollment, as they were not FDA- 
approved until mid-2003, which was approximately 6 months before enrollment 
ended in January 2004. Eligibility criteria excluded patients with signifi cant left 
main coronary disease, an ejection fraction (EF) <30 %, refractory heart failure, and 
those with persistent Canadian Cardiovascular Society (CCS) Class IV angina. In 
regards to inducible ischemia, a minimal threshold (1.0- to 1.5-mm ST segment 
depression) was required for enrollment, and of the 1,381 randomized patients who 
underwent stress SPECT imaging, 34 % had moderate to severe ischemia at  baseline 
[ 28 ] while approximately two-thirds had “mild ischemia”. As such, the results of 
COURAGE cannot be generalized to all SIHD patients.  

    The BARI-2D Trial 

 The BARI-2D investigators randomized 2,368 patients with type 2 diabetes mellitus 
and SIHD to revascularization (either with PCI, n = 798, or CABG, n = 378) with 
OMT or OMT alone (n = 1192) [ 8 ]. The primary endpoint, survival at 5 years, was 
similar in the revascularization arm of the study and the conservative management 
group (88.3 % vs. 87.8 %; an absolute difference of 0.5 %, 95 % CI, −2.0 to 3.1; 
P = 0.97). The composite of mortality, MI, or stroke (i.e., major cardiovascular 
events) also showed no statistically signifi cant difference between the revasculariza-
tion and medical therapy arms (22.8 % vs. 24.1 %; P = 0.70). The trial design 
allowed comparison of PCI + OMT versus OMT alone, and again, no signifi cant 
difference was reported in terms of all-cause mortality (10.8 % vs. 10.2 %; P = 0.48) 
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and major cardiovascular events (23 % vs. 21.1 %; P = 0.15). In the CABG treatment 
arm of BARI-2D, all-cause mortality was similar to the OMT group (13.6 % vs. 
16.4 %; P = 0.33). However, the secondary endpoint (i.e., death, MI and stroke) was 
lower in the CABG group (22.4 % vs. 30.5 %; P = 0.01), with a reduction in the 
number of non-fatal MIs driving the difference in the composite secondary 
endpoint. 

 After 3 years of follow-up, 66 % of revascularization patients and 58 % of all 
patients randomized to OMT were free of angina (P = 0.003; at baseline 21 % of all 
patients were angina-free) [ 29 ]. In the angioplasty stratum, PCI halted the develop-
ment of worsening angina and increased the percentage of angina-free patients after 
the fi rst year of follow-up. Thereafter and at the 5-year follow-up, there was no dif-
ference in reported angina symptoms between the PCI and OMT groups in the 
angioplasty stratum. In the CABG stratum, a reduced rate of worsening angina and 
increased percentage of angina-free patients was also seen at 1 year and was sus-
tained through the 5-year follow-up. 

 As with COURAGE, all patients underwent catheterization before randomiza-
tion, which has led to the criticism that once coronary anatomy is defi ned those 
patients most suitable for revascularization fail to be enrolled. Additionally, patients 
were not randomized to a revascularization strategy; rather, enrollees were chosen 
for CABG or PCI based on the treating physician’s interpretation of the pre- 
randomization angiogram. BARI-2D is also limited by the fact that the trial was 
conducted during a period when DES were all fi rst-generation and less frequently 
used by treating cardiologists [ 8 ].  

    The FAME-2 Trial 

 In the FAME-2 trial, 888 SIHD patients were randomized to an initial strategy of 
FFR-guided PCI plus OMT versus an initial strategy of OMT alone [ 9 ] 6 . Those 
patients with angiographic evidence of fl ow-limiting stenoses with an FFR ≤ 0.80 
were included, while patients with an FFR > 0.80 were treated medically and fol-
lowed in a registry. The Data and Safety Monitoring Board (DSMB) halted recruit-
ment for the trial after 7 months of follow-up due to a signifi cant difference in the 
rate of the primary endpoint (i.e., a composite of all-cause mortality, non-fatal MI, 
or unplanned hospitalization leading to emergent revascularization) between the 
FFR-guided PCI and the OMT arms (4.3 % vs. 12.7 %; P < 0.001). The driving force 
behind the difference was attributed to the lower rates of urgent revascularization in 
the FFR-guided PCI group (1.6 % vs. 11.1 % at 7 months, P < 0.001; 4.0 % vs 
16.3 % at 2 years, P < 0.001). But hard cardiovascular endpoints were similar in the 
revascularization and medical therapy arms: death (0.2 % vs. 0.7 % at 7 months, 
P = 0.31) or non-fatal MI (3.4 % vs. 3.2 % at 7 months, P = 0.89). Results at 2 years 
of follow-up again demonstrated a statistically signifi cant difference in the primary 

6   De Bruyne et al., 2012—The updated FAME-2 trial results form 2014 demonstrating a potential 
benefi t with FFR-guided PCI in regards to rates of MI. 
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endpoint driven solely by urgent revascularization, favoring PCI over OMT (8.1 % 
vs. 19.5 %; P < 0.001) [ 30 ]. 

 In the original publication, FAME-2 investigators stated angina symptoms ini-
tially were less in the FFR-guided PCI group but became equivalent to the OMT 
arm by 12 months of follow-up. In the provocative 2-year follow-up of FAME-2, 
investigators reported that, contrary to prior analyses, at all follow-up evaluations 
(including 12 months), patients who underwent FFR-guided PCI + OMT actually 
had signifi cantly less angina symptoms. In the landmark analysis, the authors also 
demonstrated that the rate of death or MI from 8 days to 2 years was lower in the 
PCI group than in the medical-therapy group (4.6 % vs. 8.0 %; HR, 0.56, 95 % CI, 
0.32-0.97; P = 0.04) [ 30 ]. However, within 7 days of randomization, there were 
more primary endpoint events in the PCI group than the medical therapy arm, with 
6 out of 10 events being peri-procedural MI (2.2 % vs 0.9 %; HR, 2.49, 95 % CI, 
0.78 – 8.00; P = 0.11). 

 FAME-2 has many limitations that warrant comment [ 9 ,  31 ] 7 . The absolute 
number of cardiac deaths was exceptionally low (3 in each group) with no statisti-
cally signifi cant difference in the overall number of MIs (26 vs. 30, P = 0.56) at 
2 years [ 30 ], suggesting that the study population was skewed towards low-risk 
patients. Only 24 % of patients in the FAME-2 population had multi-vessel disease, 
compared to 69 % of patients in the COURAGE trial. Additionally, FAME-2 trial 
investigators intended to enroll well over 1,600 patients, but the trial was termi-
nated after little over 50 % of planned enrollment due to the large discrepancy in 
urgent revascularization between the groups, resulting in a signifi cantly underpow-
ered sample size. Given the unblinded nature of the trial, selection bias may have 
been a factor in the results the authors reported, as 52 % of the unscheduled revas-
cularizations were done solely on the basis of reported clinical symptoms without 
any supporting biochemical or electrocardiographic evidence of ischemia [ 9 ]. 
Among OMT patients undergoing urgent revascularization, no data were provided 
to show whether culprit lesions were in the same vascular territories deemed to be 
fl ow limiting by FFR versus involving diseased territories elsewhere not previously 
deemed signifi cant. Without objective fi ndings of inducible ischemia through non-
invasive testing at follow-up, worsening angina symptoms cannot be ascribed to a 
specifi c vascular bed.  

   The MASS II Trial 

 The earlier Medicine, Angioplasty, or Surgery Study II (MASS II) trial, a small, 
single-site, 3-armed study of 611 patients with stable multi-vessel CAD and pre-
served left ventricular ejection fraction, (LVEF) randomized subjects to medical 
therapy (n = 203), PCI (n = 205), or CABG (n = 203) [ 32 ]. The primary endpoint (a 
composite of all-cause mortality, Q-wave MI, and refractory angina requiring 

7   Boden 2012—An editorial outlining the salient differences between FAME-2 and COURAGE, 
especially considering trial design. 
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non- randomized revascularization) occurred at a rate of 33.0 % in the CABG arm, 
42.4 % in the PCI arm, and 59.1 % in the OMT group, while mortality rates were 
not signifi cantly different between the different strategies at 10 years [ 32 ,  33 ]. 
However, the trial was notably underpowered to detect any meaningful differences 
between the management strategies, and was a single-center study conducted during 
an era (i.e., enrollment was between 1995 and 2000) when OMT and modern DES 
had not fully come of age [ 34 ]. 

 A recent MASS II post-hoc analysis evaluated serial LVEF measurements in the 
350 enrollees surviving at 10 years to assess the widespread belief that revascular-
ization is more effective than OMT in preserving LVEF [ 35 ]. After the 10-year fol-
low- up period, LV systolic function was preserved (LVEF of 0.56 ± 0.11, 0.55 ± 0.11, 
0.55 ± 0.12; P = 0.675, respectively in the PCI, CABG, and OMT arms) and only 
declined minimally from baseline regardless of the initial treatment strategy applied, 
except among SIHD patients who had suffered an MI either prior to or after revas-
cularization [ 34 ]. This post-hoc analysis is limited by its sample size and potential 
selection bias. Patients who died prior to the 10-year follow-up evaluation were 
excluded from the analysis, thus eliminating a subset of patients with potentially 
lower EFs from analysis. Nevertheless, results support an initial trial of OMT with 
deferred revascularization in SIHD patients, as there is no signifi cant difference 
between treatment strategies in clinical outcomes or objective markers of heart 
function, such as LVEF. The ISCHEMIA trial requires baseline evaluation of LV 
systolic function and long-term follow-up of trial participants, which will allow 
further investigation of which initial management strategy best preserves systolic 
function [ 34 ].  

   SYNTAX Trial 

 In the Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac 
Surgery (SYNTAX) trial, 1,800 patients with three-vessel or left main coronary 
artery disease, determined to be equally amenable to coronary-artery bypass graft-
ing (CABG) or PCI with a drug-eluting stent, were randomly assigned to either 
treatment and followed for 12 months for a non-inferiority comparison [ 36 ]. The 
primary end point was a composite of major adverse cardiac or cerebrovascular 
events, so-called MACCE that consisted of death from any cause, stroke, MI, or 
repeat revascularization. At 12 months of follow-up, the rate of MACCE was sig-
nifi cantly more frequent with PCI vs. CABG (17.8 %, vs. 12.4 %; P = 0.002), largely 
due to the need for repeat revascularization (13.5 % vs. 5.9 %, P < 0.001). Rates of 
death and MI were similar between the two groups, but stroke was signifi cantly 
more likely to occur with CABG (0.6 % vs. 2.2 %; P = 0.003). Thus, even with con-
temporary PCI techniques, CABG was shown to be preferable for most cases of 
complex or extensive, multivessel CAD, while the benefi ts of PCI were largely 
restricted to those of symptom-relief in patients with less extensive anatomic CAD, 
generally those with single-vessel or two-vessel angiographic CAD and in those 
with low or intermediate SYNTAX scores. 
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 At 5-years of follow-up, 26.9 % of CABG and 37.3 % of PCI patients reached 
the composite endpoint (P < 0.001) of death (11.4 % vs. 13.9 %; P = 0.10), MI (3.8 % 
vs. 9.7 %; P < 0.001), stroke (3.7 % vs. 2.4 %; P = 0.09), or repeat revascularization 
(13.7 % vs. 25.9 %; P < 0.001) [ 37 ]. Because PCI failed to reach the pre-specifi ed 
criteria for non-inferiority, all other fi ndings can only be regarded as observational 
and hypothesis generating. Nevertheless, in 1,095 patients with three-vessel CAD, 
CABG reduced the risk of death (9.2 % vs. 14.6 %; P = 0.006), MI (3.3 % vs. 10.6 %; 
P < 0.001) and need for repeat revascularization (12.6 % vs. 25.4 %; P < 0.001) with-
out an increase in the risk of stroke (3.4 % vs. 3 %; P = 0.66). When analyzed by 
severity of CAD, as judged by SYNTAX scores, patients with intermediate (between 
23–32) and higher (>32) scores had an absolute survival advantage with CABG (by 
6.7 % and 9 %, respectively) as well as highly signifi cant reductions in the incidence 
of MI and need for repeat revascularization. Only in those with scores <22 was there 
a similar mortality between CABG and PCI, although CABG still resulted in sig-
nifi cantly fewer MIs and repeat revascularizations. This is an important distinction 
as 79 % of all patients with three-vessel CAD in SYNTAX (1,095 in the RCT and 
570 in the registry) had SYNTAX scores >22. However, when the SYNTAX results 
were analyzed according to patients with three-vessel CAD and no left main dis-
ease, as compared with the 705 patients with left main disease, a different pattern of 
response emerges. In contrast to the situation for three-vessel CAD, the respective 
5-year rates of death (14.6 % vs. 12.8 %; P = 0.53) and MI (4.8 % vs. 8.2 %; P = 0.10) 
were similar, whereas those who underwent CABG had a lower risk of repeat revas-
cularization (15.5 % vs. 26.7 %; P < 0.001) but a higher rate of stroke (4.3 % vs. 
1.5 %; P = 0.03). In patients with SYNTAX scores >32, CABG resulted in lower 
mortality (14.1 % vs. 20.9 %; P = 0.01) and the need for repeat revascularization 
(11.6 % vs. 34.1 %; P < 0.001), but at the expense of a higher risk of stroke (4.9 % 
vs. 1.6 %; P = 0.13). In contrast, in the lower two SYNTAX score tertiles, PCI 
appeared to have superior outcomes to CABG in terms of reduced mortality.  

   FREEDOM Trial 

 This trial randomized 1,900 patients with diabetes and multivessel CAD already receiv-
ing aggressive medical therapy to either CABG or DES. The 5-year primary composite 
outcome occurred in 26.6 % of the PCI group and 18.7 % of the CABG group 
(P = 0.005). Crucially, the benefi t of CABG was driven by highly signifi cant absolute 
reductions in both death (5.4 %; P = 0.049) and myocardial infarction (7.9 %; P < 0.001), 
but with a higher risk of stroke in the CABG group (5.2 % vs. 2.4 %; P = 0.03). Some 
reassurance that these fi ndings are likely to be real is that they are entirely. 

 consistent with the previous collaborative analysis reporting a hazard ratio for 
death of 0.7 in patients with diabetes undergoing CABG rather than PCI [ 38 ]. The 
fi ndings from the FREEDOM Trial likewise buttress the results of the BARI-2D 
Trial, which showed that among diabetics with SIHD, CABG surgery was associ-
ated with a signifi cant reduction of the secondary composite endpoint of death, MI, 
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or stroke as compared with OMT—with these favorable fi ndings being driven 
largely by a signifi cant reduction in the incidence of MI.    

    Is there an Ischemic Threshold? 

 Observational data from prior to the contemporary era of OMT suggests there is a 
survival benefi t with early revascularization over medical therapy in patients with 
moderate to severe ischemic burden (i.e., >10 %) on stress myocardial perfusion 
imaging (MPI) [ 14 – 16 ]. Incremental increases in ischemic burden potentially may 
be linked with survival, but whether revascularization to mitigate ischemia improves 
prognosis remains unknown. RCTs to date have evaluated the advantage with an 
early revascularization strategy compared with medical therapy after angiography, 
but less evidence exists evaluating the benefi t of revascularization following base-
line stress testing [ 12 ]. 

 A 2008 COURAGE Trial substudy of 314 patients who receiving SPECT imag-
ing before randomization and a second scan 1 year later demonstrated that mean 
total perfusion defect (i.e., a measure of ischemic reduction) was greater with PCI 
(2.7 %) than with medical therapy (0.5 %), and the percentage of OMT patients 
achieving ≥5 % ischemia reduction was 19 % as compared with 33 % in the PCI 
group [ 39 ]. For the 105 patients (conservative and invasive groups combined) whose 
pretreatment perfusion scan revealed moderate-to-severe ischemia, lower rates of 
death and MI were seen with signifi cant ischemia reduction compared to patients 
without a reduction (16 % vs. 34 %; adjusted multivariate P = 0.08). Though a 
graded relationship between ischemic burden and mortality/MI is suggested by this 
nuclear substudy, it is simply too underpowered to make any defi nitive statements 
about the relationship between ischemia severity and the potential clinical benefi t of 
early revascularization. A second COURAGE trial nuclear substudy of 1,381 
patients, all of whom had a pre-randomization SPECT scan with or without a sub-
sequent second follow-up scan, showed no difference in mortality or overall rate of 
MI between the PCI + OMT and OMT arms in both the no-to-mild ischemia (19 and 
18 %, P = 0.92) and moderate-to-severe ischemia (22 and 19 %, P = 0.53) subsets, 
respectively [ 28 ]. Thus, two nuclear subsets analyses from the same trial showed 
discordant results as to whether moderate-severe ischemia was a driver of increased 
CV events and was associated with a lower event rate following revascularization. 
Further research is needed to answer if there is an ischemic threshold that must be 
met for revascularization to demonstrate a benefi t over medical therapy in SIHD 
patients [ 40 ]. Investigators leading the International Study of Comparative Health 
Effectiveness with Medical and Invasive Approaches (ISCHEMIA) trial hope to 
answer this question (ClinicalTrials.gov Identifi er: NCT01471522). 

 Finally, a recent 2014 COURAGE trial post-hoc analysis of 621 SIHD patients 
revealed that when both anatomic burden and ischemic burden were measured at 
baseline, ischemia did not independently predict death, nonfatal MI, or non-ST 
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segment elevation acute coronary syndromes (NSTE-ACS) [ 17 ]. However, ana-
tomic burden defi ned by coronary anatomy and LVEF appeared to better and more 
reliably predict long-term clinical outcomes. Though the analysis is relatively 
underpowered and the cohort studied was not a pre-specifi ed subgroup, it has 
important implications for the ISCHEMIA trial, which will include higher-risk 
patients. The hypothesis that “anatomy trumps physiology” challenges the dogma 
that inducible ischemia should be used to guide revascularization decisions. The 
blinded baseline coronary computed tomographic angiogram (CCTA) in the 
ISCHEMIA trial will allow investigators to conduct a post-hoc analysis to more 
reliably determine whether anatomic burden or ischemic burden has greater prog-
nostic importance [ 41 ]. 

    Future Perpsective: The Ischemia Trial [ 42 ] 

 The primary objective of the ISCHEMIA Trial is to determine whether an initial 
management strategy of revascularization (PCI or CABG) plus OMT versus a 
conservative strategy of OMT alone with revascularization reserved for a failure 
of OMT in SIHD patients with  at least  moderate ischemia on baseline testing 
favorably reduces the primary end point, a composite of cardiovascular death or 
nonfatal MI. ISCHEMIA is the fi rst trial to require an ischemic threshold for 
entry. Directly addressing prior criticisms of referral bias, patients in the 
ISCHEMIA trial will be randomized prior to cardiac catheterization. To ensure 
patient safety and reassure treating physicians, patients with normal renal func-
tion will have a blinded CCTA prior to randomization to exclude patients with 
signifi cant left main coronary artery disease. The main secondary end point is 
angina-related quality of life, as measured by the Seattle Angina Questionnaire 
(SAQ). Other secondary end points include all-cause death, cardiovascular death, 
nonfatal MI, resuscitated cardiac arrest, hospitalization for unstable angina or 
heart failure, and stroke. Health resource utilization, associated costs, and cost-
effectiveness will be compared between the two arms. ISCHEMIA seeks to ran-
domize 8,000 participants, making it the largest SIHD strategy trial ever 
conducted. 

 Only patients with at least moderate ischemia are included, defi ned on stress test-
ing by nuclear myocardial perfusion (≥10 % ischemic myocardium), echocardiog-
raphy or cardiac magnetic resonance (CMR) wall motion abnormalities (≥3/16 
segments with stress-induced severe hypokinesis or akinesis), CMR perfusion 
(≥12 % ischemic myocardium), or ischemia at a low workload on a non-imaging 
exercise tolerance test. Subjects randomized to the invasive strategy will undergo 
complete ischemic revascularization using optimal revascularization modalities 
(i.e., DES, FFR, and CABG). These features distinguish ISCHEMIA from all prior 
SIHD strategy trials.   
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    General Principles to Guide Patient Selection 
for Revascularization 

 Each of the following considerations may be used to guide decisions regarding the 
indications for (as well as the approach to) revascularization: (1) the presence and 
severity of symptoms; (2) physiological signifi cance of coronary lesions and other 
anatomic considerations; (3) extent of myocardial Ischemia and the presence of LV 
dysfunction; (4) other medical conditions which infl uence the risks of percutaneous 
or surgical revascularization; and (5) the potential risks of the procedure. 

 Some general principles regarding the choice of treatment in patients with SIHD 
should also be considered:

    1.    For the majority of patients with chronic angina, revascularization should not 
constitute the initial management strategy before evidence-based medical ther-
apy (pharmacologic anti-anginal therapy, disease-modifying treatments, and 
therapeutic lifestyle intervention) is initiated and optimized.   

   2.    When improvement in survival is not a relevant consideration, the severity of 
angina or impairment in health status should play a signifi cant role in determin-
ing whether revascularization is appropriate (i.e., limiting angina on optimal 
medical therapy is a more compelling indication than episodic, exertional angina 
on minimal medical therapy).   

   3.    The patient’s treatment preferences and socio-demographic/clinical circum-
stances should always be a consideration in choosing which treatment strategy 
should be employed.   

   4.    In certain clinical circumstances, it may be diffi cult to reliably ascertain whether 
anginal symptoms or anginal equivalents such as exertional dyspnea or fatigue 
are a direct manifestation of underlying CAD, especially in patients with 
 signifi cant obesity, those who are sedentary, or who may have co-existing chronic 
obstructive pulmonary disease. Such symptoms that are either atypical or non- 
diagnostic for obstructive CAD may not necessarily improve with revasculariza-
tion, even when such symptoms co-exist with physiologically signifi cant CAD.   

   5.    The decision to proceed with myocardial revascularization in the SIHD patient 
should entail a thoughtful, transparent discussion of all potential treatment 
options, with full disclosure of the anticipated benefi ts and potential risks associ-
ated with PCI or CAG surgery, relative to guideline-directed medical therapy. In 
an elective setting where urgent/emergent PCI is not being contemplated to 
reduce death or MI, the employment of a “heart team”, as cited above, is both 
prudent and clinically appropriate. While it is often very common to undertake 
adhoc PCI once the patient’s coronary anatomy is defi ned in the catheterization 
laboratory, frequently it is diffi cult to have the type of discussion that would 
involve a “heart team” in this setting. It has been suggested that a “time out”, or 
hitting the “therapeutic pause button”, might facilitate a more thorough under-
standing of what is best for a particular patient, particularly the patient with 
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extensive multivessel CAD. In summary, treatment decisions must be individual-
ized according to the specifi c clinical features and personal preferences of a 
given patient (often in collaboration with family members and the patient’s refer-
ring physician) with informed discussion about the potential risks and benefi ts of 
all three therapeutic options.      

    Conclusions 

     1.    Unless there are compelling reasons not to do so, optimal medical therapy and 
lifestyle intervention should be the initial approach to management the majority 
of patients with SIHD, particularly those who have not been treated previously 
medically and in those who do not have objective evidence of moderate-to- 
severe ischemia. Such treatment decisions need to be individualized, as high-
lighted in the previous section.   

   2.    However, it is also important to clarify that there are clear indications for coro-
nary revascularization in selected patient subsets: (1) those subjects with signifi -
cant left main CAD; (2) patients with signifi cant multivessel CAD, particularly 
when involving the LAD coronary artery; (3) diabetic patients with multivessel 
CAD; (4) CAD patients refractory to OMT.   

   3.    Among the fi rst 3 subsets of CAD patients, the data from BARI-2D and SYNTAX 
would generally support the benefi t of CBG surgery vs. multivessel PCI, particu-
larly if CV event reduction is the goal of therapy (i.e., to prolong survival or to 
reduce MI). For patients who refuse surgery or in whom the risk would likely 
outweigh the benefi t of symptom-relief, PCI remains a viable and, at times, a 
desirable alternative.   

   4.    Outside of these subsets, clinicians will need to await the results of the 
ISCHEMIA trial to answer which approach, invasive or conservative medical 
therapy, is the most effective initial strategy in managing SIHD patients with at 
least moderate inducible ischemia at baseline. Until then, the use of revascular-
ization for SIHD should be made judiciously and individualized based upon 
clinical need and the response to medical therapy.         
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    Chapter 16   
 Percutaneous Coronary Intervention 
in Unprotected Left Main Stenosis: 
Medical Evidence from Randomized 
and Observational Studies       

       Carlos     Fernández-Pereira       and     Alfredo     E.     Rodríguez    

    Abstract     Left main disease (LMD) is a stenosis of ≥50 %, and occurs in 3–5 % of 
patients, associated with multi-vessel coronary artery disease (CAD) in more than 
75 %. With bare metal stents (BMS), left main stenting became more popular and the 
technique was used mainly in high risk patients such as acute myocardial infarction 
(AMI) or with contraindications for coronary artery bypass grafts (CABG). There 
was an initial low incidence of adverse events with this approach, but with concerns 
regarding restenosis-related events, drug eluting stents (DES) became the preferred 
option. Comparative studies with CABG and DES showed that both had similar 
mortality and incidence of MI but with higher recurrence of repeat revascularization 
procedures with DES. CABG had a higher stroke risk. Percutaneous Coronary inter-
vention (PCI) should be a good option in most patients with LMD without bifurca-
tion disease, in those with a small diameter circumfl ex artery and /or low or 
intermediate anatomic risk score. The latest European guidelines recommended PCI 
with DES implantation as a class I indication in certain subgroups of patients with 
LMD. On the other hand, CABG is still the “gold standard” and has remained a bet-
ter option when the SYNTAX score is ≥33, with severe multi-vessel coronary dis-
ease, total occlusions of ≥2 major coronary epicardial vessels, severe calcifi cations 
or tortuosity, and in those with a contraindication to antiplatelet therapy.  
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  Bifurcation lesions   •   Coronary by pass graft   •   Registry   •   Randomized trial   •   Meta 
analysis  

        Introduction 

 Signifi cant left main disease (LMD) is defi ned as a stenosis of ≥50 %, and is associ-
ated with multi-vessel coronary artery disease (CAD) in more than 75 % of patients. 
LMD occurs in 3–5 % of patients undergoing coronary angioplasty [ 1 ]. Coronary 
artery bypass graft surgery (CABG) has remained as the standard of care therapy 
for patients with LMD mostly because the long-term outcomes, including mortality, 
were superior to those of medical treatment [ 2 ,  3 ]. 

 Percutaneous coronary intervention (PCI) in LMD was fi rst performed during 
the balloon angioplasty era although because of the risk of acute closure, this 
became a contra indication to PCI. With the introduction of bare metal stents (BMS) 
during PCI, left main stenting became more popular and the technique was reported 
in observational studies and registries mainly in high risk patients such as those with 
acute myocardial infarction (AMI) or with contraindications for myocardial revas-
cularization with CABG [ 4 ,  5 ]. Observational studies reported an initial low inci-
dence of adverse events with this approach [ 4 ] since BMS lowered the incidence of 
abrupt vessel closure, but concerns arose regarding high rates of restenosis-related 
events particularly for those lesions located distally and involving the bifurcation. 
Drug eluting stents (DES) have signifi cantly decreased the risk of restenosis and 
target lesion revascularization (TLR) compared to BMS. Therefore, their introduc-
tion routinely during PCI has enhanced the mid and long -term outcomes of PCI for 
LMD [ 5 ,  6 ]. In this chapter, we will discuss the most relevant aspects about PCI in 
LMD analyzing mid and long term results from observational studies as well as 
randomized trials and meta-analyses, focusing studies mainly on DES designs.  

    PCI with Stenting 

    DES Versus BMS in Observational Studies and Registries 

 There are several observational studies comparing BMS and DES in LMD. In most, 
event free survival was improved with DES. In the LE MANS [ 7 ] (Left MaiN coro-
nary artery Stenting) registry, performed in Poland, 252 patients were enrolled dur-
ing 11 years between 1997 and 2008 with 58 % having a non ST segment elevation 
acute coronary syndrome, diabetics in 26.4 % and a distal location of the stenosis in 
56 % [ 8 ]. Between 1997 and 2001 only BMS were used. After that, DES was rec-
ommended for the LM with a reference diameter ≤3.8 mm. First generation DES 
[paclitaxel (PES) and sirolimus (SES)] were implanted in 36.2 % of patients. The 
Euro score surgery risk was 6 ± 2. 
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 Major adverse cardiovascular and cerebral events (MACCE) defi ned as death, 
myocardial infarction (MI), TLR, stent thrombosis (ST) or cerebrovascular accident 
(CVA) stroke occurred in 12 (4.8 %) patients during the 30-day follow-up period. 
During long-term follow-up (mean 3.8 years, range 1–11 years) MACCE rates were 
25.4 % and 13.9 % of patients died. The 5- and 10-year survival rates were 78.1 % 
and 68.9 % respectively. Despite more favorable baseline characteristics in patients 
treated with BMS, unmatched analysis showed a signifi cantly lower MACCE rate 
in DES patients (25.9 % vs. 14.9 %, respectively p = 0.039). This difference was 
strengthened even further after propensity score matching. DES lowered both mor-
tality and MACCE for distal LMD lesions when compared to BMS. Ejection frac-
tion <50 % was the only independent risk factor infl uencing long-term survival. 

 The Italian Society of Invasive Cardiology ran a multicenter retrospective registry 
[ 9 ] in 19 high volumes centers enrolling 1453 consecutive patients who underwent 
PCI on LMD between January 2002 and December 2006. Four hundred and seventy-
nine received either fi rst generation DES (334 patients) or BMS (145 patients) but only 
for lesions located at the ostium or shaft, without any distal involvement. After propen-
sity score matching was performed, baseline covariates between the two yielded 119 
well-matched pairs. At 3-year follow-up, risk-adjusted survival rates were higher in 
patients treated with DES than in those treated with BMS, although the adjusted 3-year 
rates of TLR were not signifi cantly lower with DES compared to BMS (P = 0.60). 

 Our group began to perform left main stenting in the early 1990s soon after PCI 
with BMS became a default strategy [ 4 ]. In 1996, the ERACI II study [ 10 ,  11 ] became 
the fi rst randomized revascularization trial that included unprotected LMD patients. 
This included about 5 % of the overall population, 4 % in CABG and 5.8 % in the PCI 
arms. Moreover, in Argentina in 2013, a multicenter registry was published in patients 
with unprotected LMD [ 12 ]. Two hundred and eighty-one consecutive patients treated 
between 2002 and 2012 were included. Baseline characteristics included mean age of 
67.1 years, diabetes in 18.5 %, a Euro SCORE of 5.5, acute coronary syndromes in 
72.9, 25.4 % of them with ST elevation MI (STEMI) and distal LMD stenosis in 
49.8 %. 391 stents were implanted, BMS and DES in 49 % and 51 % respectively. 
During a mean follow-up 3.2 ± 2.7 years, death occurred in 9.6 and 6.0 % had an MI; 
14.5 % had death/MI/CVA and 30 % MACCE (Fig.  16.1 ). Compared to proximal 
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  Fig. 16.1    Left main Argentine CECI registry, overall results at 3.2 years of follow-up (mean). 
 CECI  Cardiovascular Research Center,  CVA  cerebrovascular accident,  TVR  target vessel revascu-
larization,  MACCE  major adverse cardiovascular events: death, MI, CVA and TVR       
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lesions, distal lesions had a signifi cantly worse freedom from death/MI/CVA (81.9 % 
vs. 89 %, respectively = 0.012) (Fig.  16.2 ) and MACCE (66.7 % vs. 77.7 %, respec-
tively p = 0.02). Patients receiving a DES had less MACCE than with BMS (p = 0.025). 
Those treated with BMS also had poorer outcomes with distal lesions (Fig.  16.3 ). 
Better event free survival with DES was also observed in patients treated for an acute 
MI with ostial LAD or LCX involvement. Thus, DES implantation had become the 
default strategy in left main PCI [ 13 ]. Further pooled data from several trials suggested 
better outcomes with DES compared to BMS. A meta-analysis [ 14 ] with 10,342 
patients from 44 studies assessed the incidence of death/MI, TVR/TLR and MACCE 
at 3 years. Mortality (8.8 and 12.7 %, p = 0.01), TVR/TLR (8.0 and 16.4 % with DES 
and BMS: p = 0.01), and MACCE (21.4 and 31.6 %, p = 0.12) were all lower with DES.

         DES Stent Selection 

 There are few studies that compared different DES designs in LMD. A randomized 
trial [ 14 ] and two observational studies [ 15 ,  16 ] suggested that outcomes were com-
parable between both fi rst generations DES. However, now we are using second 
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and third generation drug- (limus family mostly, sirolimus, everolimus, zotarolimus 
and biolimus) eluting stents with new polymers, including biocompatible or biode-
gradable polymers. In the Florence registry, 390 patients underwent PCI with DES 
implantation, 224 received a paclitaxel eluting stent (PES) and 166 an everolimus- 
eluting stent (EES) [ 17 ]. At 9 months, coronary restenosis by angiography was 
5.2 % in EES and 15.6 % in PES (p = 0.002). Among 166 propensity matched pairs, 
the rate of MACCE at 2 years was signifi cantly higher with PES (20.4 versus 
10.2 %, respectively, p = 0.010). 

 In the Left main Taxus and left main Xience (LEMAX) non-randomized registry, 
173 patients treated with an EES were compared with a historical cohort of 291 
patients treated with PES. At 12-month clinical follow-up, the EES was associated 
with a lower rate of target lesion failure, MACCE and ST compared with PES [ 18 ]. 
The ISAR-LEFT-MAIN 2 study compared the safety and effi cacy of the zotarolimus- 
eluting stent (ZES) versus EES [ 19 ]. Patients were randomly assigned to receive 
either a ZES (n = 324) or an EES (n = 326). The primary endpoint was the combined 
incidence of death, MI and TLR at 1 year. Secondary endpoints were defi nite or 
probable ST at 1 year and angiographic restenosis based on analysis of the left main 
coronary artery area at follow-up angiography. At 1 year, the cumulative incidence 
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of the primary endpoint was 17.5 % in the ZES group and 14.3 % in the EES group 
(p = 0.25). Three patients in the ZES group (0.9 %) and 2 patients in the EES group 
(0.6 %) experienced defi nite or probable ST (p < 0.99). All-cause mortality at 1 year 
was equal in the 2 groups (5.6 %). Angiographic restenosis occurred in 21.5 % in 
the ZES group and 16.8 % in the EES group (p = 0.24). The results suggested that 
the use of second-generation EES and ZES had comparable outcomes to those noted 
with the use of fi rst-generation DES, and both stent types appeared to afford similar 
results at 1-year follow-up.   

    PCI Versus CABG 

    Observational Studies 

 There are several non-randomized studies and registries (Table  16.1 ) comparing 
DES to CABG for patients with LMD [ 21 – 23 ]. The DELTA multicenter registry 
[ 20 ] included consecutive “all comers” with LMD treated either with PCI and a 
1st generation DES or CABG between April 2002 and April 2006. Patients 
treated in 14 centers were retrospectively analyzed in this worldwide registry. A 
propensity score analysis was performed to adjust for baseline differences in the 
overall cohort. In total 2775 patients were included: 1874 were treated with PCI 
and 901 with CABG. At 1295 days (range: 928–1713), there were no differ-
ences, in the adjusted analysis, in the primary composite endpoint of death, cere-
brovascular accidents, AMI, or the composite endpoint of death and AMI . An 
advantage of CABG over PCI was observed in the composite secondary end-
point of MACCE (p = 0.0001), driven exclusively by the higher incidence of 
TVR with PCI.

   The MAIN COMPARE registry in patients with LMD evaluated 2240 patients 
who received coronary stents (n = 1102; 318 with BMS and 784 with DES) or under-
went CABG (n = 1138) at 12 major cardiac centers in Korea between January 2000 
and June 2006 and for whom complete follow-up data were available for at least 
3–9 years (median 5.2 years) [ 24 ]. From January 2000 through May 2003, coronary 
stenting was performed exclusively with BMS, whereas from May 2003 through 
June 2006, DES was used exclusively. The 5-year adverse outcomes (death, a com-
posite outcome of death, Q-wave MI, or stroke and TVR) were compared with the 
use of the inverse probability of treatment weighted method and propensity- score 
matching. 

 After adjustment for differences in baseline risk factors, the 5-year risk of death 
(hazard ratio [HR]: 1.13; 95 % confi dence interval [CI]: 0.88–1.44, p = 0.35) and the 
combined risk of death, Q-wave MI, or stroke (HR: 1.07; 95 % CI: 0.84–1.37, p = 0.59) 
were not signifi cantly different for patients undergoing stenting versus CABG. The 
risk of TVR was signifi cantly higher in the stenting group versus the CABG group 
(HR: 5.11; 95 % CI: 3.52–7.42, p < 0.001). Similar results were obtained in compari-
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sons of BMS or DES with concurrent CABG. Comparing DES with CABG in patients 
with a low-risk SYNTAX score, the rates of death (6.1 versus 16.2; HR 0.52. 95 % CI 
0.21–1.28) and the composite of death, Q-wave MI, or stroke (6.4 for versus 16.2 %; 
HR 0.54, 95 % CI 0.22–1.34) favored DES but were not statistically signifi cant. 
Comparing DES with CABG in patients with high-risk SYNTAX scores, the rates of 
death (26.9 versus 17.8; HR 1.46, 95 % CI 0.92–2.3) and the composite of death, 
Q-wave MI, stroke (27.6 versus 19.5 %; HR 1.26, 95 % CI 0.87–2.12) favored CABG 
but were not statistically signifi cant. In patients with intermediate SYNTAX scores, 
the safety outcomes were similar in the two groups. TVR was signifi cantly more fre-
quent in patients who received DES, irrespective of the SYNTAX score.   

    Randomized Clinical Trials 

    DES Versus CABG 

 The LE MANS study [ 25 ] from Poland randomly assigned 105 patients with LMD 
to PCI in 52 patients and CABG in 53 patients. DES was used in 35 % of cases 
when the LMD was less than 3.8 mm, similar criteria used in the registry. PCI had 
favorable early outcomes in comparison with the CABG group. At 1 year, Left 
Ventricular Ejection Fraction (LVEF) had improved signifi cantly only in the PCI 
group. After more than 2 years, MACCE-free survival was similar in both groups 
with a trend toward improved survival after PCI. 

 The PRECOMBAT trial, another LMD trial performed in Korea randomly 
assigned patients to undergo CABG (300 patients) or PCI with SES (300 patients). 
Using a wide margin for non -inferiority, they compared the groups with respect to 
the primary composite end point of MACCE (death from any cause, myocardial 
infarction, stroke, or ischemia-driven TVR) at 1 year. Event rates at 2 years were 
also compared between the two groups [ 26 ]. 

 The primary end point was not statistically signifi cant between both groups at 1 
and 2 years although there was a trend in favor to CABG driven by a signifi cantly 
lower incidence of TVR (9 % and 4.2 % in PCI and CABG respectively p = 0.02). 
The composite rate of death, MI, or CVA at 2 years occurred in 13 and 14 patients 
in the two groups, respectively (cumulative event rate, 4.4 % and 4.7 %, respectively 
P = 0.83). Limitations of this study were the lower than expected event rates, making 
less confi dent the fi nding of non-inferiority and the routine angiographic follow up 
in the PCI group, that may have led to a greater number of “ischemia-driven TVR” 
than would have been detected clinically. 

 The SYNTAX trial was a prospective, multinational, randomized (Synergy 
between Percutaneous Coronary Intervention with TAXUS stent and Cardiac 
Surgery) trial that was designed to evaluate the optimal revascularization strategy 
between PCI and CABG, for patients with LMD and/or 3-vessel coronary disease 
[ 29 ]. Our focus will be on the results of the pre-specifi ed subgroup of 705 random-
ized patients who had LMD, among the 1800 patients included. MACCE rates at 
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1 year in LMD patients were similar for CABG and PCI (13.7 % versus 15.8 %; 
2.1 % [95 % confi dence interval 3.2–7.4 %]; p = 0.44). At 1 year, CVA was signifi -
cantly higher in the CABG arm (2.7 % versus 0.3 %) p = 0.009, whereas repeat 
revascularization was signifi cantly higher in the PCI arm (6.5 % versus 11.8 %); 
p = 0.02; there was no difference between groups for other end points. When patients 
were scored for anatomic complexity, those with higher baseline SYNTAX scores 
had signifi cantly worse outcomes with PCI than did patients with low or intermedi-
ate SYNTAX scores; outcomes for patients with CABG did not correlate with base-
line SYNTAX score, but interestingly, baseline Euro SCORE signifi cantly predicted 
outcomes for both treatments. In summary at 1 year, patients with LM disease in 
this study with revascularization with PCI had safety and effi cacy outcomes compa-
rable to CABG. 

 At 5-years follow up, MACCE was 36.9 % in PCI patients and 31.0 % in CABG 
patients, p = 0.12 [ 27 ] Mortality was 12.8 and 14.6 % in PCI and CABG patients, 
respectively (p = 0.53). Stroke was signifi cantly increased in the CABG group (PCI 
1.5 % vs. CABG 4.3 %), p = 0.03 and repeat revascularization in the PCI arm 
(26.7 % vs. 15.5 %, p ≤ 0.01). MACCE was similar between arms in patients with 
low/intermediate SYNTAX Scores but signifi cantly increased in PCI patients with 
high scores (≥33:46.5 versus 29.7 %). However, independently of the SYNTAX 
score, in patients with isolated LMD or LMD plus one vessel disease, the MACCE 
rate at 5 years was low with PCI. 

 This well conducted randomized study, however, had several potential limita-
tions [ 30 ]: (1) the study was not powered to analyzed subgroups of patients accord-
ing to risk scores, (2) there was a disparity in follow-up rate between the randomized 
arms: 92 patients out of 897 randomized to CABG withdrew consent or were lost, 
while only 55 patients randomized to PCI withdrew consent or were lost, (3) opera-
tor disparities between sites in MACCE rates, (4) a possible inappropriate PCI strat-
egy- all side branches >1.5 mm should be treated and (5) complete obsolescence of 
the TAXUS stent utilized compared with the latest generation DES.   

    Meta-analysis DES Versus CABG 

 In recent years, a well conducted meta-analysis from RCT and observational regis-
tries evaluated the effi cacy of CABG to PCI with 1st-generation DES among 
patients with LMD disease [ 31 ]. In general, CABG reduced revascularization risk 
(RR: 0.60, 95 % CI: 0.46–0.78) at the price of an increased stroke risk (RR: 2.89, 
95 % CI: 1.15–7.27) without differences in death and AMI. Another large meta- 
analysis from Cleveland Clinic analyzed 24 studies comprising 14,203 patients 
[ 32 ].. Again, there was no signifi cant difference for all-cause mortality between PCI 
or CABG- at 1 year (odds ratio [OR]: 0.792, 95 % confi dence interval [CI]: 0.53–
1.19), 2 years (OR: 0.920, 95 % CI: 0.67–1.26), 3 years (OR: 0.94, 95 % CI: 
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0.60–1.48), 4 years (OR: 0.84, 95 % CI: 0.53–1.33), and 5 years (OR: 0.79, 95 % 
CI: 0.57–1.08). The need for TVR was signifi cantly higher in patients undergoing 
PCI at all time points. The occurrence of stroke, however, was signifi cantly less 
frequent in patients treated with PCI. The occurrence of nonfatal MI showed a sta-
tistically signifi cant trend towards a lower incidence in CABG patients at 1 year 
(OR: 1.62, 95 % CI: 1.05–2.50), 2 years (OR: 1.60, 95 % CI: 1.09–2.35), and 3 years 
(OR: 2.06, 95 % CI: 1.36–3.1). There was no signifi cant difference in the combined 
MACCE between the 2 groups. Finally a 3rd meta-analysis by Capodanno et al. 
[ 33 ] from the 4 RCTs, Syntax Left Main, LEMANS, Boudriot et al. [ 28 ] and 
PRECOMBAT reported that in the 1597 patients, PCI had a non signifi cantly lower 
risk of death (2, 9 % vs. 4 % OR 0.74 CI 0.42–1.28) with a signifi cantly higher 
number of repeat revascularization procedures (OR 2.24 CI 1.52–3.28 p < 0.000) . 
On the contrary, CABG increased the risk of stroke (1.7 % with CABG and 0.1 % 
with PCI, p = 0.013) Table  16.2 

      Current Revascularization Guidelines in LMD 

 The 2011 ACC/AHA/SCAI guidelines made a strong recommendation about treat-
ment in LMD patients [ 34 ]. In those with signifi cant disease (>50 % diameter ste-
nosis), PCI received a Class IIa recommendation in patients at increased risk for 
surgical revascularization with ostial or mid shaft left main disease, or in those with 
low SYNTAX scores (<23) (Table  16.3 ). A Class IIa recommendation was also 
made for PCI in NSTEMI acute syndromes if a patient was not a candidate for 
CABG or in the setting of ST-elevation AMI, if coronary fl ow was compromised 
and PCI could be performed more quickly and safely than CABG. There was a 
Class IIb recommendation for PCI in patients with bifurcation disease, low- 
intermediate SYNTAX scores (<33), and increased surgical risk. However, CABG 
is still considered the gold standard and a Class I indication in all other cases.

   The European Society of Cardiology (ESC) and European Association for 
Cardio-Thoracic Surgery (EACTS) recently released their latest guideline statement 
for myocardial revascularization in 2014 (Table  16.4 ) [ 35 ] These guidelines gave a 
Class I recommendation, level B for PCI in the setting of LMD and Syntax scores 
≤22. If the Syntax score was 23–32, it was a IIa recommendation. A class III recom-
mendation was given for PCI and a Syntax score >33. CABG received a Class I 
recommendation in all of these scenarios. Both the American and European guide-
lines recommend strongly that the patient should seek opinions from a Heart Team 
involving interventional cardiologists and surgeons to determine the best 
 revascularization strategy. Thus, patient preference should be included in decision 
making.

   Current studies such as the EXCEL trial will help to clarify the contemporary 
role of PCI in the treatment of LMD with latest generation DES [ 36 ].   
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   Table 16.3    ACCF/AHA/SCAI recommendations for the use of percutaneous coronary intervention 
for unprotected left main disease   

 Recommendations according to extent of CAD 

 2011 

 Class a   Level b  

 Stable Ischemic 
Heart Disease 

 Ostial or trunk left main CAD  IIa  B 
 Bifurcation left main CAD  IIb  B 
 Low SYNTAX score <23  IIa  B 
 Low-intermediate SYNTAX score <33  IIb  B 
 High SYNTAX score ≥33  NC 

 Acute Coronary 
Syndromes 

 For UA/NSTEMI if not a CABG candidate  IIa  B 
 For STEMI when distal coronary fl ow is TIMI fl ow 
grade <3 and PCI can be performed more rapidly and 
safety than CABG 

 IIa  C 

   ACCF  American College of Cardiology Foundation,  AHA  American Heart Association,  SCAI  
Society for Cardiovascular Angiography and Interventions,  CAD  coronary artery disease,  NC  No 
comments on the guidelines,  SYNTAX  Synergy between percutaneous coronary intervention with 
TAXUS and Cardiac Surgery,  UA / NSTEMI  unstable angina/non-ST elevation myocardial infarc-
tion,  STEMI  ST-elevation myocardial infarction,  CABG  Coronary artery bypass grafting 
  a Class of recommendation 
  b Level of evidence  

   Table 16.2    Clinical outcome from the meta-analysis comparing Randomized Clinical data from 
4 trials comparing PCI vs CABG for the treatment of ULMD [ 33 ]   

 PCI, n (%) 
 CABG, n 
(%) 

 Odds 
ratio 

 Confi dence 
Interval 95 % 

 P value 
 Lower 
limit 

 Upper 
limit 

 Death  24/807 (3.0)  32/790 
(4.0) 

 0.74  0.42  1.28  0.28 

 MI  23/807 (2.8)  21/790 
(2.6) 

 0.98  0.54  1.78  0.95 

 CVA  1/707 (0.14)  12/689 
(1.7) 

 0.15  0.03  0.67  0.012 

 Repeat revascularization  92/807 
(11.4) 

 43/790 
(5.4) 

 2.24  1.53  3.28  <0.001 

 Death, MI or CVA  35/655 (5.3)  43/636 
(6.7) 

 0.76  0.48  1.22  0.26 

 MACCE  117/807 
(14.5) 

 93/790 
(11.7) 

 1.27  0.95  1.75  0.10 

   PCI  percutaneous coronary intervention,  CABG  coronary artery bypass grafting,  ULMD  unpro-
tected left main disease,  MI  myocardial infarction,  CVA  cerebrovascular accident,  MACCE  major 
adverse cardiovascular events  
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    Conclusions 

     1.     PCI with stent implantation has become a viable revascularization strategy in 
certain groups of patients with LMD. The use of DES as compared to BMS sig-
nifi cantly reduced adverse events .   

   2.     Compared to CABG ,  PCI with DES stents in LMD has had similar mortality and 
incidence of MI but with a higher recurrence of repeat revascularization 
procedures .   

   3.     Compared to PCI ,  CABG has had a higher risk of stroke in LMD .   
   4.     PCI appears to be a rational revascularization option in most patients with LMD 

either without a signifi cant bifurcation stenosis ,  or with a small diameter cir-
cumfl ex artery and  / or low or intermediate anatomic risk scores .   

   5.     CABG has remained a better option in complex coronary anatomy  ( SYNTAX 
score  ≥ 33 due to LMD lesion associated with severe multi - vessel coronary dis-
ease ,  total occlusions of  ≥ 2 major coronary epicardial vessels ,  severe calcifi ca-
tions or tortuosity ),  and also in those with absolute or relative contraindications 
to antiplatelet therapy .   

   6.     The latest guidelines from ESC included PCI with DES implantation as a class 
I in certain low risk subgroups of patients with LMD. In the ACC / AHA guide-
lines ,  PCI has a Class IIa recommendation particularly when the surgical risk 
is high .         

   Table 16.4    Recommendation for the type of revascularization (CABG or PCI) in patients with 
SCAD with suitable coronary anatomy for both procedures and low predicted surgical mortality   

 Recommendations according to extent of CAD 

 CABG  PCI 

 Class a   Level b   Class a   Level b  

 One or two-vessel disease without proximal LAD stenosis  IIb  C  I  C 
 One-vessel disease with proximal LAD stenosis.  I  A  I  A 
 Two-vessel disease with proximal LAD stenosis.  I  B  I  C 
 Left main disease with a SYNTAX score 22.  I  B  I  B 
 Left main disease with a SYNTAX score 23–32.  I  B  IIa  B 
 Left main disease with a SYNTAX score >32.  I  B  III  B 
 Three-vessel disease with a SYNTAX score 22.  I  A  I  B 
 Three-vessel disease with a SYNTAX score 23–32.  I  A  III  B 
 Three-vessel disease with a SYNTAX score >32.  I  A  III  B 

   CABG  coronary artery bypass grafting,  LAD  left anterior descending coronary artery,  PCI  percu-
taneous coronary intervention,  SCAD  stable coronary artery disease 
  a Class of recommendation 
  b Level of evidence  
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    Chapter 17   
 Technical Aspects of Left Main Stem 
Percutaneous Coronary Intervention       

       Neil     Ruparelia     ,     Alaide     Chieffo     , and     Antonio     Colombo     

    Abstract     Signifi cant (>50 %) unprotected left main stem disease (ULMS) is found 
in 5–7 % of all patients undergoing coronary angiography and is of prognostic 
importance by virtue of the large volume of myocardium that it supplies. With 
advances in technology, coupled with increased operator experience, percutaneous 
coronary intervention (PCI) of ULMS is not only feasible, but has been shown to be 
safe and effective in this patient group. Diagnosis with the use of angiography, intra-
vascular imaging and coronary physiology indices to characterize LMS plaque and 
determine its functional signifi cance is critical to planning the optimal percutaneous 
strategy. Based on anatomical considerations of the location of disease and branch 
anatomy, the appropriate stent strategy and equipment required can be selected. 
Lesion preparation is fundamental to optimal outcomes irrespective of which stent-
ing strategy is decided upon. In general a single (provisional) strategy is preferred 
but in selected circumstances a 2-stent strategy should be used. Finally, post-stent 
implantation optimisation with intravascular imaging is mandatory to ensure the 
best possible outcome in addition to the correct adjunctive pharmacotherapy.  
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        Introduction 

 Signifi cant (>50 %) unprotected left main stem disease (ULMS) is found in 5–7 % of 
all patients undergoing coronary angiography [ 1 ] and is of prognostic importance by 
virtue of the large volume of myocardium that it supplies. Treated medically, patients 
have a 3-year mortality rate of 50 % [ 2 ,  3 ]. Revascularisation by coronary artery bypass 
grafting (CABG) has been shown to confer signifi cant benefi ts in comparison to medi-
cal therapy alone [ 4 ,  5 ] and until very recently has been regarded as the ‘gold standard’ 
treatment for this patient group. With advances in technology, coupled with increased 
operator experience, percutaneous coronary intervention (PCI) of ULMS is not only 
feasible, but has been shown to be safe and effective in this patient group [ 6 – 9 ]. This is 
also refl ected in the recently updated European Society of Cardiology (ESC) [ 10 ] and 
American Heart Association (AHA)/American College of Cardiology (ACC) [ 11 ] 
guidelines where LMS PCI is  currently  regarded as an alternative to CABG in patients 
without complex anatomy. There are many considerations  and several unresolved 
issues  that need to be taken into account when contemplating ULMS PCI and during 
the course of this chapter we shall discuss the technical aspects of this procedure.  

    Diagnosis and Assessment of LMS Stenosis 

 The diagnosis of the LMS stenosis and subsequent characterisation of disease is 
surprisingly challenging. Invasive coronary angiography has been the gold standard 
for many years to defi ne the severity of disease. The fi rst indications of LMS disease 
are a drop in both systolic and diastolic pressures on intubation of the ostium with 
the coronary catheter (catheter pressure damping) or the absence of contrast dye 
backfl ow into the aorta on fi rst injection. However, there are limitations of angiogra-
phy in assessing the LMS and this approach is associated with the greatest amount 
of inter-observer variability [ 12 ,  13 ]. Common anatomical variables including a 
short LMS, overlapping vessels, foreshortening, presence of calcifi cation and diffuse 
disease (no reference point) all contribute to diffi culty in accurate assessment. The 
utilisation of additional tools including intravascular imaging techniques and assess-
ment of fractional fl ow reserve (FFR) are thus essential in the accurate diagnosis of 
LMS, its functional signifi cance and subsequent optimal procedural planning. 

    Intravascular Ultrasound 

 Approximately 90 % of patients that have normal angiographic appearances of LMS 
have atherosclerotic disease following intravascular ultrasound (IVUS) evaluation 
[ 14 ]. Even the presence of angiographic stenosis does not accurately refl ect minimal 
luminal area (MLA). The exact ‘cut-off’ for signifi cance with regards to MLA is cur-
rently debated. A MLA of <6 mm 2  has generally been considered as signifi cant on the 
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basis of comparisons of IVUS fi ndings with fractional fl ow reserve (FFR) [ 15 ] and 
clinical outcome, although more recently, a ‘cut-off’ of <4.8 mm 2  has been proposed 
and found to strongly  correlate  with a FFR of <0.8 although this study was limited by 
a small number of patients, exclusion of patients with signifi cant downstream stenosis 
and no clinical outcome data with this ‘cut-off’ [ 16 ]. In an IVUS study of intermediate 
LMS lesions as assessed by angiography, 33 % of LMS lesions with <30 % stenosis 
had a MLA by IVUS of <6 mm 2  and 43 % of LMS lesions with >50 % stenosis had a 
MLA of >6 mm 2  [ 17 ]. In addition to confi rmation of diagnosis, IVUS is helpful  in  
lesion characterization with information obtained regarding plaque morphology and 
composition and appropriate vessel sizing which can aid the procedural planning with 
regards to lesion preparation and stent selection [ 18 ] (Fig.  17.1 ). Following stent 
implantation, it is also essential in confi rming appropriate stent expansion [ 19 ,  20 ] 
(Fig.  17.1 ). However it is important to consider some technical considerations using 
IVUS in LMS. It is important to try and keep the IVUS catheter as coaxial as possible 
both when assessing distal bifurcation disease when  the  most coaxial branch should 
be selected and also in the assessment of ostial disease where additionally the guiding 
catheter should be disengaged to enable appropriate interrogation.

a

b

  Fig. 17.1    Intravascular imaging (IVUS) in left main stem coronary intervention. Mid-shaft LMS 
stenosis with IVUS imaging ( arrows ) to assess composition of plaque and to aid in vessel sizing 
( a ,  left panel ). Following PCI, IVUS demonstrates excellent stent dilation with good strut apposi-
tion to vessel wall ( a ,  right panel ). When there is diagnostic uncertainty with regards to  the  pres-
ence of disease after multiple angiographic angles, ( b ,  left panels ), IVUS can be used to confi rm 
fi nal diagnosis ( b   right panels )       
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       Optical Coherence Tomography 

 Optical coherence tomography has many advantages with regards to characterisa-
tion of intravascular disease by virtue of its high resolution [ 21 ]. However, it has 
poor depth penetration and requires adequate clearance of blood by contrast in the 
vessel of interest to obtain optimal imaging [ 21 ]. In the LMS assessment,  while  the 
use of OCT has been shown to be comparable to IVUS fi ndings [ 22 ], the vessel 
diameters are often too large to be adequately imaged by OCT and often does not 
allow for adequate interrogation of ostial disease. For these reasons, OCT has lim-
ited value in the pre-intervention assessment of LMS stem prior to intervention.  

    Fractional Flow Reserve 

 The utilisation of fractional fl ow reserve (FFR) in determining the functional signifi -
cance of a lesion in the LMS and has been shown to be useful in managing revascularisa-
tion strategies [ 23 ].  While  LMS disease was an exclusion criteria within the DEFER 
(deferral versus performance of PCI of non-ischaemia-stenoses [ 24 ] and FAME (FFR 
versus angiography for multivessel evaluation)) [ 25 ] trials, FFR has been used success-
fully to determine the physiological signifi cance of intermediate lesions. Only a minority 
of patients demonstrate isolated LMS disease (9 %) [ 26 ] and it is therefore important to 
appreciate the effect that this will have on the FFR [ 27 ] when interrogating a LMS steno-
sis. In the presence of concomitant disease in the left anterior descending artery or cir-
cumfl ex artery, it is important to appreciate that this may artifi cially raise the FFR reading 
obtained at the LMS. However, if the pressure wire is placed in a non-stenosed down-
stream vessel and the other vessel does not have a critical proximal stenosis [ 28 ] then the 
results can be interpretable (Fig.  17.2 ). There are however currently no large randomised 
studies investigating the role of FFR in the management of LMS disease and the long-
term safety and effect of outcomes of FFR-guided revascularisation of the LMS.

        Equipment Selection 

    Guiding Catheter 

 The correct choice of guiding catheter is important both to maximise support but 
also with regards to stenting strategies in particular when 2-stent bifurcation tech-
niques are being considered for distal LMS disease. For ostial lesions, a 6 French 
(Fr) catheter is usually suffi cient for the majority of cases. When planning interven-
tion of distal bifurcation lesions, it is helpful to determine strategy if possible fol-
lowing lesion assessment. If two stents are being considered, it is possible to perform 
two stent strategies using a 6 Fr. guiding catheter with the majority of current tech-
niques such as culotte, T and two-step crush stenting. However, at least a 7 Fr. 
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catheter is required if V stenting and standard crush-mini crush strategies are 
required. Additionally, the use of a larger guide catheter also provides better sup-
port, visualisation and accommodation of all sizes of burr if rotablation is required.  
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  Fig. 17.2    Fractional fl ow reserve (FFR) in left main stem coronary lesion evaluation. Diagnostic 
angiography demonstrated stenosis of circumfl ex artery ( arrows ,  a ) and distal left main stem 
( arrows ,  d ). Fractional fl ow measurements carried out with ACIST-Navvus catheter (Bracco, MN, 
USA) in both circumfl ex ( arrow ,  b ) and left main stem ( arrow ,  e ). Both FFR of circumfl ex ( c ) and 
left main stem ( f ) were negative and so this patient was  managed  with aggressive medical therapy 
without the need for revascularisation       
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    Hemodynamic Support 

  Hemodynamic  support is not mandatory, but should be considered in patients 
deemed at high risk for developing instability peri-procedurally with an estimated 
8 % risk of this occurrence [ 29 ]. High-risk features include impaired left ventricular 
(LV) function, complex bifurcation strategy or patients with persistent angina or 
ischaemia on maximal medical therapy and elective intra-aortic balloon pump 
(IABP) placement in this setting may be benefi cial [ 29 ]. Other options for  hemody-
namic  support include Impella (Abiomed, Danvers, MA, USA) or Tandem Heart 
(CardiacAssist Inc. Pittsburgh, PA, USA).   

    Lesion Preparation 

 As with all percutaneous coronary interventions, appropriate lesion preparation is 
essential to ensuring a good outcome and is even more important in the setting of 
ULMS intervention where the sequelae of any complication (e.g. acute stent thrombo-
sis) are likely to be fatal. Information obtained from IVUS with regards to characteri-
sation of disease can be invaluable. In the setting of extensive calcifi c disease, rotational 
atherectomy can be performed, whereas extensive fi brosis  or  diffuse calcifi cation may 
demand more aggressive pre-dilatation with non-compliant balloons. On the other 
hand, identifi cation of uncomplicated, soft plaque may permit direct stenting.  

    Stent Choice 

 DES are generally preferred in ULMS PCI, and in comparison to bare metal stents 
(BMS), are associated with lower rates of mortality, myocardial infarction and 
revascularisation [ 30 ,  31 ]. There are currently no data to support the use of biore-
sorbable vascular scaffolds (BVS) in ULMS PCI. The main limitation of the current 
devices is their maximal diameter that presently cannot exceed 4 mm. 

 There does not appear to be a difference between various designs or type of drug/
polymer DES. The ISAR-LEFT MAIN (Intracoronary Stenting and Angiographic 
Results: Drug-Eluting Stents for Unprotected Coronary Left Main Lesions) study 
that randomised patients to either a paclitaxel-eluting stent (PES) or a sirolimus- 
eluting stent (SES) did not demonstrate a difference with regards to death, myocar-
dial infarction or target lesion revascularisation at 1 year [ 31 ]. Similarly the more 
recent ISAR-LEFT MAIN 2 that examined the use of second-generation DES and 
randomised patients to zotarolimus-eluting stent (ZES) or everolimus-eluting stent 
(EES) again did not demonstrate any differences at 1 year, which has also been sup-
ported by fi ndings from other registries [ 32 – 36 ]. A practical consideration is when 
a 2-stent strategy is opted for in the presence of large branches (>3.5 mm), stents 
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with an open cell design may be preferable to facilitate re-crossing and maintain 
patency of branches.  

    Anatomical Considerations 

 The location of LMS disease determines the interventional strategy and  while  the 
overall rate of restenosis is low after stenting for LMS, the distal LMS is the usual 
site of restenosis and the ostium of the circumfl ex is particularly vulnerable to recur-
rence [ 37 ]. The distal LMS is involved in the majority of cases, and the results of 
PCI for these patients are worse than for those patients with lesions located at the 
ostium or mid-shaft likely representing the more complex nature of this disease [ 38 , 
 39 ]. This is refl ected in the current guidelines which by using the SYNTAX score to 
determine anatomical complexity, recommend PCI as an equivalent alternative to 
CABG for patients with a low score (SYNTAX score ≤22) and as an option in 
patients with an intermediate score (SYNTAX 22-32). In patients with complex 
anatomy (SYNTAX >32) CABG is the recommended revascularisation option. 

    Ostial LMS Disease 

 Disease isolated to the LMS ostium occurs in a minority of patients [ 40 ]. It is impor-
tant to accurately assess the size of the reference vessel (often exceeds 4 mm). The 
extent of disease should be checked in a number of different projections (left ante-
rior oblique caudal projection is useful for the assessment of distal extent of disease 
from the bifurcation) and to aid in the choice of stent length (Fig.  17.1 ). The stent 
should be allowed to protrude 1–2 mm into the aorta (the right anterior oblique 
cranial view is helpful in determining protrusion of the proximal stent into the aorta) 
while distally it should not involve the distal bifurcation. If the stent is too short 
there is a risk of dislodgement especially during post-dilatation and on-going cath-
eter manipulation. When selecting a stent to be implanted in this location, devices 
with minimal longitudinal deformation should be selected.  

    Mid-Shaft LMS Disease 

 Treating mid-shaft disease is very similar to that of ostial lesions, with particular 
attention made to not  involve  the distal bifurcation. If this is not possible due to 
distal extension of disease close  to  the bifurcation with risk of plaque shift follow-
ing stent deployment, a reasonable strategy, that should be used liberally, is to extent 
the stent into the LAD with protection of the SB with a second wire (see section 
“ Provisional stenting strategy ” below).  
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    Distal Bifurcation LMS Disease 

 Distal bifurcation disease can be treated either by a 1-stent (provisional strategy) or 
a 2-stent technique. From observational non-randomized studies the provisional 
strategy, when possible, appears to be superior to a 2-stent technique with regards to 
the rate of target lesion revascularisation in 2-stent procedures [ 38 ,  39 ,  41 ] although, 
the use of 2 stents may simply refl ect more complex disease and therefore be associ-
ated with worse outcomes. However, a provisional strategy is not always appropri-
ate - for example in the setting of severe and diffuse disease in the ostium of the side 
branch. In these cases, a 2-stent strategy should be employed. There are a number 
of different techniques and these are outlined below.   

     Provisional Stenting Strategy 

 The provisional strategy is a single-stent strategy and allows for the placement of a 
second stent if required. This strategy is most appropriate if plaque is limited to the 
LMS and main vessel (MV) alone. The MV (almost always the left anterior descend-
ing artery (LAD)) is wired and a second wire is placed in the side branch (SB). A 
stent is then placed from the LMS into the LAD and post-dilated as required with 
the wire ‘jailed’ in the SB. Depending on the appearances, the SB  may be  left 
untouched, or treated with a ‘kissing’ balloon infl ation. In the case of a suboptimal 
result such as SB dissection or signifi cant residual stenosis (>50 %), a second stent 
may be deployed into the side branch with a ‘kissing’ infl ation to complete the pro-
cedure. If a second stent needs to be implanted on the SB, the preferred technique is 
the T and protrusion (TAP).  

    Two-Stent Strategies 

 In instances where disease extends into both the MV and diffusely and signifi cantly 
in the ostium of the SB then elective double stenting should be considered. The 
most important determining factor with regards to which strategy to use is the inter-
nal angle between the MV and the SB. Y-shaped bifurcations demonstrate an angle 
of <70° whilst T-shaped bifurcations have an angle of >70°. The majority of distal 
bifurcation lesions are T-shaped. This is important because a large angle may not 
allow for easy wire access to the SB or the passing of an additional wire, balloon or 
stent after MV stenting and is a predictor for SB occlusion. Finally, in the presence 
of a wide angle between the LMS-left circumfl ex artery (LCx) or a narrow angle 
between the LAD-LCx, the SB ostium area is by defi nition greater and this might be 
best treated with stents with large cells. The double-stent strategies are outlined 
below and illustrated in Fig.  17.3 . Which technique is superior in LM bifurcations 
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is currently unclear with outcome success most likely determined by anatomical 
considerations and operator experience [ 43 ].

      V-Stenting 

 The V stent technique (or ‘kissing’ stent technique) involves the simultaneous 
deployment of stents in both the MV and the SB. This technique is particularly 
applicable for Medina 0.1.1 lesions that can be treated with a minimal and very 
short neo-carina and in case of  hemodynamic  instability of the patient.  

    T-Stenting 

 This technique is most useful when the angle between the MV and the SB is close 
to 90°. Both the MV and SB are wired and the SB is stented fi rst with the careful 
deployment of the stent to ensure that the ostium of the SB is covered with only 
minimal protrusion into the MV. The LMS-LAD is then stented followed by fi nal 
‘kissing balloon’ infl ation.  

    The T and Protrusion (TAP) Technique 

 This technique is applicable to the majority of LMS bifurcation lesions and it is the 
preferred technique to switch from a 1 to a 2-stent strategy. After both the MV and 
SB are wired, the LMS-LAD is stented fi rst. A stent is then placed into the SB with 
a balloon left inside the MV (LAD). After careful positioning of the second stent 
ensuring that the proximal edge of the stent protrudes 1–2 mm into the MV the side 
branch stent is deployed at high pressure while keeping the defl ated balloon in the 
MV. Final ‘kissing’ balloon infl ation is then performed to complete the procedure to 
reshape the carina.  

  Fig. 17.3    Schematic of bifurcation techniques. Schematic diagrams of bifurcation techniques that 
can be considered when attempting PCI to distal LMS bifurcation (Adapted and reprinted from 
Ielasi and Chieffo [ 42 ] Copyright 2011, with permission from Europa Edition)       
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    Culotte-Stenting 

 This technique is useful if the angle between the MV and SB is shallow (<60°) and 
the two vessels are of similar diameter. After wiring both vessels, the SB is stented. 
The MB is then re-wired and a second stent is placed through the stent struts, leav-
ing an overlap of both stents in the LMS. Following deployment of the second stent, 
the SB is then re-wired and fi nal ‘kissing’ balloon infl ation is performed to reshape 
the carina [ 44 ] (Fig.  17.4a ). The operator can also choose to perform a reverse 
Culotte  with  stenting fi rst the MB.

       Crush Stenting Techniques 

 This strategy can be used when there is a size mismatch between the MV (usually 
larger) and the SB (usually smaller) and the angle between the branches is <60° (to 
facilitate re-wiring of the SB). In the crush stenting technique, after wiring of both 
branches and pre-dilatation if required, two stents are advanced into both the MV 
and the SB. The SB is fi rst stented and then after removal of the wire and balloon 
the MV is then stented. The SB is then re-wired through the crushed stent and fi nal 
‘kissing’ balloon infl ation is performed [ 45 ] (Fig.  17.4b ). An evolution of this tech-
nique is the mini-crush technique where the overlap of the 2 stents in the MB is 
minimal and 2-step fi nal kissing balloon infl ation is performed: fi rst the post- 
dilatation with a non compliant balloon of the SB and then a fi nal kissing balloon 
infl ation on MB and SB [ 46 ]. A variation of this technique is the DK-crush (double- 
kiss crush) where two ‘kissing’ balloon infl ations are carried out both after stenting 
of the SB before MV stenting and at the end of the procedure [ 47 ].   

    Final Optimisation 

 IVUS imaging is central to the assessment of the LMS following stent implantation. 
Specifi cally, stent expansion and apposition, side-branch ostium assessment, fi nal 
vessel size and the presence of proximal or distal dissection are important. A sub-
group from the MAIN-COMPARE (Revascularisation for Unprotected Left Main 
Coronary Stenosis: Comparison of Percutaneous Coronary Angioplasty Versus 
Surgical Revascularisation) registry reported that IVUS guidance was associated 
with improved 3-year mortality compared with conventional angiography- guided 
procedures after adjustment with propensity matching [ 48 ]. OCT has also been used 
in the evaluation of LMS following PCI [ 49 ] although due to the limitations as pre-
viously described in particular with regards to the diameter of the vessel and diffi -
culty in obtaining high quality imaging, IVUS is currently recommended as the 
preferable intravascular imaging modality.  
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    Complications 

 A number of complications can occur during ULMS PCI. There are a number of 
technical aspects that can be utilised to reduce the likelihood of occurrence and also 
strategies that can be employed to manage them when they do occur. These are 
outlined in Table  17.1 .

       Post-procedure 

 Following ULMS PCI, patients should be prescribed dual anti-platelet therapy 
(DAPT). The optimal duration of DAPT in this patient cohort is still to be deter-
mined and the continued use beyond 6 or 12 months  is  unclear in this patient group 

  Fig. 17.4    Examples of bifurcation 2-stent strategies. ( a ) Culotte stenting. Suitable when both 
branches of a bifurcation are of similar diameter with a shallow angle ( i ). Both branches are wired 
( ii ). The side branch is stented fi rst ( iii ). The main branch is re-wired and then stented ( iv ), fol-
lowed by a kissing balloon post-dilation ( v ) resulting in excellent fi nal angiographic result ( vi ). ( b ) 
Crush stenting. Suitable when there is a size mismatch between the main branch and the side 
branch ( i ). After wiring of both branches, both stents are advanced ( ii ); the side branch is stented 
fi rst ( iii ). The wire and balloon are removed and the main branch is stented ( iv ). There is a fi nal 
kissing balloon post-dilation after the SB is re-wired through the crushed stent ( v ) resulting in an 
excellent angiographic result ( vi ). ( c ) Mini-crush stenting. Suitable when there is a size mismatch 
between the two branches ( i ). Both branches are wired and both stents are advanced ( ii ). The side 
branch stent is deployed with minimal protrusion of the proximal stent struts into the main branch 
( iii ). After post-dilation of the side branch stent, the main vessel is stented crushing the fi rst stent 
( iv ). The side branch is re-wired and fi nal kissing balloon infl ation is performed ( v ) resulting in an 
excellent angiographic result ( vi )       
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[ 50 ,  51 ]. The current guidelines [ 10 ] suggest a minimum of 12 months DAPT after 
implantation of a DES, although there maybe additional benefi t of continued DAPT 
beyond 1 year but at the risk of increased bleeding [ 52 ]. 

 Finally, patients may also represent with LMS in-stent restenosis. The appropri-
ate treatment is debated but options include, treatment with repeat DES implanta-
tion, treatment with a drug-eluting balloon, plain old balloon angioplasty (POBA) 
or coronary artery bypass grafting (CABG). Repeat PCI in this setting appears to be 
safe and effective with favourable 2-year outcomes [ 53 ].  

    Conclusions 

     1.    In patients presenting with signifi cant LMS stenosis, PCI is a potential manage-
ment strategy that is technically feasible and associated with favourable short 
and medium term outcomes.   

   2.    The diagnosis of LMS disease with the use of adjunctive tools to accurately 
delineate plaque composition and its functional signifi cance is critical to proce-
dural planning. Anatomical considerations including involvement of the bifurca-
tion determine the stenting strategy employed.   

   3.    Following stent implantation, intravascular imaging is essential in confi rming an 
acceptable response and maximising longer term outcomes.         
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    Chapter 18   
 DAPT After Stenting in Stable and Acute 
Coronary Syndromes- Does the Drug 
Combination Really Matter?       

       Dimitrios     Alexopoulos     

    Abstract     Dual antiplatelet treatment (DAPT) represents the standard of care in 
stable coronary artery disease and in acute coronary syndrome (ACS) patients 
undergoing stenting. Aspirin is the cornerstone of adjunctive medical therapy and a 
P2Y12 inhibitor is the second component of DAPT, with clopidogrel being the most 
widely used agent. In stable patients clopidogrel can be used in the overwhelming 
majority of them. The well recognized variability to clopidogrel response raises 
concerns about the usefulness of high-dose clopidogrel, prasugrel or ticagrelor in 
patients with high on-clopidogrel platelet reactivity or high risk angiographic fea-
tures. However, randomized trials involving mainly stable patients with intensifi ca-
tion of antiplatelet action have failed to improve outcome. In ACS patients, prasugrel 
and ticagrelor are more effi cient than clopidogrel regarding ischemic events and 
may be preferred. Special attention should be given to the higher bleeding potential 
of prasugrel (mainly) and ticagrelor compared with clopidogrel. Subgroups have 
been identifi ed in which the hazard ratio of ischemic events is particularly favorable, 
like ST-segment elevation myocardial infarction and diabetic patients treated with 
prasugrel and patients with renal dysfunction treated with ticagrelor. Clinical head-
to- head comparisons between prasugrel and ticagrelor do not exist, though indirect 
comparisons, pharmacodynamic and registry data may assist the choice of the one 
agent over the other. In case of an increased bleeding risk, selection of the less 
potent clopidogrel seems prudent. Overall the appropriate DAPT should be defi ned 
for the individual patient following a balance between thrombotic and bleeding risk.  

  Keywords     Antiplatelet drug   •   Clopidogrel   •   Prasugrel   •   Ticagrelor   •   Stable angina   
•   Acute coronary syndrome   •   Percutaneous coronary intervention   •   Adjunctive 
pharmacotherapy  
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    Dual antiplatelet treatment (DAPT) represents the standard of care in stable coro-
nary artery disease and in acute coronary syndrome (ACS) patients undergoing 
percutaneous coronary intervention (PCI) with stent implantation [ 1 – 4 ]. Aspirin 
is the cornerstone of adjunctive medical therapy with its role very rarely chal-
lenged, like in cases of hypersensitivity to aspirin. A P2Y12 inhibitor is the sec-
ond component of DAPT, with clopidogrel being the most widely used agent. 
However, the well recognized variability to clopidogrel response [ 5 ] raises con-
cerns for identifying patients with high on-clopidogrel platelet reactivity (HPR), 
particularly in subpopulations with an increased risk for stent thrombosis. Clinical 
scenarios (e.g. diabetes, chronic kidney disease) and PCI anatomic features of 
high risk might challenge clopidogrel choice as the second antiplatelet agent. 
Genotypes associated with HPR or HPR itself can be identifi ed and ‘treated’ 
either by increasing clopidogrel dose or, more effectively by novel oral P2Y12 
inhibitors prasugrel and ticagrelor [ 6 ,  7 ]. But does this really matter in stable 
CAD patients? Prasugrel and ticagrelor have been introduced in clinical practice 
because of their antiischemic superiority vs clopidogrel as proven in TRITON-
TIMI 38 (Trial to Assess Improvement in Therapeutic Outcomes by Optimizing 
Platelet Inhibition with Prasugrel-Thrombolysis In Myocardial Infarction 38), 
and in PLATO (PLATelet inhibition and patient Outcomes) trial, respectively [ 8 , 
 9 ]. Both trials involved ACS patients and therefore the clinical role of the potent 
agents seems to be restricted only in such patients. Both trials identifi ed sub-
groups where the hazard ratio (HR) of ischemic events was particularly favorable 
like ST-segment elevation myocardial infarction (STEMI) and diabetic patients in 
TRITON or in patients with renal dysfunction in PLATO. Selection of a new 
agent is particularly attractive in these cohorts, even for the conservative cardiolo-
gist who does not adopt a ‘one size fi ts all’ approach for using new agents in the 
absence of contraindications or concerns about bleeding risk and increased cost 
over clopidogrel. 

 In ACS patients undergoing PCI and treated with a novel agent, data for prefer-
ential use of prasugrel vs ticagrelor and vice versa are scarce. There have been no 
randomized clinical head-to-head comparison between prasugrel and ticagrelor. 
However, indirect comparisons, pharmacodynamic and registry data may assist the 
choice of the one agent over the other. The issue of pre-hospital administration of 
prasugrel and ticagrelor has been recently investigated in nonSTEMI and STEMI 
patients respectively [ 10 ,  11 ]. In STEMI patients undergoing primary PCI a delay in 
the onset of antiplatelet activity has been observed for both prasugrel and ticagrelor, 
delineating a gap for which an intravenous P2Y12 inhibitor like cangrelor seems 
particularly attractive [ 12 ,  13 ]. 

 Regarding bleeding potential, although special warning for precaution of pra-
sugrel and ticagrelor are quite similar to those for clopidogrel for conditions 
carrying an increased bleeding risk, a choice of the less potent clopidogrel 
appears prudent in such scenarios. Finally, the number and type of antiplatelet 
agents needed post PCI in patients requiring oral anticoagulation remains 
unresolved. 
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    Aspirin Hypersensitivity 

 Background therapy with aspirin continues to be the unwavering, cornerstone of 
antiplatelet therapy. Hypersensitivity to aspirin can be a challenge, while isolated 
catastrophic events with stent thrombosis have been described [ 14 ]. Hypersensitivity 
to aspirin occurs very rarely (0.3–0.9 %) in the general population and rapid oral 
desensitization and subsequent aspirin administration have been proposed to over-
come it [ 15 ,  16 ]. In primary PCI patients with aspirin hypersensitivity or in cases of 
failed initial aspirin desensitization the use of low thrombogenicity stents like endo-
thelial progenitor cell capture stents has been described [ 17 ,  18 ]. Alternatively, anti-
platelet treatment with clopidogrel and indobufen has also been suggested in ACS 
patients with hypersensitivity to aspirin undergoing coronary stenting [ 19 ].  

    Stable CAD Patients 

 The fi rst oral antiplatelet agent used in addition to aspirin in PCI patients was ticlop-
idine [ 20 ]. This was quickly replaced by clopidogrel due to better tolerability and at 
least equivalent effi cacy [ 21 ]. In the CREDO (Clopidogrel for the Reduction of 
Events During Observation) trial the benefi t of clopidogrel pre-treatment as well as 
long-term DAPT were demonstrated [ 22 ,  23 ]. Clopidogrel is administered irrespec-
tive of the type of implanted stent (bare metal or drug eluting), the latter affecting 
the suggested duration of treatment but not the P2Y12 inhibitor choice. A loading 
dose of 600 mg is proposed followed by 75 mg maintenance dose [ 1 ]. 

 Clopidogrel, however, has several limitations, including a delay in onset of anti-
platelet action, variability in response, and modest potency [ 5 ]. HPR while on clopi-
dogrel has been associated with major adverse cardiovascular events post PCI, 
including stent thrombosis, although results of studies exclusively in stable CAD 
patients have been contradictory. In 1069 patients taking clopidogrel and undergo-
ing elective PCI with stenting, on-treatment platelet reactivity was measured by 
different platelet function assays. The primary end point (defi ned as a composite of 
all-cause death, nonfatal acute myocardial infarction, stent thrombosis, and isch-
emic stroke) occurred more frequently in patients with HPR by four assays. 
However, the predictive accuracy of these four tests was only modest [ 24 ]. In 1095 
ACS patients and 1329 stable CAD patients treated with PCI on-clopidogrel HPR 
was measured by the VerifyNow P2Y12 assay (Accumetrics, San Diego, CA). 
During a 22 months follow up, HPR was associated with higher risks of the primary 
end point (a composite of death, myocardial infarction, stent thrombosis, or stroke) 
in patients with ACS with a HR, 95 % confi dence interval (CI 2.03, 1.30–3.18, 
p = 0.002) but not in those with stable CAD, HR, 95 % (CI 1.00, 0.71–1.39, p = 0.98) 
[ 25 ]. In a collaborative meta-analysis of 6 studies with 3059 patients (2/3 of them 
with stable CAD) the level of on-treatment platelet reactivity was associated with 
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long-term cardiovascular events after PCI, including death, myocardial infarction, 
and stent thrombosis [ 26 ]. In the prospective, multicentre, large-scale ADAPT-DES 
registry involving 8583 patients with 48.3 % of them with stable CAD patients, 
HPR identifi ed with the VerifyNow assay was an independent predictor of both 
early (HR, 95 % CI 3.00, 1.39–6.49, p = 0.005) and 1-year stent thrombosis (HR, 
95 % CI 2.49, 1.43–4.31, p = 0.001) [ 27 ]. The risk associated with HPR was greater 
in patients with ACS than in patients undergoing PCI for stable angina. For the lat-
ter, this risk was non-signifi cant. Low event rates have been implicated for these 
fi ndings [ 28 ]. 

 Platelet function testing can easily be performed even with a point-of care 
assay. Genotyping also for the CYP2C19*2 dysfunctional allele can identify 
patients with high probability for HPR. The latter can be ‘treated’ either by 
increasing clopidogrel dose or, more effectively, by novel oral P2Y12 inhibitors 
prasugrel and ticagrelor [ 29 ,  30 ]. But does this really matter in stable CAD 
patients? Three randomised trials [GRAVITAS (Gauging Responsiveness With A 
VerifyNow Assay-Impact On Thrombosis And Safety), TRIGGER-PCI (Testing 
Platelet Reactivity In Patients Undergoing Elective Stent Placement on Clopidogrel 
to Guide Alternative Therapy With Prasugrel) and ARCTIC (Assessment by a 
Double Randomization of a Conventional Antiplatelet Strategy versus a 
Monitoring-guided Strategy for Drug- Eluting Stent Implantation and of Treatment 
Interruption versus Continuation One Year after Stenting)] have examined the 
utility of more potent P2Y12 inhibition in patients with HPR while on clopido-
grel, but were unable to show a reduction in stent thrombosis or myocardial infarc-
tion with this approach [ 31 – 33 ]. Of note, these trials included mostly or exclusively 
stable CAD patients constituting therefore a low risk population with low events 
rate. Different results have been obtained in a recent observational study in 923 
stable or non-ST elevation ACS patients undergoing PCI and exhibiting on-clopi-
dogrel HPR by multiple electrode aggregometry [ 34 ]. During a median follow-up 
of 571 days, intensifying antiplatelet therapy by doubling clopidogrel mainte-
nance dose or switching to prasugrel or ticagrelor reduced the risk of the compos-
ite of cardiovascular death, myocardial infarction, stroke, or stent thrombosis to a 
level equivalent to that of patients exhibiting normal platelet reactivity (HR, 95 % 
CI, 1.08, 0.59–1.99). 

 Overall, in stable patients after uncomplicated PCI, standard-dose clopidogrel 
should be preferred and routine platelet function testing or genotyping is not recom-
mended. We feel however, that the use of novel agents might be considered, prefer-
ably based on platelet function results, in cases with high risk PCI anatomy e.g. left 
main, bifurcation/proximal left anterior descending artery, last remaining patent 
vessel. This may be particularly relevant in clinical scenarios with expected high 
prevalence of on-clopidogrel HPR like in diabetic or chronic kidney disease patients 
[ 35 ,  36 ]. 

 Finally, in the rare event of stable patients undergoing PCI and presenting with 
allergy to clopidogrel the novel P2Y12 inhibitors have been successfully used as an 
alternative solution [ 37 ,  38 ].  
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    Patients with ACS 

 In the randomized, double-blind PCI CURE (Clopidogrel in Unstable angina to 
prevent Recurrent Events) trial in 2658 patients with non-ST-elevation ACS under-
going PCI a strategy of clopidogrel pre-treatment followed by long-term therapy 
was proven benefi cial in reducing major cardiovascular events, compared with pla-
cebo [ 39 ]. The primary endpoint -a composite of cardiovascular death, myocardial 
infarction, or urgent target-vessel revascularization- within 30 days of PCI occurred 
in 4.5 and 6.4 % of patients in the clopidogrel group and placebo group, respectively 
[relative risk (95 % CI) 0.70 (0.50–0.97), p = 0.03]. Clopidogrel was subsequently 
introduced as a mainstay treatment in addition to aspirin in such patients. 

 In the TRITON-TIMI 38 trial, prasugrel (60 mg loading dose, 10 mg mainte-
nance dose) has been compared with clopidogrel (300 mg loading dose, 75 mg main-
tenance dose) for 6–15 months in 13,608 clopidogrel-naïve, moderate-to-high- risk 
ACS patients undergoing PCI [ 8 ]. The primary composite effi cacy end point of car-
diovascular death, non-fatal myocardial infarction or non-fatal stroke occurred less 
frequently among patients assigned to prasugrel as compared with those treated with 
clopidogrel [9.9 % vs 12.1 %, HR (95 % CI) 0.81 (0.73–0.90), p < 0.001]. Lower 
rates of myocardial infarction [7.4 % vs 9.7 %, HR (95 % CI) 0.76 (0.67–0.85), 
p < 0.001] and stent thrombosis [1.1 % vs 2.4 %, HR (95 % CI) 0.48 (0.36–0.64), 
p < 0.001] were observed in patients receiving prasugrel. No difference in mortality 
rates was found between patients treated with prasugrel or clopidogrel [3.0 % vs 
3.2 %, HR (95 % CI) 0.95 (0.78–1.16), p = 0.64]. The benefi t of prasugrel came at 
the expense of an increased rate of major bleedings [2.4 % vs 1.8 %, HR (95 % CI) 
1.32 (1.03–1.68), p = 0.03)] as well as life-threatening and fatal bleeding. In post hoc 
subgroup analyses, patients with a history of stroke/ transient ischemic attack (TIA) 
had net harm and elderly patients ≥75 years, and patients with a body weight <60 kg 
experienced no net clinical benefi t with prasugrel as compared with clopidogrel. 
Although the design of the TRITON–TIMI 38 trial had some limitations, including 
comparison with 300 mg of clopidogrel and lack of pre-treatment, prasugrel was 
introduced as an alternative for clopidogrel in clopidogrel-naive patients, without a 
history of stroke/TIA and without excess risk for bleeding. Prasugrel should be given 
no later than 1 h after PCI, once coronary anatomy is defi ned and a decision is made 
to proceed with PCI. There is a special warning for precaution in elderly patients 
≥75 years, and patients with a body weight <60 kg. Particular consideration for 
prasugrel may be given in patients with STEMI and in those with diabetes, where the 
balance of benefi t and risk should be maximized [ 40 ,  41 ]. 

 In the PLATO trial ticagrelor (180 mg loading dose, 90 mg twice daily mainte-
nance dose) has been compared with clopidogrel (300–600 mg loading dose, 75 mg 
maintenance dose) in 18,624 patients with ACS managed either invasively or medi-
cally [ 9 ]. DAPT was initiated prior to PCI in the majority of patients. At 12 months 
of follow-up, the rate of a composite of cardiovascular death, myocardial infarction 
and stroke was lower among patients in ticagrelor arm as compared with  clopidogrel 
arm [9.8 % vs 11.7 %, HR (95 % CI) 0.84 (0.77–0.92), p < 0.001]. A remarkable 
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reduction in death from vascular causes was observed with ticagrelor vs clopidogrel 
(4.0 % vs. 5.1 %, p = 0.001). While there were no differences in the overall rates of 
major bleeding (11.6 % vs 11.2 %, p = 0.43), patients treated with ticagrelor had a 
higher risk of major bleeding not related to coronary artery bypass grafting [4.5 % 
vs 3.8 %, HR (95 % CI) 1.19 (1.02–1.38), p = 0.03]. Among 13,408 (72. 0 %) of 
PLATO patients in whom an invasive strategy was planned, the primary composite 
endpoint occurred in fewer patients in the ticagrelor group than in the clopidogrel 
group [HR (95 % CI) 0.84 (0.75–0.94), p = 0.0025] [ 42 ]. Cardiovascular death rate 
was reduced by ticagrelor vs clopidogrel [HR (95 % CI) 0.82 (0.68–0.98), p = 0.025]. 
There was no difference between clopidogrel and ticagrelor groups in the rates of 
total major bleeding. Of note, 10,298 (76.8 %) of patients with planned invasive 
strategy underwent PCI before discharge. Patients with renal dysfunction and 
elderly patients were particularly benefi ted by ticagrelor over clopidogrel [ 43 ,  44 ]. 
Ticagrelor was introduced into clinical practice as an alternative to clopidogrel for 
ACS patients with moderate-to high risk for ischemic events (e.g. troponin eleva-
tion), including those pre-treated with clopidogrel. In a recently published pre- 
specifi ed PLATO substudy the benefi t of ticagrelor over clopidogrel was present 
irrespective of the increase in high-sensitivity troponin T in the invasively but not in 
the non-invasively managed patients [ 45 ]. 

 Regarding the benefi t of platelet function testing to adjust therapy in ACS 
patients undergoing stenting, there is no evidence for a routine role. Out of the 3 
relevant randomized trials mentioned above the GRAVITAS and the ARCTIC stud-
ies included ACS patients as well, with the previously discussed results. In a pro-
spective registry of 741 ACS patients undergoing PCI and pretreated with 
clopidogrel, patients with HPR by the Multiplate device were switched to prasugrel 
or treated with high-dose clopidogrel [ 46 ]. Switching to treatment with prasugrel 
reduced thrombotic and bleeding events to a level similar to that of those without 
HPR, while patients treated with high-dose clopidogrel presented a higher risk of 
both thrombotic and bleeding complications. Of interest, in a recent study in non-
STEMI patients, HPR was associated with increased rates of ischemic events only 
in patients with a high SYNTAX score, suggesting a possible role of platelet func-
tion testing according to angiographic disease severity [ 47 ]. 

 Despite the demonstrated antiischemic superiority of the novel antiplatelet 
agents over clopidogrel, concerns about their bleeding potential and increased cost, 
particularly when compared to generic clopidogrel, have hampered their penetra-
tion in general practice worldwide. In ESC Guidelines for the management of ACS 
in patients presenting without persistent ST-segment elevation (2011) clopidogrel 
was suggested in patients who cannot receive prasugrel or ticagrelor (class I, level 
of evidence A, recommendation), and in the respective ones for patients with 
ST-segment elevation (2012) clopidogrel was suggested preferably when prasugrel 
or ticagrelor was either not available or contraindicated (class I, level of evidence C, 
recommendation) [ 48 ,  49 ]. On the other hand, it was only in the very recently 
released AHA/ACC Guidelines for the management of patients with 
 Non-ST- Elevation ACS when a choice of prasugrel or ticagrelor over clopidogrel 
was considered reasonable, with IIa, level of evidence B, recommendation [ 2 ]. 
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 There are several recent reports in the literature of switching initial P2Y12 inhib-
itor choice, mostly in the mode of clopidogrel to prasugrel or ticagrelor [ 50 ,  51 ]. Of 
note, special warnings for precautions concerning bleeding potential of the 3 oral 
P2Y12 inhibitors appear rather similar in their prescribing information. However, in 
real practice a choice of the less potent clopidogrel is selected in case of such a clini-
cal condition [ 52 ]. Of importance, recent preliminary results from an observational 
study of prasugrel vs. clopidogrel at 233 U.S. hospitals involving 12,227 myocar-
dial infarction patients treated with PCI revealed at 12 months lower major adverse 
events (composite of all-cause death, myocardial infarction, stroke, or unplanned 
coronary revascularization) in patients receiving prasugrel vs. clopidogrel in unad-
justed comparison. This difference was no longer signifi cant following adjustment. 
Prasugrel was associated with signifi cantly lower adjusted risk of stent thrombosis. 
Bleeding adjusted risk was higher with prasugrel compared with clopidogrel, 
though differences were not signifi cant among patients more likely to be treated 
with prasugrel in community practice [ 53 ]. 

 In case of stent thrombosis in a patient treated with clopidogrel, switching treat-
ment to a potent agent either prasugrel or ticagrelor is a widely applied practice. 
This ideally- though not necessary- should be guided by platelet function testing 
which documents laboratory and clinical ‘resistance’ to clopidogrel. 

 A personal view of oral P2Y12 inhibitor choice for stable or ACS patients under-
going PCI and stenting is shown in Table  18.1 . Associated bleeding risk should 
signifi cantly impact on antiplatelet choice, while a bleeding risk score like that 
 proposed by Mehran et al. may be applied for event prediction [ 54 ,  55 ].

       Prasugrel or Ticagrelor? 

 No direct randomized comparison between prasugrel and ticagrelor has been per-
formed to date with clinical outcome. Data from network meta-analyses suggested 
similar safety and effi cacy of the two drugs, but indicated better protection from 
stent thrombosis with prasugrel at the expense of a higher rate of bleeding [ 56 ,  57 ]. 

   Table 18.1    Oral P2Y12 inhibitor selection post PCI   

 Stable CAD  ACS 

 Usual TR  High TR/low BR 

 Usual TR  High TR 

 Usual BR  High BR  Usual BR  High BR 

 Clopidogrel  +++  +++  +  ++  –  ++ a  
 Prasugrel  –  +/−  +++  –  +++  – 
 Ticagrelor  –  +/−  +++  ++  +++  +++ 

  High TR may include patients with diabetes, renal failure, HPR on clopidogrel, carriers of 
CYP2C19*2 or with anatomic features for high risk PCI. STEMI patients also carry a high TR 
  BR  bleeding risk,  TR  thrombotic risk 
  a With the exemption of stent thrombosis, when ticagrelor should be preferred  
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However, differences between TRITON-TIMI 38 and PLATO designs and the con-
text of the two trials limit comparability of these fi ndings. The ongoing ISAR- 
REACT (iNtracoronary Stenting and Antithrombotic Regimen: Rapid Early Action 
for Coronary Treatment)-5 clinical outcome trial will elucidate this issue [ 58 ]. So 
far, in a direct, randomized, pharmacodynamic comparison of prasugrel vs ticagre-
lor in ACS patients post stenting with HPR while on-clopidogrel, ticagrelor 
reduced platelet reactivity by VerifyNow more than prasugrel (32.9 PRU, 95 % CI 
18.7–47.2 vs 101.3 PRU, 95 % CI 86.8–115.7, respectively, p < 0.001), Fig.  18.1  
[ 59 ]. Similar results have been obtained in diabetic patients [ 60 ]. The clinical rel-
evance of this pharmacodynamic difference is unclear. In an observational study of 
bleeding events following 1-month maintenance treatment with either ticagrelor or 
prasugrel and following propensity matching, BARC type 1 bleeding rate was mar-
ginally higher in ticagrelor vs prasugrel treated patients (35.7 % vs 27.1 %, 
p = 0.05), though BARC type ≥2 events did not differ between groups [ 61 ]. As 
ticagrelor appears to have fewer contraindications/ special warnings for precaution 
than prasugrel, it has been suggested that a STEMI protocol using ticagrelor allows 
a higher proportion of patients to receive a novel P2Y12 inhibitor compared to a 
protocol based on prasugrel and a higher adhesion to the protocol by emergency 
practitioners [ 52 ,  62 ].

   In STEMI patients undergoing primary PCI, direct, randomized, pharmacody-
namic comparisons between ticagrelor and prasugrel did not reveal any signifi cant 
difference between them regarding platelet reactivity during the fi rst 24 h [ 12 ,  63 ]. 
However, a delay in the onset of antiplatelet action from what expected from stable 
or ACS patients data was observed for the fi rst 2 h for both agents, likely due to a 
delayed absorption. 
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  Fig. 18.1    PR (in PRU) by treatment sequence. PR is signifi cantly lower in patients receiving 
ticagrelor compared with prasugrel. Least squares estimates and 95 % confi dence intervals are 
presented.  PR  indicates platelet reactivity,  PRU  indicates platelet reactivity unit(s) (Reprinted, fol-
lowing permission, from Ref. [ 59 ])       
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 The issue of pre-treatment with prasugrel or ticagrelor has been addressed by two 
recent trials. In the ACCOAST (Comparison of Prasugrel at the Time of Percutaneous 
Coronary Intervention (PCI) or as Pretreatment at the Time of Diagnosis in Patients 
with Non-ST Elevation Myocardial Infarction) trial 4033 patients with NSTE ACS 
and a positive troponin level were randomized to pre- treatment with prasugrel 30 mg 
(and additional 30 mg at the time of PCI) vs placebo and 60 mg of prasugrel at the 
time of PCI. The rate of the primary effi cacy end point did not differ between arms, 
while the rate of the key safety end point of all Thrombolysis in Myocardial Infarction 
(TIMI) major bleeding episodes through day 7 was increased with pre-treatment 
[hazard ratio (95 % CI) 1.90 (1.19–3.02), p = 0.006] [ 10 ]. Following these results, 
prasugrel received a class III recommendation in the recent ESC guidelines for 
revascularization [ 4 ]. In the ATLANTIC (Administration of Ticagrelor in the Cath 
Lab or in the Ambulance for New ST Elevation Myocardial Infarction to Open the 
Coronary Artery) study in 1862 patients with on-going STEMI, pre-hospital admin-
istration of ticagrelor loading dose (180 mg) was not associated with any difference 
in ST resolution before PCI or TIMI fl ow at initial angiography compared to in-
hospital administration [ 11 ]. A lower stent thrombosis rate was observed with the 
pre-hospital administration, a fi nding that however should be considered as explor-
atory. Major bleeding events did not differ between groups. Pre-hospital administra-
tion of ticagrelor appears therefore safe and supports its administration at fi rst 
medical contact in patients with STEMI. 

 Finally, the unusual event of HPR while on prasugrel leading to stent thrombosis 
can be successfully managed by ticagrelor [ 64 ].  

    Role of an Intravenous Antiplatelet Agent 

 Cangrelor is an intravenous, reversible P2Y12 inhibitor with rapid (within minutes) 
onset and offset of action which is currently undergoing regulatory review for 
approval in the US and Europe. In the Cangrelor Versus Standard Therapy to 
Achieve Optimal Management of Platelet Inhibition (CHAMPION PHOENIX) 
trial, 10,942 P2Y12 inhibitor naïve patients with stable CAD or ACS undergoing 
PCI were randomized to receive clopidogrel 300 or 600 mg LD or cangrelor 30 mcg/
kg bolus + 4 mcg/kg/min for 2–4 h, initiated just before the PCI. Cangrelor reduced 
the 48-h primary endpoint (a composite of death, myocardial infarction, ischemia- 
driven revascularization, or stent thrombosis) from 5.4 to 4.1 % [odds ratio (95 % 
CI) 0.75 (0.63–0.90), p = 0.002]. Diagnosis at presentation (stable angina, nonSTE-
ACS, STEMI) did not affect this outcome (p for interaction = 0.98). There was no 
increase in the incidence of severe bleeding with cangrelor, although moderate 
bleeding was increased [ 13 ]. Cangrelor may therefore appear as an attractive alter-
native to clopidogrel particularly suitable for patients not pre-treated, heavily 
sedated, vomiting or intubated patients, or those treated with therapeutic hypother-
mia after cardiac arrest. Cangrelor’s role in the early hours of STEMI in comparison 
with potent agents deserves further elucidation.  
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    Concomitant Need for Oral Anticoagulants 

 One of the ‘hottest’ areas of interest is DAPT in the context of triple antithrombotic 
treatment. Long-term oral anticoagulation is required in approximately 7 % of PCI 
patients and triple antithrombotic treatment carries undoubtedly a several-fold 
increased bleeding risk. Apart from the duration, the ideal type of DAPT is unclear. 
The safety and effi cacy of clopidogrel alone compared with clopidogrel plus aspirin 
was investigated in the WOEST randomised trial involving 573 patients on oral 
anticoagulants and undergoing PCI. The primary outcome of any bleeding episode 
within 1 year of PCI occurred less frequently in the double compared to triple ther-
apy group [HR (95 % CI) 0.36 (0.26–0.50) p < 0.0001] without concomitant increase 
in the rate of thrombotic events [ 64 ]. The ISAR-TRIPLE trial randomized 614 
patients to receive aspirin and a vitamin-K antagonist plus 6 weeks or 6 months of 
clopidogrel [ 65 ]. Following 9-months, no difference in the primary endpoint (death, 
myocardial infarction, stent thrombosis, stroke or TIMI major bleeding) was 
observed between groups. WOEST and ISAR-TRIPLE therefore, suggested a strat-
egy of omitting aspirin or clopidogrel beyond the 6th week, respectively. Prasugrel- 
instead of clopidogrel- has been studied as a part of triple therapy in an observational 
registry, with an unacceptably high rate of bleeding events, and should not be given 
in this setting [ 66 ].  

    Conclusion 

 There are several controversial and unresolved issues remaining when prescribing 
DAPT following stenting.

    1.    In stable CAD patients undergoing PCI, clopidogrel can be used in the over-
whelming majority.   

   2.    In patients with documented or in high risk for HPR while on-clopidogrel and in 
those with anatomic features for high risk PCI one may think of using a novel 
agent, although data from available randomized studies were not positive for 
such a strategy.   

   3.    In ACS patients, prasugrel and ticagrelor should be preferred over clopidogrel, 
particularly if a high thrombotic and a usual bleeding risk are present. Prasugrel 
should not be used if the bleeding risk is high, in which case clopidogrel or 
ticagrelor may be preferred. The latter is, likely, a better choice in cases carrying 
a high thrombotic risk.   

   4.    The role of cangrelor and the antiplatelet constituents of triple antithrombotic 
therapy if needed, requires further elucidation.   

   5.    The appropriate DAPT should be defi ned for the individual patient following a 
balance between thrombotic and bleeding risk. Overall, a treatment strategy tai-
lored to post PCI patients should have outcome improvement as the ultimate 
objective.         
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    Chapter 19   
 Invasive Management in CAD Patients 
with Stage 4 Renal Dysfunction or on Dialysis       

       Josephine     Warren      ,     Usman     Baber      , and     Roxana     Mehran     

    Abstract     Chronic kidney disease (CKD) is an independent risk factor for coronary 
artery disease (CAD), and is associated with more complex coronary pathologies 
such as multivessel disease and left main involvement. Greater reductions in renal 
function are associated with increasingly poor outcomes following revasculariza-
tion therapy. The optimal revascularization approach for obstructive CAD in stable 
or unstable coronary syndromes in CKD has not been defi ned as there is a lack of 
suffi ciently powered randomized data in this patient subset. While coronary artery 
bypass grafting (CABG) appears to be associated with better long-term survival and 
less long-term ischemic events than percutaneous coronary intervention (PCI), the 
choice of revascularization therapy should be individualized, taking into account 
patient co-morbidities, functional status, and preference.  

  Keywords     Dialysis   •   Renal impairment   •   Percutaneous coronary intervention   • 
  Coronary artery bypass grafting  

       Introduction 

 Chronic kidney disease (CKD) is an independent risk factor for the development of 
coronary artery disease (CAD), and its presence is associated with a higher inci-
dence of complex and diffuse coronary pathology [ 1 – 3 ]. The development of end 
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stage renal disease (ESRD, defi ned as a glomerular fi ltration rate (GFR) of <15 mL/
min/1.73 m 2 ) further complicates clinical prognosis, conferring increased risk of 
adverse outcomes following index cardiac events and interventional procedures [ 4 ]. 
Further highlighting the additive and interconnected relationship between these 
conditions, cardiovascular disease is the greatest driver of mortality in patients with 
ESRD, responsible for almost 50 % of deaths [ 5 ,  6 ]. These conditions share com-
mon risk factors [ 7 ], and are projected to rise in prevalence as the population ages, 
emphasizing the necessity of defi ning an optimal management strategy. 

 Several issues remain unresolved in this area. The consensus from the ACCF/
AHA/SCAI guidelines indicate an invasive strategy is reasonable (Class IIb) in the 
management of CAD in patients with chronic renal impairment, and the National 
Kidney Foundation recommend that the selection of invasive management should 
be the same for dialyzed as non-dialyzed patients [ 8 ]. However, these guidelines 
were largely formed by randomized clinical trials that excluded patients with severe 
renal impairment. Current literature pertaining to revascularization in patients with 
ESRD is limited to observational, retrospective studies with a small sample sizes [ 9 , 
 10 ]. Furthermore, despite their worse clinical state, benefi cial therapies are para-
doxically underutilized in this patient subset for fear of complications or bleeding 
events, which is referred to as therapeutic nihilism [ 11 ]. 

 Further factors contributing to poor outcomes in patients with severe renal 
impairment undergoing revascularization are the presence of extensive co- 
morbidities, in particular as diabetes and hypertension, as well as the toxic meta-
bolic environment and the pro-atherosclerotic, prothrombotic state [ 11 ]. This 
chapter will explore the optimal method of revascularization in patients with severe 
renal disease.  

    Relationship Between Renal Impairment and Coronary 
Artery Disease 

 Delineating the infl uence of CKD on the pathogenesis of CAD is important in 
assessing the best invasive technique in this complex patient population. There is a 
correlation between renal function and the extent of CAD, as CKD is associated 
with markers of atherosclerotic plaque vulnerability, plaque disruption, accelerated 
atherosclerosis, and increased blood thrombogenicity and vascular calcifi cation, 
which renders patients with CKD at a signifi cantly higher risk for myocardial 
infarction and cardiac death [ 7 ,  12 ,  13 ]. The interplay between renal impairment 
and manifestation of CAD is summarized in Fig.  19.1 .   

 Patients with CKD are predisposed towards more complex CAD, with a higher 
prevalence of multivessel disease, proximal or left main disease and heavy calcifi ca-
tion [ 14 ,  15 ]. In addition, renal failure compromises oxygen supply to the myocar-
dium through processes such as anemia, metabolic imbalance and microvascular 
disease leading to depressed coronary reserve [ 16 ]. 

 The oxidative and metabolic processes associated with dialysis, which include 
renal anemia, uremia, cytokine excess, endothelial dysfunction and accumula-
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tion of pro-infl ammatory products, render the vasculature more vulnerable to 
accelerated atherosclerosis [ 12 ,  13 ,  17 ]. Indeed, it is estimated that approxi-
mately 40 % of all patients on dialysis suffer CAD, with a recent case series 
reporting that over 60 % of non-selected dialysis patients had CAD with >75 % 
stenosis, and an average of 3.3 lesions per patient [ 18 – 20 ]. A signifi cant propor-
tion of patients who start on dialysis already have an extensive risk factor profi le 
for CAD, with large numbers of patients suffering diabetes, dyslipidemia, hyper-
tension and left ventricular dysfunction prior to initiation of therapy [ 7 ]. As a 
result, there is a high rate of de novo CVD development in patients on dialysis, 
and the co-existence of risk factors also confounds the hazard of poor outcomes 
following revascularization [ 21 ]. Exposure to the dialysis membrane increases 
the already heightened platelet reactivity seen in patients with severe renal 
impairment, as well as infl ammation and corresponding thrombotic biomarkers 
[ 22 – 24 ]. Paradoxically, however, platelet reactivity is reduced at the end of dial-
ysis and hemostatic changes are partially corrected for with the reduction of ure-
mic toxins [ 25 ]. 

 The risk of myocardial infarction (MI) in patients on dialysis is fi ve-fold higher 
than that of the general population, and the 1-year mortality rate post-MI approaches 
60 % in patients with ESRD [ 26 ]. These statistics are compounded by the high 
rates of silent myocardial infarction in patients with dialysis [ 27 – 29 ]. Symptoms 
of MI, such as dyspnea and angina, may be mistaken as a manifestation of fl uid 
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overload, which is a common complication of dialysis, leading to delayed diagno-
sis and misidentifi cation or repeat ischemic symptoms. Detection is further com-
plicated by the reduced sensitivity of the ECG for detecting ischemia in patients 
with ESRD due to a high prevalence of baseline ST-changes and left ventricular 
hypertrophy [ 30 ].  

    Percutaneous Coronary Intervention Verses Coronary Artery 
Bypass Grafting 

 The National Kidney Foundation guidelines indicate that percutaneous coronary 
intervention (PCI) and coronary artery bypass grafting (CABG) are both viable 
options for the treatment of obstructive CAD in severe renal impairment, but that 
CABG should be preferred in the management of triple vessel and left main disease 
[ 31 ]. However, these recommendations are only a Class C level of evidence as they 
stem from post-hoc observation studies and/or consensus opinion. As in patients 
without ESRD, the ACCF/AHA/SCAI guidelines indicate that patients with com-
plex multivessel disease or severe disease involving the left main segment should be 
risk stratifi ed according to the SYNTAX score to determine optimal mode of revas-
cularization [ 32 ,  33 ]. Given these pathologies are more common in ESRD, it is logi-
cal that these patients have better survival when undergoing CABG, which has been 
demonstrated to confer a lower risk of long-term mortality [ 34 ]. 

 The Arterial Revascularization Therapies Study (ARTS) trial randomized 
patients with CKD, defi ned as creatinine clearance ≤60 mL/min, and multivessel 
disease to either PCI or CABG. Although survival outcomes at 3 years were sim-
ilar between patient groups, CABG was associated with a signifi cant reduction in 
the need for repeat revascularization [ 35 ]. However, it is important to note that 
PCI techniques utilized in ARTS do not refl ect contemporary methods and there-
fore these fi ndings may not be generalizable to contemporary management of 
PCI patients. Signifi cantly, the risk of poor outcomes conferred by even a mild 
reduction in renal function persisted at 3 years after intervention. Currently, there 
is no randomized data on patients with severe renal impairment, but several 
observational trials have indicated that the long-term benefi t of CABG becomes 
increasingly apparent with greater reductions in renal function [ 36 – 40 ]. 

    PCI and advanced renal disease 

 The consensus of several meta-analyses comparing invasive management of CAD 
in patients with severe renal disease has been that PCI is associated with better 
short-term survival, but confers a higher risk of myocardial infarction, repeat revas-
cularization and long-term mortality compared to CABG. Table  19.1  summarizes 
the major comparisons between the methods.
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      Mortality and Ischemic Events 

 Studies have concluded that PCI is associated with superior short term survival, 
effectively halving the 30-day mortality rate of CABG [ 34 ,  41 ,  42 ]. However, this 
risk reverses at 1-year, with CABG patients experiencing substantially lower 
long- term mortality rates than those receiving PCI. The survival and adverse 
event benefi t derived from CABG over PCI appears most marked in patients with 
ESRD [ 42 ], and long term mortality rates continue to be superior to 8-year fol-
low-up [ 38 ]. It is worth remembering that patients have a poor 1-year survival rate 
regardless of revascularization strategy, and so choice should be individualized, 
based on a patient’s individual prognosis and baseline profi le, as well as operator 
experience [ 41 ]. As well as conferring better long-term survival rates, CABG is 
associated with an increased duration of vessel patency, with signifi cantly lower 
rates of repeat revascularization, MI and composite ischemic events [ 34 ,  42 ,  49 ].   

    Acute Coronary Syndromes 

 Among patients with severe renal impairment, mortality following acute myocardial 
infarction is 16–19 fold higher than that of the general population, approaching 70 % 
at 1 year following the index event [ 50 ,  51 ]. Both the National Kidney Foundation 
and European Society of Cardiology guidelines indicate that treatment for dialyzed 
and ESRD patients should be the same as those without renal impairment, which 
extends to the use of all drugs and interventional procedures [ 31 ,  52 ]. Emergent PCI 
is preferred over the use of thrombolysis in patients with STEMI, and care should be 
given to dose adjustment of drugs with altered clearance in kidney failure [ 31 ]. 

 The effi cacy of early invasive strategy in patients with severe renal impairment 
presenting with NSTEACS remains controversial. There is substantial bias presid-
ing over the treatment of this patient group, who are more likely to be treated medi-
cally rather than invasively, or undergo revascularization with much greater delay 
[ 53 ]. The current ACC/AHA guidelines for NSTEACS do not specifi cally defi ne a 
management protocol for patients with severe renal impairment, but indicate that 

   Table 19.1    Direct comparison between PCI and CABG for patients with severe renal impairment   

 PCI  CABG 

  Short - term mortality    Better  [ 34 ,  41 – 43 ]  Worse 
  Repeat revascularization   Worse   Better  [ 34 ,  43 ] 
  Re - infarction   Worse   Better  [ 34 ,  43 ] 
  Long - term mortality   Worse   Better  [ 34 ,  41 ,  42 ] 
  Triple - vessel disease   Worse   Better  [ 43 ] 
  Diabetics   Worse   Better  [ 36 ,  44 ,  45 ] 
  Length of hospitalization    Shorter   Longer [ 46 ,  47 ] 
  Stroke rate    Lower  [ 45 ,  48 ]  Higher 
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patients deemed high risk, which generally includes this subset, should undergo an 
early invasive strategy (Class I) [ 54 ]. 

 Several observational trials have attempted to defi ne the role of invasive strategy 
in NSTEACS with confl icting results. Both the TACTICS-TIMI 18 and 
SWEDEHEART trials found a reduction in rates of adverse events at 6 months and 
1 year, respectively, with an early invasive strategy in patients with mild-moderate 
renal impairment [ 55 ]. However, SWEDEHEART identifi ed that as renal function 
declined, the survival benefi t diminished, and as such patients with ESRD and dialy-
sis derived no benefi t from an early invasive strategy [ 53 ]. Recently, an analysis 
pooling data from the FRISC II [ 56 ] and ICTUS [ 57 ] studies indicated that there was 
a signifi cant reduction in 5-year rates of cardiac death and MI in patients with 
moderate- severe renal impairment who underwent early invasive strategy for 
NSTEACS [ 58 ]. However, this subgroup included patients with eGFR <60 and did 
not conduct a separate analysis on those with ESRD or on dialysis. The risk of stroke 
and bleeding increases as renal function worsens [ 59 ,  60 ], which is further increased 
with interventional management. Potentially, the greater bleeding risk coupled with 
a more modest benefi t in ischemic event reduction might favor a more conservative 
approach in otherwise stable NSTE-ACS patients with advanced renal disease. 

 The use of early coronary angiography in patients with severe renal function is 
also an area of contention, as there is an increased risk of cholesterol embolism and 
AKI in patients with marked reductions in renal function [ 61 ]. In patients with more 
severe (Stage 4–5) renal disease, 1-year mortality is reduced with angiography, but 
the risk of recurrent MI is higher. Thus, if delaying PCI is feasible, it is recom-
mended to reduce the risk of contrast induced nephropathy [ 62 ].  

    Factors Complicating an Invasive Strategy in Advanced Renal 
Disease 

    Percutaneous Coronary Intervention 

 Studies have demonstrated that there is a dose-dependent increase in peri- and post- 
procedural cardiac death and ischemic complications with decreasing renal function 
in patients undergoing PCI [ 63 ]. Indeed, in patients with ESRD, PCI may have no 
benefi t over medical management [ 64 ]. Factors responsible for complicating PCI in 
this patient subset are summarized in Table  19.2 . Dialysis is an independent predic-
tor of target lesion revascularization, which is driven by the high rates of in-stent 
restenosis [ 65 – 67 ]. Furthermore, in-stent restenosis is more likely to result in fatal-
ity as silent myocardial ischemia is frequent in patients undergoing dialysis in 
whom fl uid overload in common and may mask a timely diagnosis. As a result, 
some physicians advocate the routine assessment for stent patency using dobuta-
mine stress echocardiography [ 31 ,  68 ]. This modality is preferred as it does not 
require physical exertion and the sensitivity is not compromised by the presence of 
left ventricular hypertrophy, which is a limitation of EKG-based assessment in 
patients with ESRD.
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   Additional modifi cations to the PCI procedure must be taken into consideration 
for ESRD patients. A transradial approach, although shown to reduce bleeding risk, 
may be contraindicated in patients with ESRD due to the need to preserve the radial 
artery for the possibility of creating an arteriovenous fi stula in the future. Low dose 
iso-osmolar contrast (such as iodixanol), at a minimum dose, is recommended 
[ 31 ,  32 ]. 

 A major limitation of PCI is the need for repeat revascularization, which has 
been partially addressed by the newer generation drug eluting stents (DES). DES 
have reduced the rates of restenosis and target lesion revascularization in patients on 
dialysis, but this does not translate to the survival benefi t seen in those with normal 
renal function [ 67 ,  73 ]. Patients on dialysis receiving DES have higher rates of TLR 
and stent thrombosis than those not on dialysis [ 74 ]. A recent analysis comparing 
stenting with DES to CABG found that in-hospital mortality was lower with DES 
but the chance of repeat revascularization was still higher [ 8 ], indicating that the 
clinical results still favor CABG [ 75 ]. 

 Patients on dialysis are at an increased risk of bleeding and so consideration 
needs to be made with regards to dual antiplatelet therapy (DAPT) selection and 
duration [ 76 ]. Guidelines indicate that DAPT should be continued for a mini-
mum 12 months but the duration may be reduced under physician guidance if the 
patient experiences bleeding complications. This additive risk of bleeding may 
render CABG more attractive for some patients. In addition, anticoagulation 
medications with complete or substantial renal elimination need to be used with 
care during PCI, either through down-titration or complete contra-indication. 
Such medications include low molecular weight heparin, bivalirudin, and small 
molecule glycoprotein IIb/IIIa inhibitors tirofi ban and eptifabtide [ 52 ]. Despite 
this, a recent study indicated that the use of contraindicated antithrombotic 
agents in patients with severe renal impairment remains unacceptably high [ 77 ]. 
The use of these medications was associated with an increased risk of in-hospital 

  Table 19.2    Factors 
complicating PCI in ESRD  

 Factors complicating PCI in ESRD 

 Co-morbidities e.g. diabetes, hypertension [ 69 ] 
 Increased rates of restenosis due to [ 70 ]: 
   Accelerated atherosclerosis 
   Poor responsiveness to statin therapy, clopidogrel 
   Infl ammatory processes [ 71 ] 
   Stent hypo-expansion due to calcifi cation [ 71 ] 
 Increased bleeding risk, limiting duration of dual antiplatelet 
therapy 
 Peripheral vascular disease complicating access 
 Problems with stent delivery due to heavy calcifi cation 
   Increased need for rotablation [ 66 ] 
 Silent ischemia delaying detection of restenosis 
 Increased risk of acute kidney injury and contrast-induced 
nephropathy [ 70 ,  72 ] 
 Reduced effi cacy of drug eluting stents 
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major bleeding in a propensity-matched analysis. Renal insuffi ciency was found 
to be an independent predictor of excess dosing of glycoprotein IIb/IIIa inhibi-
tors and unfractionated heparin, which may also contribute to the increased 
bleeding risk seen in PCI [ 78 ].   

    Coronary Artery Bypass Grafting 

 The majority of evidence suggests that CABG confers better long-term survival and 
lower ischemic adverse event rates than PCI in patients with ESRD. However, the 
procedural complexity and adverse outcomes of CABG are increased signifi cantly 
in the presence of ESRD. 

 The short-term mortality of CABG in dialysis patients is higher than the general 
population [ 79 ], as are the rates of stroke, bleeding, and peri-procedural complications 
[ 79 ]. However, the use of the internal mammary artery as the bypass conduit has 
improved mortality rates markedly in this patient subset [ 47 ]. There is a  short- term 
benefi t in dialysis patients undergoing off-pump vs. on-pump CABG, but this requires 
further verifi cation [ 80 – 82 ]. In addition, a greater survival advantage is noted in 
patients with triple vessel disease, which is a common feature of patients with ESRD 
and CAD [ 8 ,  82 ]. Factors complicating CABG in ESRD patients are summarized in 
Table  19.3 . Patients undergoing CABG on dialysis have a higher risk of systemic 
infection, longer duration of surgery, greater need for mechanical ventilation, increased 
duration of cardiopulmonary bypass and greater need for balloon pump [ 47 ,  83 ,  84 ].

   Generally, it is recommended that patients should be dialyzed prior to surgery in 
order to establish acceptable fl uid and electrolyte balance [ 84 ]. Critically, care must 
be taken to maintain an acceptable blood pressure during dialysis as rapid shifts in 
intravascular volume can promote signifi cant fl uctuations in blood pressure that 
may not be tolerated by patients with severe obstructive coronary disease. 

 Another disadvantage of CABG is the potential deleterious impact on renal func-
tion. Patients with advanced renal impairment run a greater risk of developing 

   Table 19.3    Factors complicating CABG in ESRD   

 Factors complicating CABG in ESRD 

 Co-morbidities e.g. diabetes, hypertension [ 69 ] 
 Increased risk of infection and sepsis [ 37 ,  47 ] 
 Left ventricular hypertrophy and conduction abnormalities [ 85 ] 
 Fluid and electrolyte disturbances [ 86 ] 
 Increased medial vascular calcifi cation complicating anastomoses [ 87 ] and surgical 
manipulation of the aorta 
 Increased O 2  demands from renal anemia, AV fi stula 
 Decreased patency of vein grafts [ 88 ] 
 Altered platelet activity 
 Complex coronary anatomy: severe distal disease [ 89 ], multivessel disease, calcifi ed lesion 
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ESRD than those undergoing PCI, however the risk of mortality still outweighs the 
risk of ESRD [ 47 ,  90 ]. 

 Despite the increased risk of morbidity and mortality seen in patients with 
ESRD, the absolute risk is still considered acceptable among many surgeons. In 
addition, the excellent symptomatic relief and improvements in functional status 
provided by CABG make it a very attractive choice for many patients [ 91 ]. Finally, 
a signifi cant benefi t of CABG over PCI is its increased effi cacy in diabetic patients 
[ 36 ]. Diabetes is a common comorbidity of ESRD and has an additive impact in 
predicting adverse cardiac outcomes, particularly post-PCI [ 92 ]. In addition, CABG 
reduces long-term mortality in patients with triple vessel and left main disease, an 
effect that was observed in patients with either one of these pathologies in conjunc-
tion with dialysis treatment by Marui et al. [ 43 ]. The FREEDOM trial, which exam-
ined patients with diabetes and multivessel disease found that CABG reduced the 
rate of death, MI and stroke as compared to those undergoing PCI with DES [ 93 ].  

    Optimal Medical Management 

 Not all patients with severe renal impairment are candidates for invasive treatment 
of treat CAD. Indeed, a considerable proportion of patients with ESRD are still 
managed pharmacologically. Despite this, studies examining the optimal medical 
regime for CAD in these patients are limited. 

 Several randomized trials have indicated that PCI does not confer a survival 
advantage over medical therapy alone in patients with chronic renal impairment, 
although symptomatic relief is more marked in those undergoing invasive manage-
ment [ 94 – 96 ]. Notably, a trend in improved survival begins to arise with greater 
vessel involvement and more complex disease, which is a common feature of CAD 
in ESRD [ 95 ,  97 ,  98 ]. 

 With regards to specifi c pharamacotherapies, current guidelines indicate that 
although patients are at an increased risk of bleeding, the medical regime should be the 
same as in those with preserved renal function [ 4 ,  31 ]. It is important to remember that 
the data informing these guidelines are largely derived from studies that either exclude 
those with ESRD or are conducted in small patient groups, usually retrospectively. At 
present, emergent PCI is preferred over thrombolysis in patients presenting with ACS 
but there lacks suffi cient controlled data to draw a defi nitive conclusion [ 31 ].   

    Conclusion 

 1. Ultimately, the optimal revascularization approach for obstructive CAD in stable 
or unstable coronary syndromes in CKD can only be properly addressed with 
future randomized trials enrolling large numbers of patients with signifi cant 
renal impairment. 
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2. Data incorporating contemporary stenting and surgical techniques, including the 
use of second generation DES and newer antithrombotic agents, is required to 
resolve this contentious clinical issue. 

3. While CABG appears to be associated with better long-term survival and fewer 
long-term ischemic events than PCI, the choice of revascularization therapy 
should be individualized, taking into account patient co-morbidities, functional 
status, and preference.

    4.    Current literature regarding invasive management of CAD in ESRD is limited to 
observational, retrospective trials. Further research is needed incorporating 
larger patient populations with signifi cant renal impairment.   

   5.    The effi cacy of novel stenting techniques and adjunct pharmacotherapy needs to 
be explored in patients with ESRD.   

   6.    In an effort to overcome therapeutic nihilism, physicians should endeavor to 
implement evidence based therapies in patients with ESRD.         
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    Chapter 20   
 What Is the Optimal Stent Design? – 
The Pathologist’s Opinion       

       Hiroyoshi     Mori      ,     Kazuyuki     Yahagi      ,     Renu     Virmani      ,     Michael     Joner      , 
and     Aloke     V.     Finn     

    Abstract     More than 5 millions stents have been implanted in patients all over the 
world and it is estimated that the number will increase to 6.6 million by 2020. It has 
been almost 30 years since the fi rst stent was implanted in man. Initially, stents were 
mainly used for bail out in patients with acute occlusion due to coronary dissection 
following balloon angioplasty. The fi rst stents were typically mounted on high pro-
fi le, rigid delivery platforms and were diffi cult to deploy, leading to acute/subacute 
stent thrombosis. Greater understanding of the need for effective antiplatelet therapy 
and also improvement in delivery and better stent designs helped to overcome early 
stent thrombosis. The resulting lower rates of restenosis as compared to balloon 
angioplasty propelled the use of stents in routine practice. However, restenosis was 
the “Achilles heel” of bare metal stents and the birth of drug eluting stents (DES) 
helped dramatically reduce restenosis but late stent thrombosis became an issue. 
Second generation DES have reduced the incidence of late stent thrombosis how-
ever, one of the mechanisms of late stent thrombosis is the development of athero-
sclerosis within the stented segment (“neoatherosclerosis”), which remains an issue 
because its development is increased in DES compared to BMS. Recently, third 
generation DES, using bioabsorable polymer rather than permanent polymer to 
deliver drug and fully biodegradable vascular scaffolds are available. Many believe 
that these will overcome the drawback of stenting as no permanent metal or polymer 
will be left behind. Studies in animals show that when bioabsorable polymers are 
used the endothelial lining is far more competent as compared to permanent poly-
mers that have been shown to induce hypersensitivity reaction. Also, clinical studies 
have shown that bioabsorable polymers induce less late thrombosis as compared to 
permanent polymers. Similarly, in fully bioabsorbable scaffolds, the vascular reac-
tivity and lumen enlargement are seen between 1 and 2 years after implantation and 
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the polymers get replaced by proteoglycan matrix and collagen over time and that 
mild to moderate infl ammation is associated with vessel enlargement. Overall what 
remains unclear is that bulky scaffolds ≥150 μm thickness may be associated again 
with greater late stent thrombosis. Therefore, we have to remain vigilant that we do 
not implant these fully bioabsorbable polymeric scaffolds in patients presenting 
with acute myocardial infarction until clearly clinical trials prove their safety.  

  Keywords     Stent   •   BMS   •   DES   •   Neoatherosclerosis   •   Stent thrombosis   •   Delayed 
healing   •   Hypersensitivity  

        Introduction 

 The most frequent cause of death, in the Western World for the last century has remained 
coronary heart disease. Until the introduction of percutaneous balloon angioplasty in 
the late 1970s followed by the placement of intracoronary stents to prevent acute clo-
sure in the mid 1980s, treatment of coronary artery disease remained medical therapy 
and surgical coronary bypass grafting usually with the use of saphenous veins as con-
duits. Now almost 30 years after the fi rst stent technology was reported by Sigwart 
et al. [ 1 ] and especially since the introduction of drug eluting stents (DES) in Europe in 
2002, and the USA in 2004, we are now able to claim that the fi rst line of treatment for 
coronary artery disease is percutaneous coronary intervention procedures [ 2 ]. 

 Stenting of coronary arteries was introduced to prevent acute threatened closure 
from thrombosis and dissection and late restenosis after plain old balloon angioplasty 
(POBA). Ultimately, randomized trials showed that stent implantation was superior to 
POBA with a reduction in restenosis [ 3 ]. However, early work in coronary stenting 
when assessed in a core laboratory was associated with a high mortality at 1-year of 
7.6 %, subacute thrombosis of 6.7 %, and restenosis of 32 % in patients who received 
a Wallstent [ 4 ]. Nonetheless, it did reduce the incidence of emergent bypass grafting 
as compared to balloon angioplasty [ 5 ]. Similarly, post- procedure bleeding was also 
an issue, due to the intense combination of anticoagulation (warfarin) and anti-platelet 
agents used to prevent stent thrombosis. The use of dual antiplatelet therapy with aspi-
rin and ticlopidine [ 6 ] reduced not only bleeding complications but also stent associ-
ated thrombus [ 7 ]. All these diffi culties were ultimately overcome with the Belgium 
Netherland Stent Arterial Revascularization Therapies Study (BENESTENT) and the 
North American Stent Restenosis Study (STRESS), which demonstrated the superior-
ity of BMS as compared to POBA, and stenting became the standard of care with 
better, thinner, less visible, and more biocompatible stents being developed [ 3 ,  8 ]. 

 Early reperfusion had been shown in animal models to reduce infarct size and it 
became the corner stone of treating patients presenting with acute myocardial infarc-
tion and STEMI with thrombolytic agents. However, many trails showed that POBA 
had better results as compared to thrombolysis but achieving TIMI fl ow >2 remained 
the “Achilles heel” of POBA along with abrupt closure before hospital discharge as 
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well as high restenosis rates at 6 months [ 9 ]. PAMI was the fi rst large randomized 
study comparing stenting to POBA in patients presenting with AMI and it showed 
that death, re-infarction, disabling stroke, or target-vessel revascularization occurred 
in fewer patients in the stent arm than in POBA (7.7 % vs. 17.0 %, p = 0.01) [ 10 ]. 
Today emergent stenting of patients presenting with AMI is the standard of care. 

 During the era of BMS it was appreciated that ease of use, deliverability, strut thick-
ness, stent design (open-cell or closed cell), visibility and restenosis were all important 
to the success of long-term stenting in patients. Because of the high rate of restenosis 
in BMS, drug-eluting stents (DES) with antiproliferative coatings were introduced and 
in randomized trials in stable patients showed dramatic reductions in restenosis rates 
[ 2 ]. This eventually also lead to their application in even more complex lesions [ 11 ]. 
However, recurrent problems of late catch up and stent thrombosis in the fi rst genera-
tion DES made us aware that we should be cautious in their use in complex patients 
[ 12 ]. We have shown that the main mechanism by which DES reduced restenosis was 
by delayed arterial healing [ 13 ,  14 ]. Also, the sirolimus eluting Cypher stent was asso-
ciated with hypersensitivity reactions to the polymer whereas the paclitaxel eluting 
DES Taxus stents were associated with excessive fi brin deposition and malapposition 
with late stent thrombosis. Second generation DES have thinner struts, are more bio-
compatible and thinner polymer coatings and less drug. These design changes have 
shown both clinically and pathologically to have less late stent thrombosis and better 
stent coverage [ 15 ,  16 ]. The third generation of DES uses even thinner struts with 
bioabsorable polymer to deliver drugs, with the drug and polymer disappearing within 
3–6 months leaving behind a bare metal stent. Finally, fully biodegradable vascular 
scaffolds have emerged to avoid these late adverse effects of metallic stents by fully 
degrading by 2–4 years and have resulted in the return of vasomotion within 1–2 years 
as well as vessel remodeling with lumen enlargement [ 17 ].  

    Stent Confi guration and Thickness 

 Stents have been divided in two groups based on the confi guration of the stent. These are 
the coil and the slotted tube stents. Wiktor stent (Medtronic, Minneapolis, MN), 
Gianturco-Roubin Flex/GR-2 (Cook, Bloomington, IN) stent and GFX (Applied 
Vascular Engineering, Santa Rosa, CA) were examples of coil stents. Palmaz-Shatz/PS 
stent (Cordis, Johnson & Johnson, Warren, NJ) and Multi-Link (Advanced Cardiovascular 
Systems) were slotted tube stents and the Palmaz-Shatz was the fi rst stent that showed 
superiority to POBA in a randomized trial. Coil stent designs were very fl exible and 
allowed side branch access. But radial force was weak and they had more recoil and 
more tissue prolapse as compared to the slotted tube. These concerns resulted in inferior 
outcomes of coil stents compared to slotted tube stents in randomized trials [ 18 ]. GR-II 
stents also had a higher stent thrombosis rate (3.9 % vs. 0.5 %, P < 0.001) and higher 
restenosis rates (47.3 % vs. 20.6 %, P < 0.001) compared to the PS stent [ 18 ]. 

 A preclinical study showed that artery geometry after stent deployment deter-
mined neointimal thickness [ 19 ]. In this study, stents designed with 12 struts per 
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cross section had 50–60 % less mural thrombus and two-fold less neointimal area 
than identical stents with only eight struts per cross section. Thus, it is ideal that 
polygonal luminal shape post stent implantation be more close to circular as com-
pared to one with eight struts, and therefore will have less neointimal growth. Also, 
the extent of injury as well as the extent of infl ammation determine neointimal 
thickness and % stenosis following stent placement [ 20 ,  21 ]. 

 Stent confi guration can be divided into open-cell and close-cell stent types. In 
curved vessels, closed-cell stent struts open evenly while open-cell stent open more 
widely in the outer curvature and are narrower in the inner curvature [ 22 ], allowing 
better confi guration at bends of arteries. In other words, when used in a curved situ-
ation, open-cell stent are thought to expand more unevenly than closed-cell stents. 
On the other hand, conformability and deliverability is better in open-cell stents 
than closed-cell stent. Stent fracture is less in open-cell stents than in closed-cell 
stents [ 23 ]. Side branch access is also easier in open-cell stent than closed-cell stents 
[ 24 ]. Nowadays, open-cell stents are preferred to closed-cell stent in coronary inter-
vention. In peripheral artery disease, closed-cell stents are widely used because they 
are more likely to prevent plaque protrusion. 

 Many studies have previously shown superiority of thin strut stents compared to 
thick strut stents. Thick struts provide more radial force and better arterial support with 
greater vessel injury inducing more neointimal growth. ISAR-STEREO trial compared 
thin strut stents to thick strut stents and showed a signifi cant reduction in angiographic 
and clinical restenosis with the use of the thinner-strut device following coronary artery 
stenting. They compared thinner stents (strut thickness of 50 μm, ACS RX Multi-Link, 
Guidant, Santa Clara, CA) with thicker stents (strut thickness of 140 μm,  BX Velocity , 
 Cordis Corp ,  Miami ,  Florida ) in 651 patients. The angiographic in-stent restenosis 
(more than 50 % diameter stenosis at follow- up angiography) rates were 15.0 % in the 
thin-strut group and 25.8 % in the thick- strut group (P = 0.003) [ 25 ]. Although strut 
thickness has been emphasized, confi guration of the strut has not been emphasized to 
be of much importance. Jimenez et al. reported ideal strut design from computational 
fl uid dynamics point of view [ 26 ]. They used two different geometries; rectangular 2:1, 
4:1, and 8:1, and compared to circular arc 2:1, 4:1, and 8:1. The fl atter the strut design 
the less the shear stress forces and the more circular the strut design, the less the shear 
stress. They showed that less shear stress prevented stent thrombosis. Contemporary 
stent designs are mainly square with few like the Driver design being circular.  

    Pathology 

    Pathophysiology of Vascular Healing Following 
BMS Implantation in Man 

 Before delving into DES it is important to understand the process of vascular healing 
after BMS implantation. The time course of reendothelialization and neointimal 
growth following stent deployment is different between animal species (e.g., in pig 
and rabbit) and human iliac and coronary arteries (Fig.  20.1a ). In the human coronary 
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  Fig. 20.1    ( a ) BMS healing in animals vs. humans. Line plot showing the temporal relation of peak 
neointimal growth in animals and humans following the placement of bare stainless steel stent. The 
plots are predominantly derived from morphometric analysis of pig and human coronary stents. In 
animals, peak neointimal growth in stainless steel stents is observed at 28 days, compared with 
6–12 months in humans (Reproduced from Virmani et al. [ 31 ], with permission of BMJ Publishing 
Group Ltd). ( b ) Arterial healing following balloon expandable BMS implantation in human coro-
nary arteries. ( a ) Platelet-rich thrombus ( arrows ) is identifi ed around a stent strut (*) 1 day after the 
placement of Driver stent. ( b ) A fi brin-rich thrombus ( arrowhead ) is focally present around a stent 
strut 1 day after the placement of Express stent. ( c – f ) Platelet- ( arrow ) and fi brin- ( arrowheads ) 
rich thrombus ( c ) with numerous infl ammatory cell infi ltration around stent struts ( double arrows , 
 c – e ) and focal endothelialization ( f ). Five days after the placement of Multi-Link Vison stent. 
Giant cells are occasionally observed ( arrows ,  d ). The presence of infl ammatory cells consisting 
of neutrophils and lymphocytes (boxed area in  d ) are highlighted in ( d  and  g – i ). Early neointima 
presents 23 days after Multi-Link Vision stent placement. ( g ) Intimal cells within extracellular 
matrix seen above the stent strut. ( h ) KP-1 immunostaining identifying macrophages ( arrows ) 
adjacent to the strut at base of neointima. ( i ) Actin staining identifying smooth muscle cells close 
to luminal surface of neointima ( arrows ). ( j ,  k ). Smooth muscle cell-rich neointima in stented coro-
nary artery (duration .6 months). Actin staining shows smooth muscle cells close to luminal sur-
face of the neointima in ( i ). ( a – g ) are stained with haematoxylin and eosin, while ( j ) is stained with 
Movat pentachrome (Reproduced from Chaabane et al. [ 33 ], with permission of Oxford University 
Press)       
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arteries (Fig.  20.1b ), platelet /fi brin deposition is the earliest change occurring within 
the fi rst hours to few days. Up to 11 days, more than 70 % of stent sections show 
platelet deposition and aggregation [ 27 ]. At 12–30 days, platelet deposition and 
aggregation decreases to 24 % of sections examined, and by 30 days, platelet deposi-
tion is rarely observed. On the other hand, fi brin-rich thrombus is also seen around 
the struts. It was seen in every section until 11 days, and 19 % of sections at 
12–30 days. Therefore, it is important and reasonable to provide intensive dual anti 
platelet therapy especially in the fi rst 30 days following BMS implantation.

       Infl ammation 

 Acute and chronic infl ammation is observed during the process of vascular healing 
(Fig.  20.1b ). Acute infl ammatory cells (neutrophils) are associated with stent struts 
and were observed in 79 % of sections within 3 days, 83 % of sections in 4–11 days, 
72 % of sections in 12–30 days and 0 % after 30 days. Chronic infl ammatory cells 
(lymphocytes and macrophages) around stent struts are also seen in 82 % of sections 
within 3 days, 67 % of sections in 4–11 days, 97 % of sections at 12–30 days and 85 % 
of sections after 30 days. Multinucleated giant cells were seen in only 10 % of sections 
at 12–30 days and 29 % of sections after 30 days. The extent of injury and the underly-
ing plaque morphology were associated with the extent of infl ammation. The cases 
that have medial disruption or necrotic core disruption showed a greater infl ammatory 
response. Overall, the extent of infl ammation correlated with neointimal growth [ 27 ].  

    SMC and Matrix 

 Migration and proliferation of smooth muscle cells promote organization of throm-
bus. From 12 to 30 days, approximately 50 % of cases showed smooth muscle cells. 
After 30 days, smooth muscle cells are seen in all cases. Initially, their appearance 
looks rhomboid in shape that gradually re-differentiate into contractile α-actin posi-
tive smooth muscle cells. There are mainly two theories about the source of smooth 
muscle cells. One is from medial smooth muscle cells, the other is from circulating 
progenitor cells [ 28 ,  29 ]. Up to 18 month after implantation, the neointima is rich in 
smooth muscle cells, type 3 collagen, proteoglycans and hyaluronan. Thereafter, 
smooth muscle cells tend to be more compact and align circularly towards the lumen 
with little matrix that is mainly type 1 collagen [ 30 ].  

    Endothelialization 

 The endothelium is denuded by ballooning and stenting. In the process of healing, 
neointimal coverage occurs gradually with 30 % of the stent surface area covered by 
endothelial cells at 1 month, and 80–100 % by 3–4 months following BMS 
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deployment [ 14 ]. There are mainly two theories regarding the source of neointimal 
endothelial cells. One is from the proximal and distal non-treated segments and 
from branch points while the other is from circulating CD 34-positive progenitor 
cells. Both theories seems to contribute, however, we favor the former theory simply 
because re-endothelialization is greater in the proximal and distal ends than in the 
middle. This indicates that avoiding geographic miss (no injury to the non-stented 
segments) is important for re-endothelializaion to occur early [ 14 ].  

    Vascular Healing in Animal Models 

 On the other hand in animals, platelet/fi brin deposition is observed up to 3–7 days 
and granulation tissue is observed by 7 days consisting of smooth muscle cells, 
macrophages and scattered lymphocytes with luminal endothelial cells. At 14 days 
fi brin is still present with few chronic infl ammatory cells and giant cells seen close 
to stent struts. At this stage smooth muscle cells within a proteoglycan matrix are 
observed over and between the struts, by 28-days the neointima contains a large 
number of smooth muscle cells, proteoglycans and collagen [ 31 ].  

    Mature Endothelial Cell 

 Mature endothelial cells have a complex set of junction proteins that help maintain 
the integrity of the endothelium that play a pivotal role in the regulation of its per-
meability and signal transduction. The endothelium provides vital anti-thrombotic 
and vasoprotective effects via the production of nitric oxide, prostacyclin, tissue 
plasminogen activator, thrombomodulin, heparin-like molecules, and tissue factor 
pathway inhibitor. Therefore, mature endothelial should be the ideal goal of re- 
endothelialization following stent placement. However, in the real world, this goal 
may not be achievable as the underlying plaque as well as risk factors in the indi-
vidual patients may also play an important role [ 32 ].  

    Drug Eluting Stents – First, Second, and Third Generation 

 Prior to the introduction of DES, the concept of oral drug delivery to alter the neo-
intimal response in the era of balloon angioplasty had failed, likely because our 
understanding of the mechanisms of neointimal growth was incomplete. We now 
know that smooth muscle cell proliferation and migration, along with the extent of 
thrombus, infl ammation and injury are all important and that it is vital not to ignore 
any one of them. Although many cytokines and mediators are involved, the fi nal 
common route is the entry of smooth muscle cells into the cell cycle pathway. Once 
activated the smooth muscle cells enter the cycle of cell division (G0, G1, S, G2 and 
M) where many factors control the rate and extent of proliferation, including cyclins 
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that are required at different steps of the cell cycle along with cytokines and growth 
factors that control intracellular dependent phosphoinositide-dependent kinases and 
Akt. The latter is capable of phosphorylating the mammalian target of rapamycin 
[ 33 ] (Fig.  20.2 ).
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  Fig. 20.2    Overview of the molecular mechanisms of restenosis and their inhibitors. The normal 
coronary artery is injured secondarily from ballooning and stenting resulting in endothelial cells 
(EC) loss followed by mural thrombus consisting of platelet aggregation with fi brin deposition. 
The platelets within the thrombus release a number of chemokines essential for the initiation of 
infl ammation. This includes activation of P-selectin and integrins such as b2-integrin Mac-1 and 
thrombin. Local production of chemokines like interleukin (IL)-1, IL-6, interferon (IFNγ), and 
tumor necrosis factor-alpha (TNFα) by macrophages result in the induction of infl ammation at the 
injury site. The injury is not only to the endothelium but also to the underlying medial wall. There 
is an imbalance between stimulatory growth factors (PDGF, FGF, TGF-β, and IGF-1) and chemo-
kines and the inhibitory factors like endothelial-derived nitric oxide and heparin sulfate proteogly-
cans that result in the activation of smooth muscle cells (SMCs). The SMCs within the media 
transform from a quiescent contractile to a synthetic cell which not only proliferate but also 
migrate into the intima. Within the intima they further proliferate but also secrete extracellular 
matrix. SMC proliferation involves cell division with different cyclins that are required at different 
steps of the cell cycle. CDK (cyclin-dependent kinase) activity is also regulated by cell-cycle 
inhibitory proteins called cyclin-dependent kinase inhibitors (CKIs), which counteract CDK activ-
ity. SMC membranes are also stimulated by several classes of tyrosine kinase receptors (TKR). 
One of the intracellular signalling pathways involves the phosphatidylinositol (PI)3-kinase (PI3K) 
pathway. PI3K is a lipid kinase that phosphorylates PI. The dominant lipid product generated by 
PI3K—PI 3,4-biphosphate (PIP2) and PI 3,4,5-triphosphate (PIP3), the latter recruits 
phosphoinositide- dependent kinase-1 and Akt. Akt is then capable of phosphorylating the mam-
malian target of rapamycin (mTOR). The  yellow squares  show the various inhibitors and at which 
site of the cell cycle they are involved, especially sirolimus and its analogues which inhibit mTOR, 
whereas paclitaxel blocks microtubular mechanisms (Chaabane et al. [ 33 ], with permission of 
Oxford University Press, and Charron et al. [ 49 ])       
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   The better understanding of the importance of SMC proliferation and migration 
resulted in the use of the immunosuppressant drug, like sirolimus to not only affect 
SMC and endothelial cell proliferation but also to decrease infl ammation [ 33 ]. 
However, the cytotoxic drug, paclitaxel was also used in the fi rst generation of drug 
eluting stents. In order to deliver drug, anywhere from 1 to 3 months and longer, it 
required the use of a polymer coating, which in the fi rst and second generation have 
been permanent, whereas in the third generation, they are biodegradable polymers 
as the polymer disappears once the drug is delivered (Fig.  20.2 ). Clinical studies as 
well as autopsy studies have shown a marked reduction in neointimal formation 
with DES, irrespective of strut size, using permanent or bioabsorbable polymers. 
Most have used sirolimus or its analogs as drugs of choice and the results in both 
early and long-term clinical trials have been better with sirolimus analogs than with 
cytotoxic drugs, like paclitaxel [ 34 ]. All have shown delayed vascular healing as the 
mechanism of reduced neointima growth [ 14 ].  

    Delayed Healing in DES 

 We have shown in both the fi rst and second generation DES that there is delay in 
vessel healing as compared to BMS (Fig.  20.3 ). We defi ned delayed healing as the 
persistence of fi brin in animal models at 28-days along with poor smooth muscle cell 
presence and incomplete endothelialization. However, animal models have variabil-
ity with complete endothelialization observed in the porcine coronary model at 
28 days although fi brin deposition persists, whereas there is greater delay in endothe-
lialization in the rabbit iliac artery model with incomplete endothelialization observed 
even at 28-days. In man, complete endothelialization is observed at 3–4 months in 
BMS but in DES there is a delay which persists for a long time [ 14 ]. In a human 
autopsy study [ 14 ], when comparing fi rst generation DES to BMS stents that had 
been implanted >30 days (implant duration 223 ± 253 and 229 ± 360 days, respec-
tively) DES showed greater suppression of neointimal growth than BMS (neointimal 
area 2.8 ± 1.1 vs. 4.9 ± 3.0 mm 2 , p < 0.0003). On the other hand, covered struts (% 
strut endothelialized) were signifi cantly delayed in DES than BMS (55.8 ± 26.5 vs. 
89.8 ± 20.9 %, p = 0.0001, respectively) and fi brin deposition was greater in DES than 
BMS (fi brin score 2.3 ± 1.1 vs. 0.9 ± 0.8, p < 0.0001, respectively). Therefore, it is not 
surprising in our study that late stent thrombosis in the fi rst generation DES was 
signifi cantly higher as compared to BMS (61 % vs. 8 %, respectively, p = 0.0001) 
[ 14 ]. In a detailed study of examining only DES, 28 with thrombosis and 34 without 
thrombosis, those with thrombosis had a lower percentage of endothelialization cov-
erage as compared to those without thrombosis (40.5 ± 29.8 vs. 80.0 ± 25.2 %, 
P < 0.0001) [ 35 ]. The ratio of uncovered to total stent struts (RUTSS) per section was 
also signifi cantly greater in thrombosed DES lesion than non-thrombosed DES 
lesion (0.50 ± 0.23 vs. 0.19 ± 0.25, P < 0.0001). What is interesting is that the distance 
between individual stent struts (inter-strut distance) was signifi cantly less in throm-
bosed DES lesions than non-thrombosed DES lesions (0.52 ± 0.24 vs. 0.70 ± 0.25 mm) 
suggesting that regional drug concentrations determine strut coverage and vessel 
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healing rates. Endothelialization was the best predictor of late stent thrombosis by 
multivariate logistic analysis. The odds ratio for thrombosis was nine times greater 
when >30 % uncoverd struts were present as compared to those with <30 % [ 35 ]. 
Recently introduced intravascular imaging technologies such as optical coherence 
tomography (OCT) and optical frequency domain imaging (OFDI) can recognize 
uncovered struts and have been shown to correlate with stent thrombosis [ 36 ].

       Acute Myocardial Infarction 

 Underlying plaque morphology also plays an important role in the process of vascular 
healing after DES implantation. Ruptured plaque and strut penetration into a necrotic 
core have been reported to trigger restenosis in BMS and delayed vascular healing in 
DES (Fig.  20.4 ). The culprit site of acute myocardial infarction (AMI) showed 
delayed healing compared to the non-culprit site within the same lesion [ 37 ]. The 
culprit site showed greater RUTSS (49 % vs. 9 %, P = 0.01), greater fi brin deposition 

1 month

BMS

SES

PES

3 months 8 months

  Fig. 20.3    Delayed arterial healing following drug-eluting stent (DES) versus bare metal stent 
(BMS) implantation. Time course of arterial healing in BMS, paclitaxel-eluting stents (PES: Taxus 
DES), and sirolimus-eluting stents (SES: Cypher DES) from 1 to 8 months after stent implantation. 
Although some peristrut infl ammation is observed in BMS at 1 month, complete arterial healing, 
including a well-established neointimal layer, is seen at 3 and 8 months’ duration. PES shows early 
fi brin deposition surrounding stent struts (*), which persists up to 8 months, as a sign of delayed 
healing. In contrast,  SES  shows predominance of infl ammatory cells, including giant cell formation 
( black arrowheads ), at early time points (1 and 3 months), whereas fi brin deposition is stronger at 
8 months (Reproduced from Lüscher et al. [ 50 ], with permission of Wolters-Kluwer Health)       
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(63 ± 28 % vs. 36 ± 27 %, P = 0.008) and a greater infl ammation score (35 % vs. 17 %, 
P = 0.003) than the non-culprit site. What is interesting is that neointimal thickness at 
the culprit site was signifi cantly less than at the non-culprit site (0.04 vs. 0.07, 
P = 0.008). Current DESs (-limus and paclitaxel) are highly lipophilic drugs and 
therefore it is possible that these drugs have a high affi nity for lipidic necrotic core 
and dwell within these areas for a longer period. It is likely that culprit sites with 
necrotic core and persistent drug show greater delayed healing than non- culprit sites 
with less drug persistence because of underlying fi brous or calcifi c plaques.

   Another feature that is associated with BMS is restenosis that has been reported to 
correlate with severe injury. Although DES reduce restenosis, restenosis has been 
reported in randomized clinical trials  in diabetics  to occur in 26.6 % at 4 years [ 38 ]. 
We have shown in a recent publication that the regional gradient of drug concentration 
which is dependent on uneven distribution of struts is the likely cause of excessive 
neointimal overgrowth. The presence of calcifi cation and/or necrotic core and plaque 
eccentricity affects non-uniform strut distribution and the extent of vessel injury [ 39 ].  

    Difference Between Sirolimus and Paclitaxel-Eluting in First 
Generation DES 

 The prevalence of stent thrombosis and restenosis is different between the sirolimus- 
eluting stent (SES) and paclitaxel-eluting stent (PES) in clinical trials [ 40 ]. 
Pathological responses are also likely different (Fig.  20.3 ). A human autopsy study 
[ 41 ] showed a similar rate of early stent thrombosis (implant duration <1 month) for 
SES and PES (44 % vs. 38 % P = 0.79). Similarly, no difference in the extent of 
infl ammation and fi brin deposition was observed in SES and PES. In the same 
study, severe medial injury, necrotic core prolapse and strut mal-apposition were the 
main factors responsible for early thrombosis in both DESs, suggesting that early 
stent thrombosis is procedure-related rather than stent type [ 39 ]. 

 Nevertheless, clear differences in pathologic fi ndings were observed at later 
time-points (implant duration >1 month). Fibrin accumulation was signifi cantly 
greater in PES than SES (Fibrin score: 1.8 vs. 1.0, P = 0.007) while eosinophils and 
giant cells were consistently observed in SES, whereas eosinophils were absent and 
giant cells were fewer in PES. Mechanisms of thrombosis are different and depend 
on DES type although the incidence of late thrombosis between SES and PES is not 
different (21 % vs. 27 %, P = 0.47). In both stents, poor endothelialization is the 
underlying mechanism of late stent thrombosis. However, a hypersensitivity reac-
tion consisting of eosinophils, and T-lymphocytes is the feature of SES while exces-
sive fi brin deposition behind and around the struts is the main cause of malapposition 
in PES. Drugs and polymer are thought to contribute to the phenomenon of 
hypersensitivity observed in SES. In SES, the polymer may be the main factor 
responsible for the hypersensitivity reaction because the drug (sirolimus) is com-
pletely eluted by 3 months following implantation and hypersensitivity to sirolimus 
is rarely observed in patients receiving this drug for kidney transplantation. The 
excessive fi brin deposition seen in PES is likely because the drug is cytotoxic [ 42 ].  
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    Second Generation DES 

 First generation DES showed dramatic reductions in in-stent restenosis, however, 
problems with late stent thrombosis became apparent. Human autopsy studies 
showed that delayed healing with poor endothelialization either from excessive 
drug or from polymer usage may be the main mechanism of thrombosis. Therefore 
second generation DESs everolimus-eluting stents (EES) and zotalimus-eluting 
stents (ZES), were introduced with the hope that reducing the drug dose and/or 
decreasing the polymer as well as better polymers will have benefi cial effects and 
therefore reduce late stent thrombosis. These stent struts were thinner, causing 
less vessel injury and less infl ammation when they were deployed in preclinical 
animals models. Because of reduced drug dose it was expected to promote early 
re- endothelialization and faster healing. Polymers were also different and had a 
reduced thickness, which should result in more biocompatibility than the fi rst 
generation DES. In a recent autopsy study following implantation of EES (dura-
tion >1 month) [ 16 ], the frequency of late and very late stent thrombosis in the 
specimens examined was signifi cantly less in EES (4 %) compared to fi rst 
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generation SES (21 %, P = 0.029) and PES (26 %, P = 0.008). RUTSS was less in 
EES (2.6 %) than SES (18.0 %, P < 0.0005) and PES (18.7 %, P < 0.0005) whereas 
neointimal thickness was comparable among the groups, at all time-points. 
Infl ammation was also less in EES (0.26) than SES (1.00, P < 0.0005) and PES 
(1.00, P < 0.0005). The percentage of struts with fi brin was similarly less in EES 
(8.5, P < 0.0005 than SES (29.9 %, P = 0.0001) and PES (51.1 %, P < 0.0005). 
Thus, these fi ndings showed that second generation DESs were better than the 
fi rst generation of DES. However, recently we have reported a patient with a 
hypersensitivity reaction (Fig.  20.5 ) to both EES and ZES at 238 days following 
Xience and Resolute stent implantation [ 43 ]. Although EES have shown better 
healing than SES and PES, nevertheless the prevalence of neoatherosclerosis is 
also observed following EES (29 %) implantation and the prevalence is compa-
rable to that observed with SES (35 %, P = 0.91) and PES (19 %, P = 0.19). To date 
we have not observed any case of plaque rupture with EES, which may be related 
to the fact that the mean duration of implants in our autopsy study was only 200 
[IQR, 121–360] days.

  Fig. 20.4    DES for stable ACS and DES for ACS. Representative images of sirolimus-eluting stent 
( SES ), paclitaxel-eluting stent ( PES ), and cobalt-chromium everolimus-eluting stent ( CoCr-EES ) 
implanted for stable coronary artery disease ( CAD ;  a :  a – f ) and for acute coronary syndromes 
( ACS ;  b :  g – l ).  a  and  b , Histological sections from a 53-year-old-man with SES implanted in the 
proximal left anterior descending coronary artery for 13 months. A low-power image ( a ) shows 
mild neointimal growth and underlying fi brocalcifi c plaque. Focal uncovered struts are highlighted 
in a high-power image in  b .*Stent strut.  c ,  d  histological sections from a 71-year-old man with PES 
implanted in the right coronary artery 11 months antemortem. A low-power image ( c ) shows mild 
to moderate neointimal proliferation and underlying fi broatheroma. Note uncovered struts with 
persistent peri-strut fi brin deposition shown at high-power image in  d. e ,  f  histological sections 
from a 60-year-old man who received CoCr-EES in the mid left circumfl ex artery 6 months ante-
mortem. A low-power image ( e ) shows mild neointimal proliferation and underlying fi brocalcifi c 
plaque. All struts are covered with proteoglycan-rich neointima with absence of fi brin, which is 
highlighted in a high-power image in  f. g ,  h  histological sections from a 74-year-old woman who 
received SES in the proximal left anterior descending coronary artery for acute myocardial infarc-
tion 18 months antemortem, who died of diffuse severe coronary artery disease. A low-power 
image ( g ) shows mild neointimal proliferation. Note focal uncovered struts and strut penetration 
into the necrotic core (NC;  h ).  i  and  j , Histological sections from a 64-year-old woman with PES 
implanted in the right coronary artery for acute myocardial infarction 9 months antemortem, who 
died of congestive heart failure. A low-power image ( i ) shows patent lumen with stent struts sur-
rounded by fi brin and an underlying NC. Note uncovered struts with fi brin deposition that overlie 
the NC ( j ).  k  and  l , Histological sections from a 67-year-old man who received CoCr-EES in the 
proximal left anterior descending coronary artery for non–ST segment elevation acute myocardial 
infarction 5 months antemortem, who died of noncardiac causes. A low-power image ( k ) shows 
mild neointimal proliferation and an underlying large NC. All struts are covered with a thin neo-
intima overlying the NC, which is highlighted in the high-power image in  l . All histological sec-
tions are stained with Movat pentachrome. DES indicates drug-eluting stents (Reproduced from 
Otsuka et al. [ 16 ], with permission of Wolters-Kluwer Health)       
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       Neoatherosclerosis 

 Atherosclerosis progression usually takes decades from early lesion to advanced 
fi broatheromas, progressing to thin cap fi broatheroma (TCFA), with eventual rupture 
of the plaque with luminal thrombosis. However, newly developed atherosclerosis 
within the neointima following BMS and DES implantation (what we call “neoath-
erosclerosis”) progresses within months to a few years (Fig.  20.6 ) [ 44 ]. Accumulation 
of lipid-containing foamy macrophages which are often observed around struts or 
near the lumen has been described as the fi rst neoatherosclerotic change [ 44 ]. The 
time when foamy macrophage accumulation was observed following stent implanta-
tion was 70 days for PES, 120 days for SES, and 900 days for BMS. Unstable plaques 
of neoatherosclerosis i.e., in-stent TCFA and plaque rupture were observed at 
6.2 ± 1.5 years in BMS and 3.4 ± 1.7 years in DES. DES showed a greater incidence 
of neoatherosclerosis than BMS (31 % vs. 16 %, P < 0.001) in spite of longer dura-
tion of implant for BMS (721 days [271–1801] than DES (361 days [172–540]). 
Thus, neoatherosclerosis in DES is earlier and more frequent than in BMS [ 16 ].

Movat H&E Luna CD45RO CD20

  Fig. 20.5    ( a ) Hypersensitivity reaction to SES. A low-power histology image in Movat shows 
occlusive platelet-rich thrombus with transmural infl ammation and extensive malapposition of 
stent struts with fi brin deposition. High-power images show extensive infl ammation predomi-
nantly consisting of eosinophils (Luna stain,  red areas ) and T lymphocytes (CD45RO,  brown 
areas ) but rare B lymphocytes (CD20,  brown areas ) (Reproduced from Otsuka et al. [ 16 ], with 
permission of Wolters-Kluwer Health). ( b ,  c ) Hypersensitivity reaction to EES and ZES. HE 
images of histological sections show persitent fi brin deposition and extensive chronic infl amma-
tion with prominent palsading macrophages and giant cells. High power images show the presence 
of eosino phils (Luna stain), and Tl lymphocytes (CD45RO, brown areas) and absence of 
B-lymphocytes (CD20) (Reproduced from Otsuka et al. [ 43 ], with permission of Wolters Kluwer 
Health)       
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   Incomplete endothelialization or impaired endothelial function is thought to be 
the primary cause of early neoatherosclerosis. Cell-cell junctions within the neo-
intima following DES implantation are poorly formed, with less expression of 
PECAM1 as compared to BMS [ 32 ]. The immature endothelium is unable to pro-
tect insudation of circulating lipid and monocyte/macrophage infi ltration into the 
vessel wall. Accumulation of extracellular matrix (ECM) proteoglycan is another 
factor that may promote neoatherosclerosis through ionic interaction between gly-
cosamineoglycans and lipoproteins. We have shown that the presence of proteogly-
can is greater in DES than in BMS [ 39 ]. The presence of poor endothelial junctions 
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  Fig. 20.6    Neoatherosclerosis. Representative cases showing atherosclerotic change following 
implantation of EES, SES, and BMS. ( a ) EES: Histological sections from a 73-year-old man with 
CoCr-EES implanted in the mid left anterior descending coronary artery for 3 years. A low-power 
image ( a ) (Movat) shows moderate luminal narrowing with moderate neointimal growth (69 % 
stenosis) and underlying fi broatheroma. A high-power image ( b ) of the boxed area in ( a ) shows 
necrotic core (NC) formation within the neointima where CD68-positive macrophages are identi-
fi ed ( c ) (Reproduced from Otsuka et al. [ 16 ], with permission of Wolters-Kluwer Health). ( b ) SES: 
Histological sections from a 59-year old man with SES implanted for 23 months, who died of stent 
thrombosis. ( d ) The thrombus (Th) was more apparent in the distal section taken 3-mm apart. ( e ) 
Note thin-cap fi broatheroma with fi brous cap disruption ( arrows ), from boxed area in D. ( f ) The 
CD68-positive macrophages are seen in the fi brous cap and in the underlying necrotic core 
( arrows ). ( c ) BMS; Histologic section from a 47-year-old man who had a BMS implanted 8 years 
before death. Note occlusive thrombus (Th) in the lumen and ruptured plaque ( g ) (boxed area), 
which is shown at higher magnifi cation in ( h ) with large number of macrophages within the lumen 
as well as at the ruptured cap. ( i ) Note large number of CD68-positive macrophages at the site of 
rupture (( b ) and ( c ) are reproduced from Nakazawa et al. [ 44 ], with permission of Elsevier)       
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and excessive proteoglycan deposition may be either secondary to the drugs and or 
polymers used on DES.  

    Bioabsorbable Polymer Coated Stents 

 In preclinical studies it has been shown that bioabsorbable polymer usage to deliver 
drugs may be the ideal mechanism as the polymer disappears and leaves behind a 
BMS that is covered by a thin neointimal tissue without any signifi cant infl amma-
tion- a fi nding reported with permanent polymer coated stents [ 14 ]. Currently in the 
USA no bioabsorbable metallic stents have been approved by the FDA. However, the 
Synergy (Boston Scientifi c Corp., Boston, MA) with poly (lactic-co- glycolic acid) 
or PLGA and everolimus eluting stent has a lower profi le than the current second 
generation DES and abluminal PLGA coating of 4 μm thickness and 1.0 μg/mm 2  of 
drug. As of yet clinical trial results show similar MACE rate to that of Promus ele-
ment (similar to Xience however the metallic stent design is different) and long-term 
data in larger studies will be needed to show greater effi cacy [ 45 ]. Preclinical animal 
studies show much less infl ammation as compared to permanent polymer; the neo-
intima is similar as is the extent of fi brin deposition [ 46 ]. Although we will not dis-
cuss here in detail the totally bioabsorbable scaffold, they may be the future as 
over-time they leave behind no trace of the scaffold and it is possible that with the 
return of vasomotion, they may prevent the progression of “neoatheroslcerois” 
within the scaffolds. However, what remains unclear is that bulky scaffolds ≥150 μm 
thickness such as is present with bioabsorbable scaffolds may be associated again 
with greater late stent thrombosis [ 47 ]. Therefore, we have to remain vigilant that we 
do not implant these fully bioabsorbable polymeric scaffolds in patients presenting 
with acute myocardial infarction until clearly clinical trials prove their safety.   

    Conclusions 

 1-Pathologic studies have clearly shown that optimal stent design is a stent that 
promotes endothelialization within a short period, without inducing infl ammation 
and excessive neotinimal growth but enough to cover all struts. The presence of 
mature endothelium should prevent thrombosis. 

 2-BMS reduced acute closure and reduced restenosis as compared to balloon 
angioplasty. 

 3-DES were instrumental in reducing restenosis which was the “Achilles heal” of 
BMS. However, the fi rst generation DES had the drawback of inducing late stent 
thrombosis and also neoatherosclerosis. Late stent thrombosis was related to 
delayed healing and poor endothelialization with >30 % uncovered stent struts 
being predictive of thrombosis. Also, neoatherosclerosis was observed with greater 
frequency and at earlier time points as compared to BMS. 
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 4-Second generation DES that have lower strut thickness, less polymers thick-
ness and better polymer, along with lower drug concentration have resulted in 
reducing late stent thrombosis. However, “neoatherosclerosis” prevalence remains 
high in the second generation of DES. 

 5-Bioabsorbable polymer usage to deliver drugs may be the ideal mechanism as 
the polymer disappears and leaves behind a BMS that is covered by a thin neointi-
mal tissue without any signifi cant infl ammation [ 48 ]. It is possible that the totally 
bioabsorbable scaffold may be the future since normal vessel vasomotion returns 
following scaffold disappearance and this might prevent neoatherosclerosis from 
developing. More data, however, are needed.     
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    Chapter 21   
 What Is the Optimal Stent Design 
Interventionalist’s View       

       Scot     Garg       and     Patrick     W.     Serruys     

    Abstract     There are three main components to a coronary stent, and modifi cations 
to either the stent platform, stent polymer or drug coating can affect procedural suc-
cess and infl uence clinical outcomes. This chapter discusses the pros and cons of 
modifying these parts of a coronary stent in an attempt to produce the ideal device.  

  Keywords     Drug-eluting stent   •   Bare metal stent   •   Biodegradable polymer   • 
  Polymer free stent   •   Bioresorbable scaffolds  

        Introduction 

 Coronary stents have evolved exponentially since Puel and Sigwart fi rst deployed 
the Wallstent in March 1986 [ 1 ]. Stents are used in a majority of percutaneous coro-
nary interventions (PCI), and globally represent a multi-billion dollar industry. In 
the ensuing years they have undergone numerous modifi cations with the ambition 
of creating the ultimate stent which can be deployed in any lesion, in any patient, 
with minimal subsequent risk of restenosis, stent thrombosis (ST), cardiovascular 
morbidity and cardiovascular mortality, all without hindering further percutaneous 
or surgical revascularization. This chapter will discuss some of the unresolved 
issues in developing this ideal stent including:

    1.     Whether the device should elute an anti-proliferative drug?   
   2.     If so, which drug?   
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   3.     How should this anti-proliferative drug be eluted from the stent?   
   4.      Should the device platform be made from a permanent metal or a bioresorbable 

material?    

      Drug-Eluting Stent Versus Bare Metal Stent 

 There is little debate that the introduction of fi rst generation drug-eluting stents (DES, 
Table  21.1 ) in 2002 transformed PCI by signifi cantly reducing rates of restenosis com-
pared to bare metal stents (BMS) [ 2 ]. Shortly after their introduction, however, concerns 
were raised as to whether the price to pay for this improved effi cacy was justifi ed fol-
lowing reports of increased rates of death and myocardial infarction (MI) due to ST 
occurring many months after DES implantation [ 3 – 5 ]. In response to these fears, 
numerous patient level meta-analyses were performed all of which failed to identify any 
signifi cant increased risk of death and/or MI with the use of fi rst generation DES com-
pared to BMS [ 6 – 10 ]. More contemporary analyses, which include data from the newer 
generations of DES (Table  21.1 ) which were developed on the background of the prior 
safety concerns, and have access to many more years of patient follow-up data, have 
helped dispell once and for all the concerns regarding the risks of adverse events with 
DES (Table  21.2 ) [ 11 – 16 ]. Reassuringly, these studies also endorse the superior effi -
cacy of DES over BMS, with results consistent in all lesion and patient subsets includ-
ing small vessels, large vessels, long lesions, diabetic patients and those with acute MI.

    Despite the above data, BMS continue to have a role, albeit limited, in clinical 
practice. Some of the cited reasons for using BMS [ 17 ] can be refuted with contem-
porary data, which have failed to demonstrate similar effi cacy between BMS and 
DES for large vessel intervention, [ 18 ] or an increased risk of ST with DES compared 
to BMS in primary PCI for ST-elevation MI [ 15 ]. Other factors infl uencing the deci-
sion include patient age, and cost/reimbursement. Overall, however, the commonest 
cited reason to use a BMS appears to be confl ict related to the use of dual anti-platelet 
therapy (DAPT) be it the risk of bleeding from prolonged use due to co-morbidities, 
or its anticipated premature interruption due to suspected poor compliance or planned 
non-cardiac surgery. Use of a BMS in these scenarios may be considered more appro-
priate as premature interruption of DAPT is an important risk for ST, [ 19 ,  20 ] and 
implantation of a BMS mandates only 1 month of DAPT, as opposed to 6–12 months 
for DES [ 21 ]. As a caveat however, there are emerging data, which confi rm the safety 
of using shorter durations of DAPT with DES, [ 22 – 25 ]. More information will be 
available in the future. The currently recruiting Global Leaders Study includes one 
arm where patients treated with a DES receive only 1 month of DAPT.  

    Which Anti-proliferative Agent? 

 The previous discussions have established the clear clinical benefi ts of DES com-
pared to BMS, however which anti-proliferative drug should be eluted? The role of 
this agent is ultimately to limit neointimal proliferation, and consequently its ideal 
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properties should include the following: a wide therapeutic window, a low infl am-
matory potential, a select ability to suppress smooth muscle cell proliferation with-
out being toxic to the medial and adventitial cell layers and an ability to promote 
re-endothelialization. 

 Throughout the DES era two main classess of drugs have been used (Fig.  21.1 ): 
(1) immuosupressant limus analogues which function by inhibiting the mammalian 
target of rapamycin (mTOR), thereby reversibly inhibiting growth factor and cyto-
kine stimulated cell proliferation in the G 1  phase of the cell cycle, and (2) anti- 
proliferative paclitaxel which inhibits cell replication predominantly in the G 0 /G 1  
and G 2 /M phases of the cell cycle. The demonstrated superiority of limus-eluting 
DES compared to paclitaxel in randomized studies and subsequent meta-analyses in 
terms of signifi cantly lower late lumen loss, repeat revascularizations, and ST [ 11 , 

   Table 21.2    Rates of death, myocardial infarction, target lesion revascularization and stent 
thrombosis from meta-analyses of drug eluting stents compared to bare metal stents   

 Reference 
 Type of 
meta-analysis 

 Number of 
patients (DES/
BMS) 

 Longest 
follow-up 
(years) 

 Death 
(DES 
vs. 
BMS) 

 MI 
(DES 
vs. 
BMS) 

 TLR 
(DES vs. 
BMS) 

 Defi nite ST 
(DES vs. 
BMS) 

 Stettler 
et al. [ 10 ] a  

 Collaborative 
network 

 18,023 
(13,102/4921) 

 4  HR 
0.96 

 HR 
0.83* 

 HR 0.70*   c HR 0.95 to 
HR 1.02 

  d HR 1.14 to 
HR 1.61 

  e HR 1.43 to 
HR 3.57 

 Kirtane 
et al. [ 9 ] 
 [on-label] 

 Comprehensive  9470 
(4867/4603) 

 5  HR 
1.05 

 HR 
1.03 

 HR 0.54* 

 Kirtane 
et al. [ 9 ] 
 [off-label] 

 HR 
0.84 

 HR 
0.83 

 HR 0.42* 

 Kang 
[ 11 ] a,b  

 Bayesian 
approach 
network 

 90,584 
(80,744/9844) 

 5  HR 
0.62 to 
HR 
0.87 

 HR 
0.42* 
to HR 
0.85 

 HR 0.19* 
to HR 
0.43* 

  c,d HR 0.25* 
to HR 0.84 

  e HR 0.23* 
to HR 
2.13* 

 Bangalore 
[ 12 ] b  

 Mixed 
treatment 
comparison 

 106,427  5  RR 
0.69 to 
RR 
0.89 

 RR 
0.61* 
to RR 
0.98 

 RR 0.30* 
to RR 
0.57* 

  c,d,e RR 
0.35* to RR 
1.17 

  Differences non-signifi cant unless indicated. Results from fi nal follow-up unless indicated 
  BMS  bare metal stent,  DES  drug eluting stent,  MI  myocardial infarction,  TLR  target lesion revas-
cularization,  ST  stent thrombosis,  HR  hazard ratio,  RR  risk ratio 
 *p < 0.05 
  a Results at 1-year follow-up 
  b Multiple DES tested against BMS – worst and best results reported 
  c Early ST 
  d Late ST 
  e Very late ST  
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  Fig. 21.1    The chemical structure ( a ) and mechanism of action ( b ) of the macrocyclic lactone 
group of anti-proliferative drugs and paclitaxel         
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 12 ,  26 ] has largely led to paclitaxel losing its role in contemporary DES. However, 
its properties have resulted in it being the anti-proliferative agent of choice to be 
released from drug-coated balloons [ 27 ].  

 It follows that contemporary DES elute macrocyclic lactones, which are similar 
to sirolimus. However, modifi cations on the carbon atom 40 of the macrocyclic ring 
have lead to the development of zotarolimus, everolimus, and biolimus. Other 
agents such as novolimus have been produced through removal of a methyl group 
from carbon atom 16, and myolimus through replacement of the oxygen on carbon 
atom 32 of the macrocyclic ring. These agents all offer subtle differences in degrees 
of immunosuppression and liphophilicity, with the latter infl uencing the rate of drug 
absorption into the arterial wall. The direct infl uence of these different agents on 
stent performance is impossible to evaluate in isolation, as concurrent modifi cations 
to other aspects of stent design have also been made. Pre-clinical data comparing 
stents with identical platforms, polymers, drug loads and drug release kinetics but 
releasing everolimus, sirolimus, or zotarolimus—demonstrate that all three limus 
drugs have comparable effects on neointimal suppression [ 28 ]. Clinical data are 
available from numerous randomized studies and their subsequent meta-analyses, 
comparing sirolimus-, everolimus-, zotarolimus- and biolimus- eluting stents indi-
vidually with either BMS or other DES, with additional data obtained from indirect 
comparisons between these DES from network meta-analyses [ 10 – 12 ,  14 ,  16 ]. 

 Conclusions from the largest network meta-analysis by Bangalore et al. [ 12 ] 
which included data from 126 trials and 258,544 patient years of follow-up suggest 
that the thin-strut, fl uoro-polymer coated everolimus-eluting stent (EES, Table  21.1 ) 
has the best combination of effi cacy and safety as evidenced by:

    1.    EES being the only DES to show a signifi cant reduction in mortality compared 
to BMS (HR 0.72, 95 % CI 0.58–0.90). No signifi cant differences in mortality 
were seen in comparisons between different DES.   

   2.    EES having the greatest reduction in the risk of MI compared to BMS (HR 0.61, 
95 % CI 0.44–0.87). In comparison, other limus DES reduce the risk of MI 
 versus BMS with hazard ratios of 0.71–0.83. No signifi cant differences in mor-
tality were seen in comparisons between different DES.   

   3.    EES being the only DES to signifi cantly reduce the rate of defi nite ST compared 
to BMS (HR 0.35, 95 % CI 0.21–0.53). A subsequent analysis demonstrated, 
with an 81 % probability, that EES was associated with the lowest rate of defi nite 
ST compared to other DES.   

   4.    EES has the greatest reduction in target vessel revascularization compared to 
BMS (HR 0.37, 95 % CI 0.26–0.52). In comparison, other limus DES reduce the 
risk of target vessel revascularization versus BMS with hazard ratios of 0.38–
0.59. No signifi cant differences in mortality were seen in comparisons between 
different DES.    

  The cobalt chromium EES stent has a strut thickness of 81 μm, and is coated with 
a 7.6 μm thick, non-erodable, co-polymer of poly vinylidene fl uoride co- 
hexafl uoropropylene (PVDF-HFP), and poly n-butyl methacrylate (PBMA), which 
facilitates elution of everolimus over 120-days.  Everolimus  (C 53 H 83 NO 14 , molecular 
weight 958 Da) is a sirolimus derivative, in which the hydroxyl group at position 
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C40 of sirolimus has been alkylated with a 2-hydroxy-ethyl group. It is slightly 
more lipophilic than sirolimus, and therefore, it is more rapidly absorbed into the 
arterial wall. Although binding of everolimus to the FKBP-12 domain is three-fold 
and immunosuppressive activity  in vitro  two to fi ve-fold lower than with sirolimus, 
oral everolimus proved at least as potent as sirolimus in models of autoimmune 
disease and heart transplantation. The EES platform is potentially associated with 
less infl ammation than SES and PES [ 29 ]. The thin-strut structure of the stent plat-
form, the thromboresistant properties of the fl uoro-polymer, and the reduced poly-
mer and drug load may contribute to the low rate of ST with EES [ 30 ]. The notion 
of a DES being safer than a BMS represents a paradigm shift in the evolution of PCI.  

    Stent Polymer 

 The role of the stent polymer is to facilitate controlled elution of anti-proliferative 
drugs over a specifi ed period of time, with their presence obsolete once drug elution 
has been completed. This latter fact, together with evidence identifying polymers, 
particularly the non-biocompatible polymers found on fi rst generation DES as a 
nidus for chronic infl ammation within the arterial wall leading to hypersensitivity 
reactions, endothelial dysfunction and subsequent delayed healing, has led to accu-
sations that they are central to triggering late and very late ST [ 29 ,  31 – 33 ]. Valid 
questions have therefore been raised regarding whether the polymer should be per-
manent or biodegradable, (i.e. biodegrade once drug elution has been completed), 
or whether they are needed at all. 

    Permanent Versus Biodegradable Polymer 

 In theory, stents with biodegradable polymers offer the anti-restenotic benefi ts of con-
ventional DES during vascular healing. However, once drug elution has been com-
pleted and the polymer has broken down, the stent should offer the safety benefi ts of a 
BMS. While this concept is attractive, there remain several challenges including 
(1) establishing the optimal biocompatibility, composition, formulation, and degrada-
tion time of the polymer; (2) identifying the optimal pharmacokinetics of the anti-pro-
liferative agent released by the degradation of the polymer; (3) managing variations in 
polymer degradation time which can be affected by production factors such as the use 
of long polymer chains, decreased polymer hydrophobicity and greater polymer crys-
talinization and biological environmental factors; [ 34 ] (4) dealing with the potential 
complications of an infl ammatory and immune reaction to polymer breakdown [ 35 ]. 

 Despite these conceptual challenges, numerous DES utilizing biodegradable 
polymers, such as poly-lactic acid, poly-L-lactic acid (PLLA), and poly(D,L-
lactide- co-glycolide), have been developed and undergone clinical evaluation in 
fi rst-in-man studies, and randomized clinical studies with BMS and/or perma-
nent polymer DES as the comparator arm (Table  21.3 ) [ 18 ,  36 – 58 ]. Reassuringly, 
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   Table 21.3    Metallic stents with a biodegradable polymer which are either currently available or 
undergoing clinical evaluation   

 Stent 
(manufacturer) 
(Ref)  Drug (dosage) 

 Drug 
release 
(%) 
release/
time 

 Stent 
platform 

 Strut/max 
coating 
thickness 
(μm) 

 Polymer type 
(duration of 
biodegradation, 
months) 

 In-stent 
late loss 
(mm) 

 Supralimus 
(Sahajanand 
Medical) [ 43 ] 

 Sirolimus 
(125 μg/19 mm) 

 50 %  SS  80/4–5  PLLA, PLGA, 
PLC, PVP (7) 

 0.09* 

 9–11 
days 

 Excel stent 
(JW Medical 
System) [ 44 ] 

 Sirolimus 
(195–376 μg) 

 NA  SS  119/15  PLA (6–9)  0.21* 

 FIREHAWK 
(MicroPort) 
[ 45 ] 

 Sirolimus 
(55 μg/18 mm) 

 75 %  CoCr 
with 
grooves 

 NA  Abluminal groove 
fi lled PLA (9) 

 0.13§ 

 30 days 

 MiStent 
(Micell) [ 46 ] 

 Crystalline Sirolimus 
(9–11 μg/mm) 

 100 %  CoCr  64/15  PLGA (3)  0.03§ 

 60 days 

 BioMatrix 
(Biosensors) 
[ 36 ,  47 ] 

 Biolimus A9 
(15.6 μg/mm) 

 45 %  SS  112/10 a   Abluminal PLA 
(6–9) 

 0.13† 

 30 days 

 NOBORI 
(Terumo) [ 48 ] 

 Biolimus A9 
(15.6 μg/mm) 

 45 %  SS  112/10 a   Abluminal PLA 
(6–9) 

 0.11† 

 30 days 

 Axxess 
(Biosensors) 
[ 49 ] 

 Biolimus A9 (22 μg/
mm) 

 45 %  Nitinol  152/15 a   Abluminal PLA 
(6–9) 

 0.29 MB† 

 30 days  0.29SB† 

 SYNERGY 
(Boston 
Scientifi c) [ 37 ] 

 Everolimus (LD 
56 μg/20 mm) (SD 
113 μg/20 mm) 

 50 %  PtCr  71/3 (LD)  PLGA Rollcoat 
Abluminal (3) 

 0.13 
(LD)* 

 60 days  4 (SD)  0.10 
(SD)* 

 Combo 
(OrbusNeich) 
[ 50 ] 

 EPC + Sirolimus 
(5 μg/mm) 

 95 %  SS  100/3–5 a   Abluminal PLA, 
PLGA, CAP(<3) 

 0.39† 

 35 days 

 DESyne BD 
(Elixir 
Medical) [ 51 ] 

 Novolimus (5 μg/
mm) 

 90 %  CoCr  81/<3  PLA (6–9)  0.16* 

 90 days 

 Elixir 
Myolimus 
(Elixir 
Medical) [ 52 ] 

 Myolimus (3 μg/
mm) 

 90 %  CoCr  81/<3  PLA (6–9)  0.08* 

 90 days 

 Svelte (Svelte 
Medical) [ 53 ] 

 Sirolimus (220 μg/
cm 2 ) 

 80 %  CoCr  81/6  PLGA (12)  0.22* 

 28 days 

 BioMime 
(Meril Life 
Sciences) [ 54 ] 

 Sirolimus (1.25 μg/
mm 2 ) 

 NA  CoCr  65/2  PLGA + PLLA  0.15^ 

(continued)
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porcine studies have shown less infl ammation, [ 59 ] and clinical studies, improved 
vasomotion, [ 60 ,  61 ] and fewer uncovered struts as assessed by optical coher-
ency tomography at 6–8 months follow-up [ 62 ] with biodegradable versus per-
manent polymer DES. Unfortunately however, proof-of-concept remains to be 
reliably established as only few studies are available with suffi ciently long 
enough follow- up to examine whether these devices truly offer an advantage in 
terms of long-term clinical safety [ 63 ]. One such study is the LEADERS study, 
which showed a signifi cantly lower rate of very late defi nite ST between 1- and 
5-years follow-up with the BioMatrix (Biosensor, Morges, Switzerland), biode-
gradable polymer biolimus- eluting stent (BES) compared to Cypher permanent 
polymer SES (Fig.  21.2 ) [ 63 ].

    Several meta-analyses have been conducted to compare the outcomes from the 
use of permanent versus biodegradable polymer DES. However, it must be noted 
that these are unable to overcome the absence of long-term follow-up data [ 11 ,  12 , 
 14 ,  64 ,  65 ]. Stefanini et al. performed [ 64 ] a patient-level meta-analysis of the 
LEADERS, ISAR TEST 3 and ISAR TEST 4 studies reporting outcomes from 2358 
patients treated with biodegradable polymer DES, and 1704 patients treated with 
permanent polymer fi rst generation DES. In support of the benefi ts of biodegradable 
polymer DES were the signifi cantly lower rates of overall defi nite ST (HR 0.56, 
p = 0.02), and very-late (>1 year after stent deployment) ST (HR 0.22, p = 0.004) 
observed with their use at 4-years follow-up. Effi cacy as assessed by target lesion 
revascularization (TLR, HR 0.82, p = 0.03) was also in shown to be in their favor. 
Similar positive signals in favor of biodegradable polymer DES were identifi ed by 

Table 21.3 (continued)

 Stent 
(manufacturer) 
(Ref)  Drug (dosage) 

 Drug 
release 
(%) 
release/
time 

 Stent 
platform 

 Strut/max 
coating 
thickness 
(μm) 

 Polymer type 
(duration of 
biodegradation, 
months) 

 In-stent 
late loss 
(mm) 

 Orsiro 
(Biotronik) 
[ 55 ] 

 Sirolimus (1.4 μg/
mm 2 ) 

 100 %  CoCr  71/11  PLLA (15)  0.05† 

 100 days 

 Inspiron DES 
(Scitech) [ 56 ] 

 Sirolimus 
(56 μg/13 mm) 

 NA  CoCr  75/5 a   PLA + PLGA 
(6–8) 

 0.22* 

 Infi nnium 
(Sahajanand) 
[ 57 ,  58 ] 

 Paclitaxel 
(122 μg/19 mm) 

 50 %  SS  80/4–5  PLLA, PLGA, PLC 
 PVP 
 (7) 

 0.54† 

 9–11 
days 

  All differences are not signifi cant unless stated 
 Angiographic follow-up at 4(§), 6 (*), 8 (^) and 9 (†) months 
  PLC  75/25 poly L-lactide- co -caprolactone,  CAP  ε-caprolactone,  CoCr  cobalt chromium,  EPC  
endothelial progenitor capture,  LD  low dose,  NA  not available,  PES  paclitaxel eluting stent,  PLGA  
50/50 Poly DL-Lactide-co-Glycolide,  PLLA  poly-L-lactic acid,  PtCr  platinum chromium,  PVP  
polyvinyl pyrrolidone,  SD  standard dose,  SES  sirolimus eluting stent,  SS  stainless steel 
  a Abluminal polymer  
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Definite stent thrombosis in the LEADERS study

Landmark analyses at 0–1 and 1–5 years

RR(95 %Cl) = 0.60 (0.35–1.02); p = 0.057
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  Fig. 21.2    The cumulative incidence ( a ) and landmark analyses ( b ) of defi nite stent thrombosis for 
patients receiving the biodegradable polymer biolimus-eluting stent versus the permanent polymer 
sirolimus-eluting stent in the all-comers randomized LEADERS study [ 63 ]. The rates of stent 
thrombosis were comparable for both stents at 1-year, and signifi cantly lower with the biodegrad-
able polymer stent between 1 and 5 years follow-up       
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Navarese et al. [ 65 ] who reported a signifi cantly lower in-stent late loss (p = 0.004), and 
late/very late ST (OR 0.60, p = 0.02) among patients at a median of 9-months follow-
up who were randomized to biodegradable polymer stents eluting paclitaxel, sirolimus 
or biolimus (n = 3977) or permanent polymer fi rst generation SES or PES (n = 3487). 

 Larger network meta-analyses, which have included results from studies of 
newer generation DES, have failed to identify any signifi cant differences in safety 
and effi cacy between biodegradable and permanent polymer DES [ 11 ,  12 ,  14 ]. 
Notably, signifi cantly higher rates of defi nite ST have been reported with biodegrad-
able polymer DES compared to EES at 1-year (OR 2.44, 95 % CI 1.30–4.76), which 
was largely driven by early events [ 14 ]. Long-term, albeit in the presence of limited 
data, no signifi cant differences have been seen between biodegradable polymer and 
newer generation DES with regards to the risk of very late ST. It is noteworthy that 
recent large randomized studies of the biodegradable polymer BES which have 
shown non-inferiority with EES in terms of major adverse cardiovascular events 
(MACE), (COMPARE 2 study) [ 38 ] and TLR (NEXT study) [ 40 ] at 12-months 
follow-up are absent, as is the SORT OUT VI study which showed that the Resolute 
ZES was non-inferior to BES in terms of 12-months MACE [ 41 ]. 

 Ultimately, robust data to support the improvements in long-term safety with 
biodegradable polymer DES remain absent. Furthermore, their ability to show the 
hypothesized improvement in safety has been made more arduous in light of the 
concurrent development and advances in the biocompatibility of the permanent 
polymers on newer generation DES such as EES and ZES.  

    Polymer Versus Polymer-Free DES 

 Building on the principal that the polymer is a trigger for adverse safety is the devel-
opment of DES which elute anti-proliferative drugs without any polymeric coating. 
Drug elution, which is completed between 50 h and 90 days for current devices, is 
achieved through either physical modifi cations to the stent’s surface or using a non- 
polymeric biodegradable carrier. Eliminating the polymer avoids any potential 
long-term adverse effects from their presence. It also improves the integrity of the 
stent’s surface owing to the absence of potential polymer cracking, webbing and 
peeling off – which have been observed  in vitro  with polymeric DES [ 66 ,  67 ]. In 
theory, these devices should offer the safety of BMS, and the effi cacy of a DES from 
the time of deployment. Pre-clinical studies provide evidence of support with 
improved healing and reduced infl ammation seen at 180 days in the porcine model 
when a polymer-free BES was compared to permanent polymer SES [ 68 ]. Clinical 
studies remain largely limited to fi rst-in-man studies or randomized studies of select 
patient/lesion groups with fi rst generation DES (mainly PES) as the control stent 
[ 69 – 72 ]. Powered for angiographic outcomes, results have been mixed, especially 
for early iterations, which had late loss values of up to 0.48 mm [ 69 ]. This was 
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thought to be due to rapid drug elution, however, contemporary devices eluting 
biolimus (over 50 h) [ 72 ] and amphilimus (over 3 months) [ 70 ] have restored some 
confi dence in the devices with late loss values of 0.08 mm and 0.14 mm, respec-
tively which are comparable to controls (Fig.  21.3 ).  

 In the presence of limited data, the utility of these devices is yet to be established. 
An attractive potential role is in those patients who require the effi cacy of a DES, 
but are unable to take DAPT for a prolonged period. This scenario which is being 
assessed in the LEADER FREE study which is enrolling 2500 patients who, owing 
to comorbidity or a high-risk of bleeding, are unable to receive DAPT for longer 
than 1 month [ 73 ]. As with biodegradable polymer devices, the concurrent improve-
ments in permanent polymer DES, together with the shortened mandatory period 
for DAPT may limit the ability of these devices to enter mainstream practice, par-
ticularly considering the cost premium that is currently attached with their use.   

    Stent Platform 

 The stent platform is the skeleton of the stent, which provides suffi cient radial force 
at the time of deployment to prevent acute vessel closure following balloon-induced 
plaque dissection. Long-term its role is to provide a scaffold to facilitate vessel 

Polymer free DES

Time for drug elution

50 h 7 days 30 days 90 days 90 days

Cre8BioFreedom

Biolimus A9 Sirolimus Sirolimus Amphilimus

Cobalt  chromiumCobalt  chromiumStainless steel

Microporous surface Microporous surface Hydroxyapitate
crystals

Microdrop spray
crystallization

Carbon coating/
Abluminal reservoir

FIM LLL:0.14 mm^FIM LLL:0.08 mm* FIM LLL:0.48 mm§ FIM LLL:0.36 mm§ FIM LLL:0.77 mm*

Stainless steel Stainless steel

Paclitaxel

Yukon VESTAsync Amazon PAX

  Fig. 21.3    Key features of the fi ve main polymer-free stents. Stent surfaces have been modifi ed in 
a variety of ways to facilitate elution of the anti-proliferative agent over a different time periods 
ranging from 50 h to 90-days. Late loss values shown are from 4-(*), 6-(^) or 9-(§) months angio-
graphic follow-up       
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healing and prevent plaque prolapse. Presently, most stent platforms are made of 
permanent metals. However, similar to the polymer, the effective role of the stent is 
complete once the vessel has healed and endothelialization has occurred, paving the 
way for bioresorbable scaffolds. 

    Permanent Stent Platform 

 Permanent stent platforms have undergone numerous modifi cations, which have 
been fuelled by the observed relationship between stent strut geometry and the 
degree of vessel wall injury and subsequent restenosis [ 74 ,  75 ]. Coupled with this is 
the evolution in the complexity of coronary anatomy treated with PCI and the desire 
to improve procedural success and clinical outcomes. 

 The early stents were made of stainless steel, however this has been replaced on 
contemporary devices, other than the BES, with cobalt or platinum chromium. 
Beside improved radio-opacity, these alloys have a greater tensile strength allowing 
suffi cient radial strength to be generated from struts of less than 100 μm—the Orsiro 
(Biotronik, Germany) stent has a strut thickness of only 60 μm—compared to 
140 μm with the Cypher SES. 

 Thinner struts improve deliverability and side branch accessibility, and in theory 
lead to better outcomes through superior re-endothelialization, reduced peri-stent 
infl ammation and fi birin deposition, a smaller obstacle for blood fl ow with less 
shear disturbances and a lower risk of vascular trauma to the elastic lamina and 
medial wall [ 74 – 79 ]. It is important to acknowledge that some of these postulated 
benefi ts may only be applicable to BMS devices, as studies comparing thick strut 
DES to thin strut BMS have shown that drug elution infl uences outcomes more than 
strut thickness [ 80 ]. Data from OCT performed 6–8 months after implantation of 
DES with thin or thick struts demonstrated improved strut coverage with thinner 
strut DES, however no differences in neointimal hyperplasia were seen. In the 
PERSUS study, comparable angiographic and clinical outcomes were seen among 
patients receiving a PES, which had either a thin strut platinum chromium or thick 
strut stainless steel platform [ 81 ]. 

 In addition to altering stent strut thickness, stent fl exibility and deliverability 
have been optimized by modifi cations to the cell design and connectors between 
cells. The Cypher SES had a closed cell design, which activated fewer platelets and 
reduced tissue prolapsed. However, this design limited its fl exibility and subse-
quently increased its risk of fracture [ 82 ,  83 ]. In contrast, greater fl exibility and its 
related lower degree of arterial injury can be achieved with open cell designs with 
fewer cell connectors. 

 While the reductions in strut thickness and number of connectors have been 
welcomed, case reports of longitudinal stent deformation and its subsequent clini-
cal sequellae have raised anxieties [ 84 ]. Re-evaluation in prospective studies has 
alleviated some of these worries, [ 85 ] which have also been overcome with educa-
tion and subtle design modifi cations, such as the introduction of additional 
connectors. 
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 In summary, the optimal permanent stent platform is one that has adequate ten-
sile strength to allow thin stent struts with high radio-opacity, and a cell confi gura-
tion, which balances the need for deliverability and fl exibility against minimizing 
the unsupported circumferential sectional area, stent deformity, and risk of tissue 
prolapse.  

    Bioresorbable Scaffolds 

 Interest in bioresorbable scaffolds has grown in an attempt to overcome the per-
ceived disadvantages of permanent metallic stents, which include the absence of 
any functionality once vessel healing has taken place, the risk of neoatherosclerosis 
and adverse events, allergic reaction to metals, hypersensitivity to polymers and the 
inability to anastomose a stented segment with a bypass graft. In essence, these 
bioresorbable scaffolds help maintain vessel patency and prevent acute vessel clo-
sure at the time of balloon angioplasty. Over time, they biodegrade into inert sub-
stances allowing vessel physiology to be restored removing any residual 
intra-vascular foreign material [ 86 – 89 ]. Numerous bioresorbable scaffolds have 
been developed, with clinical data confi ned for the most to fi rst-in-man studies 
(Table  21.4 ) [ 90 – 100 ]. The results of these, together with data from the extensively 
studied ABSORB EES (ABBOTT Vascular, Santa Clara, CA) scaffold, [ 89 ,  101 –
 103 ] which includes registries and a randomized study versus a permanent metallic 
DES, have helped bring the theoretical advantages into reality. Notwithstanding, 
several challenges remain.

   Numerous different materials have been used as the backbone of these scaffolds 
ranging from magnesium, salicylic acid, tyrosine-derived polycarbonate, and most- 
commonly PLLA (Table  21.4 , Fig.  21.4 ) [ 86 ,  104 ]. As a consequence of the tensile 
strength of these bioresorbable materials being at least ten times less than the alloys 
used in metallic stents (PLLA 40–65 Mpa vs. Cobalt chromium >1000 Mpa), 
thicker stent struts are required to provide suffi cient radial support, and prevent 
acute vessel recoil during vessel healing. Current devices have strut thickness’ rang-
ing from 100 to 200 μm. Understandably, this can affect many aspects of stent 
deployment not least the need to use larger guiding catheters (with the resultant 
increased risks of vascular access site complications) and diffi culties with deliver-
ing stents particularly in challenging coronary anatomy. Reassuringly, despite this, 
real world data of the ABSORB EES show that it can be used in bifurcation lesions, 
ostial lesions, chronic total occlusions and can be overlapped [ 105 – 109 ].  

 Other issues related to thick struts are their greater neointimal area, while struts 
abutting into the lumen can interfere with blood fl ow dynamics, potentially adding to 
the risk of ST [ 110 – 113 ]. The earlier discussion indicates a clear advantage for thin-
ner struts with permanent metallic devices. However, there are no data to confi rm 
whether this is also applicable to bioresorbable scaffolds, not least because the heal-
ing response to these devices is different with continuing positive remodeling which 
can negate the effects of neointimal hyperplasia [ 89 ,  101 ,  112 ]. Of note, data from 
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initial fi rst-in-man studies showed unacceptable late loss, with values of up to 
1.81 mm at 6-months follow-up of the REVA stent [ 93 ]. This poor effi cacy was 
related to a failure to establish the optimal properties of the scaffold material, and the 
absence of anti-proliferative drugs on early scaffolds. Like the permanent metal 
DES, the absence of drug elution appears to lead to unacceptable rates of neointimal 
hyperplasia with scaffolds. Fortunately, contemporary scaffolds, which elute macro-
cyclic lactones, have been able to dispel the theoretical concerns of inferior effi cacy 
with thick struts as evidenced by late loss values from fi rst-in-man studies of 0.19 mm 
with the ABSORB EES (strut thickness 157 μm) [ 114 ] and DESolve nyolimus- 
eluting scaffold (strut thickness 150 μm, Elixir Medical, Sunnyvale, CA) [ 94 ]. 
Furthermore, there are comparable rates of TLR in the ABSORB II study which 
randomized the ABSORB EES to the Xience V EES (strut thickness 81 μm) [ 103 ]. 

 Emerging data have shown that bioresorbable scaffolds are not immune to the 
risk of thrombotic events. In the ABSORB II study there were two defi nite scaffold 
thromboses (one acute, one sub-acute) versus zero for EES. One of these involved 
overlapping scaffolds with the other treatment of a bifurcation lesion. Other exam-
ples of defi nite scaffold thrombosis have been reported with one reported event as 
late as 22 months following scaffold implantation (very late) [ 115 ]. While these 
events are scarce, they serve to increase vigilance, and indicate that no intra- 
coronary implant is exempt from thrombosis.   

DESolve

BTI

ART

Amaranth

Xinsorb

Acute
Absorb BVS

(BVS 1.1)

BVS 1.0

IDEAL
(BTI 2nd Gen)

ART18Z
(ART 2nd Gen)

ReZolve
(REVA 2nd Gen)

AMS 4.0
(DREAMS 2nd Gen)

AMS 3.0
(DREAMS 1st Gen)

AMS 1.0

Igaki-Tamai

REVA

  Fig. 21.4    Bioresorbable scaffolds undergoing pre-clinical and clinical evaluation       
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    Conclusions 

 The following conclusions can be made regarding the optimal coronary stent design:

    1.    It is desirable to implant coronary stents that elute an anti-proliferative drug, 
with macrocyclic lactone inhibitors the preferred agents of choice.   

   2.    Paclitaxel should not be used in DES, and its current use should be limited to 
drug-eluting balloons.   

   3.    Contemporary data have not found any increased risk of adverse safety events 
with the newer generation DES compared with BMS.   

   4.    Data from large contemporary meta-analyses confi rm that the everolimus- eluting 
stent currently has the best combined effi cacy and safety attributable to its thin-
struts, and biocompatible fl uoro-polymer which elutes 80 % of its everolimus in 
the fi rst month after deployment   

   5.    The absence of long-term follow-up data makes defi nitive conclusions diffi cult 
regarding the durable safety benefi ts of biodegradable polymer DES compared 
with newer generation permanent polymer DES.   

   6.    The clinical utility of polymer free DES remains to be established in light of 
limited clinical data.   

   7.    The optimal permanent stent platform is one that has adequate tensile strength to 
allow thin stent struts with high radio-opacity, and a cell confi guration, which 
balances the need for deliverability and fl exibility against minimizing the unsup-
ported circumferential sectional area and the risk of stent deformity and tissue 
prolapse.   

   8.    Bioresorbable scaffolds offer the potential to overcome some of the inherent 
problems of permanent metallic stents and emerging clinical trial data support 
their comparable performance in simple lesion types.   

   9.    Bioresorbable scaffolds are not immune to the problems of acute, late or very 
late scaffold thrombosis.         

   References 

    1.    Sigwart U, Puel J, Mirkovitch V, Joffre F, Kappenberger L. Intravascular stents to prevent 
occlusion and restenosis after transluminal angioplasty. N Engl J Med. 1987;316:701–6.  

    2.    Morice MC, Serruys PW, Sousa JE, Fajadet J, Ban Hayashi E, Perin M, et al. A randomized 
comparison of a sirolimus-eluting stent with a standard stent for coronary revascularization. 
N Engl J Med. 2002;346:1773–80.  

    3.    Nordmann AJ, Briel M, Bucher HC. Mortality in randomized controlled trials comparing 
drug-eluting vs. bare metal stents in coronary artery disease: a meta-analysis. Eur Heart 
J. 2006;27:2784–814.  

   4.    Camenzind E, Steg PG, Wijns W. Stent thrombosis late after implantation of fi rst-generation 
drug-eluting stents: a cause for concern. Circulation. 2007;115:1440–55; discussion 1455.  

    5.    Pfi sterer M, Brunner-La Rocca HP, Buser PT, Rickenbacher P, Hunziker P, Mueller C, et al. 
Late clinical events after clopidogrel discontinuation may limit the benefi t of drug-eluting 

S. Garg and P.W. Serruys



325

stents: an observational study of drug-eluting versus bare-metal stents. J Am Coll Cardiol. 
2006;48:2584–91.  

    6.    Stone GW, Moses JW, Ellis SG, Schofer J, Dawkins KD, Morice M-C, et al. Safety and effi -
cacy of sirolimus- and paclitaxel-eluting coronary stents. N Engl J Med. 2007;356:
998–1008.  

   7.    Spaulding C, Daemen J, Boersma E, Cutlip DE, Serruys PW. A pooled analysis of data com-
paring sirolimus-eluting stents with bare-metal stents. N Engl J Med. 2007;356:989–97.  

   8.    Mauri L, Hsieh WH, Massaro JM, Ho KK, D’Agostino R, Cutlip DE. Stent thrombosis in 
randomized clinical trials of drug-eluting stents. N Engl J Med. 2007;356:1020–9.  

     9.    Kirtane AJ, Gupta A, Iyengar S, Moses JW, Leon MB, Applegate R, et al. Safety and effi cacy 
of drug-eluting and bare metal stents: comprehensive meta-analysis of randomized trials and 
observational studies. Circulation. 2009;119:3198–206.  

      10.    Stettler C, Wandel S, Allemann S, Kastrati A, Morice MC, Schomig A, et al. Outcomes asso-
ciated with drug-eluting and bare-metal stents: a collaborative network meta-analysis. Lancet. 
2007;370:937–48.  

        11.    Kang SH, Park KW, Kang DY, Lim WH, Park KT, Han JK, et al. Biodegradable-polymer 
drug-eluting stents vs. bare metal stents vs. durable-polymer drug-eluting stents: a systematic 
review and Bayesian approach network meta-analysis. Eur Heart J. 2014;35:1147–58.  

         12.    Bangalore S, Toklu B, Amoroso N, Fusaro M, Kumar S, Hannan EL, et al. Bare metal stents, 
durable polymer drug eluting stents, and biodegradable polymer drug eluting stents for coro-
nary artery disease: mixed treatment comparison meta-analysis. BMJ. 2013;347:f6625.  

   13.    Valgimigli M, Sabate M, Kaiser C, Brugaletta S, de la Torre Hernandez JM, Galatius S, et al. 
Effects of cobalt-chromium everolimus eluting stents or bare metal stent on fatal and non- 
fatal cardiovascular events: patient level meta-analysis. BMJ. 2014;349:g6427.  

       14.    Palmerini T, Biondi-Zoccai G, Della Riva D, Mariani A, Sabate M, Smits PC, et al. Clinical 
outcomes with bioabsorbable polymer- versus durable polymer-based drug-eluting and 
 bare- metal stents: evidence from a comprehensive network meta-analysis. J Am Coll Cardiol. 
2014;63:299–307.  

    15.    Sabate M, Raber L, Heg D, Brugaletta S, Kelbaek H, Cequier A, et al. Comparison of newer- 
generation drug-eluting with bare-metal stents in patients with acute ST-segment elevation 
myocardial infarction: a pooled analysis of the EXAMINATION (clinical Evaluation of the 
Xience-V stent in Acute Myocardial INfArcTION) and COMFORTABLE-AMI (Comparison 
of Biolimus Eluted From an Erodible Stent Coating With Bare Metal Stents in Acute 
ST-Elevation Myocardial Infarction) trials. JACC Cardiovasc Interv. 2014;7:55–63.  

     16.    Palmerini T, Biondi-Zoccai G, Della Riva D, Stettler C, Sangiorgi D, D’Ascenzo F, et al. 
Stent thrombosis with drug-eluting and bare-metal stents: evidence from a comprehensive 
network meta-analysis. Lancet. 2012;379:1393–402.  

    17.    Morice MC, Urban P, Greene S, Schuler G, Chevalier B. Why are we still using coronary 
bare-metal stents? J Am Coll Cardiol. 2013;61:1122–3.  

     18.    Kaiser C, Galatius S, Jeger R, Gilgen N, Jensen JS, Naber C, et al. Long-term effi cacy and 
safety of biodegradable-polymer biolimus-eluting stents: main results of the Basel Stent 
Kosten-Effektivitats Trial-PROspective Validation Examination II (BASKET-PROVE II), a 
randomized, controlled noninferiority 2-year outcome trial. Circulation. 2015;131:74–81.  

    19.    Garg S, Serruys P. Benefi ts of and safety concerns associated with drug-eluting coronary 
stents. Expert Rev Cardiovasc Ther. 2010;8:449–70.  

    20.    van Werkum JW, Heestermans AA, Zomer AC, Kelder JC, Suttorp MJ, Rensing BJ, et al. 
Predictors of coronary stent thrombosis: the Dutch Stent Thrombosis Registry. J Am Coll 
Cardiol. 2009;53:1399–409.  

    21.    Wijns W, Kolh P, Danchin N, Di Mario C, Falk V, Folliguet T, et al. Guidelines on myocardial 
revascularization. Eur Heart J. 2010;31:2501–55.  

    22.    Valgimigli M, Campo G, Monti M, Vranckx P, Percoco G, Tumscitz C, et al. Short- versus 
long-term duration of dual-antiplatelet therapy after coronary stenting: a randomized multi-
center trial. Circulation. 2012;125:2015–26.  

21 What Is the Optimal Stent Design Interventionalist’s View



326

   23.    Kim BK, Hong MK, Shin DH, Nam CM, Kim JS, Ko YG, et al. A new strategy for discon-
tinuation of dual antiplatelet therapy: the RESET Trial (REal Safety and Effi cacy of 3-month 
dual antiplatelet Therapy following Endeavor zotarolimus-eluting stent implantation). J Am 
Coll Cardiol. 2012;60:1340–8.  

   24.    Valgimigli M, Patialiakas A, Thury A, McFadden E, Colangelo S, Campo G, et al. 
Zotarolimus-eluting versus bare-metal stents in uncertain drug-eluting stent candidates. J Am 
Coll Cardiol. 2015;65:805–15.  

    25.    Gilard M, Barragan P, Noryani AA, Noor HA, Majwal T, Hovasse T, et al. 6- versus 24-month 
dual antiplatelet therapy after implantation of drug-eluting stents in patients nonresistant to 
aspirin: the randomized, multicenter ITALIC trial. J Am Coll Cardiol. 2015;65:777–86.  

    26.    Schomig A, Dibra A, Windecker S, Mehilli J, Suarez de Lezo J, Kaiser C, et al. A meta- 
analysis of 16 randomized trials of sirolimus-eluting stents versus paclitaxel-eluting stents in 
patients with coronary artery disease. J Am Coll Cardiol. 2007;50:1373–80.  

    27.    Scheller B, Hehrlein C, Bocksch W, Rutsch W, Haghi D, Dietz U, et al. Treatment of coro-
nary in-stent restenosis with a paclitaxel-coated balloon catheter. N Engl J Med. 2006;355:
2113–24.  

    28.    Steigerwald K, Ballke S, Quee SC, Byrne RA, Vorpahl M, Vogeser M, et al. Vascular healing 
in drug-eluting stents: differential drug-associated response of limus-eluting stents in a pre-
clinical model of stent implantation. EuroIntervention. 2012;8:752–9.  

     29.    Joner M, Nakazawa G, Finn AV, Quee SC, Coleman L, Acampado E, et al. Endothelial cell 
recovery between comparator polymer-based drug-eluting stents. J Am Coll Cardiol. 
2008;52:333–42.  

    30.    Kolandaivelu K, Swaminathan R, Gibson WJ, Kolachalama VB, Nguyen-Ehrenreich KL, 
Giddings VL, et al. Stent thrombogenicity early in high-risk interventional settings is driven 
by stent design and deployment and protected by polymer-drug coatings. Circulation. 
2011;123:1400–9.  

    31.    Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E, et al. Pathology of drug-eluting 
stents in humans: delayed healing and late thrombotic risk. J Am Coll Cardiol. 
2006;48:193–202.  

   32.    Cook S, Ladich E, Nakazawa G, Eshtehardi P, Neidhart M, Vogel R, et al. Correlation of 
intravascular ultrasound fi ndings with histopathological analysis of thrombus aspirates in 
patients with very late drug-eluting stent thrombosis. Circulation. 2009;120:391–9.  

    33.    Holmes Jr DR, Kereiakes DJ, Garg S, Serruys PW, Dehmer GJ, Ellis SG, et al. Stent throm-
bosis. J Am Coll Cardiol. 2010;56:1357–65.  

    34.    Waksman R, Pakala R. Coating bioabsorption and chronic bare metal scaffolding versus fully 
bioabsorbable stent. EuroIntervention. 2009;5(Suppl F):F36–42.  

    35.    De Jong WH, Eelco Bergsma J, Robinson JE, Bos RR. Tissue response to partially in vitro 
predegraded poly-L-lactide implants. Biomaterials. 2005;26:1781–91.  

     36.    Windecker S, Serruys PW, Wandel S, Buszman P, Trznadel S, Linke A, et al. Biolimus-
eluting stent with biodegradable polymer versus sirolimus-eluting stent with durable polymer 
for coronary revascularisation (LEADERS): a randomised non-inferiority trial. Lancet. 
2008;372:1163–73.  

    37.    Meredith IT, Verheye S, Dubois CL, Dens J, Fajadet J, Carrie D, et al. Primary endpoint 
results of the EVOLVE trial: a randomized evaluation of a novel bioabsorbable polymer- 
coated, everolimus-eluting coronary stent. J Am Coll Cardiol. 2012;59:1362–70.  

    38.    Smits PC, Hofma S, Togni M, Vazquez N, Valdes M, Voudris V, et al. Abluminal biodegrad-
able polymer biolimus-eluting stent versus durable polymer everolimus-eluting stent 
(COMPARE II): a randomised, controlled, non-inferiority trial. Lancet. 2013;381:651–60.  

   39.    Christiansen EH, Jensen LO, Thayssen P, Tilsted HH, Krusell LR, Hansen KN, et al. 
Biolimus-eluting biodegradable polymer-coated stent versus durable polymer-coated 
sirolimus- eluting stent in unselected patients receiving percutaneous coronary intervention 
(SORT OUT V): a randomised non-inferiority trial. Lancet. 2013;381:661–9.  

S. Garg and P.W. Serruys



327

    40.    Natsuaki M, Kozuma K, Morimoto T, Kadota K, Muramatsu T, Nakagawa Y, et al. 
Biodegradable polymer biolimus-eluting stent versus durable polymer everolimus-eluting 
stent: a randomized, controlled, noninferiority trial. J Am Coll Cardiol. 2013;62:181–90.  

    41.    Raungaard B, Jensen LO, Tilsted HH, Christiansen EH, Maeng M, Terkelsen CJ, et al. 
Zotarolimus-eluting durable-polymer-coated stent versus a biolimus-eluting biodegradable-
polymer- coated stent in unselected patients undergoing percutaneous coronary intervention 
(SORT OUT VI): a randomised non-inferiority trial. Lancet. 2015;385(9977):1527–35.  

   42.    Raber L, Kelbaek H, Ostojic M, Baumbach A, Heg D, Tuller D, et al. Effect of biolimus- 
eluting stents with biodegradable polymer vs bare-metal stents on cardiovascular events 
among patients with acute myocardial infarction: the COMFORTABLE AMI randomized 
trial. JAMA. 2012;308:777–87.  

    43.    Dani S, Kukreja N, Parikh P, Joshi H, Prajapati J, Jain S, et al. Biodegradable-polymer-based, 
sirolimus-eluting Supralimus stent: 6-month angiographic and 30-month clinical follow-up 
results from the series I prospective study. EuroIntervention. 2008;4:59–63.  

    44.    Han Y, Jing Q, Xu B, Yang L, Liu H, Shang X, et al. Safety and effi cacy of biodegradable 
polymer-coated sirolimus-eluting stents in “real-world” practice: 18-month clinical and 
9-month angiographic outcomes. J Am Coll Cardiol Intv. 2009;2:303–9.  

    45.   Firehawk GR. Abluminal groove fi lled bioabsorbable polymer sirolimus eluting stent: Update 
on the fi rst in man TARGET I and TARGET II studies. Presentation at Transcatheter 
Cardiovascular Therapeutics, San Francisco, 10th Nov 2011.  

    46.    Ormiston J, Webster M, Stewart J, Vrolix M, Whitbourn R, Donohoe D, et al. First-in-human 
evaluation of a bioabsorbable polymer-coated sirolimus-eluting stent: imaging and clinical 
results of the DESSOLVE I Trial (DES with sirolimus and a bioabsorbable polymer for the 
treatment of patients with de novo lesion in the native coronary arteries). JACC Cardiovasc 
Interv. 2013;6:1026–34.  

    47.    Garg S, Sarno G, Serruys PW, de Vries T, Buszman P, Linke A, et al. The twelve-month 
outcomes of a biolimus eluting stent with a biodegradable polymer compared with a siroli-
mus eluting stent with a durable polymer. EuroIntervention. 2010;6:233–9.  

    48.    Chevalier B, Silber S, Park S-J, Garcia E, Schuler G, Suryapranata H, et al. Randomized 
comparison of the Nobori Biolimus A9-eluting coronary stent with the Taxus Liberte 
paclitaxel- eluting coronary stent in patients with stenosis in native coronary arteries: the 
NOBORI 1 trial--Phase 2. Circ Cardiovasc Interv. 2009;2:188–95.  

    49.    Verheye S, Agostoni P, Dubois CL, Dens J, Ormiston J, Worthley S, et al. 9-month clinical, 
angiographic, and intravascular ultrasound results of a prospective evaluation of the Axxess 
self-expanding biolimus A9-eluting stent in coronary bifurcation lesions: the DIVERGE 
(Drug-Eluting Stent Intervention for Treating Side Branches Effectively) study. J Am Coll 
Cardiol. 2009;53:1031–9.  

    50.    Haude M, Lee SW, Worthley SG, Silber S, Verheye S, Erbs S, et al. The REMEDEE trial: a 
randomized comparison of a combination sirolimus-eluting endothelial progenitor cell cap-
ture stent with a paclitaxel-eluting stent. JACC Cardiovasc Interv. 2013;6:334–43.  

    51.   Verheye S. Overview of novolimus eluting and myolimus elution from durable and bioab-
sorbable polymers. Presentation at Transcatheter Cardiovascular Interventions, Washington, 
USA, 22nd Sept 2010.  

    52.   Schofer J. Multicentre, fi rst-in-man study on the Elixir Myolimus-eluting coronary stent sys-
tem with bioabsorbable polymer: 12-month clinical and angiographic/IVUS results. 
Presentation EuroPCR, 25th–28th May 2010, Paris, France. Available [online]   http://www.
pcronline.com/Lectures/2010/Multicentre-first-in-man-study-on-the-Elixir-Myolimus- 
eluting-coronary-stent-system-with-bioabsorbable-polymer-12-month-clinical-and- 
angiographic- IVUS-results    . Accessed 29 May 2010.  

    53.    Webster M, Harding S, McClean D, Jaffe W, Ormiston J, Aitken A, et al. First-in-human 
evaluation of a sirolimus-eluting coronary stent on an integrated delivery system: the DIRECT 
study. EuroIntervention. 2013;9:46–53.  

21 What Is the Optimal Stent Design Interventionalist’s View

http://www.pcronline.com/Lectures/2010/Multicentre-first-in-man-study-on-the-Elixir-Myolimus-eluting-coronary-stent-system-with-bioabsorbable-polymer-12-month-clinical-and-angiographic-IVUS-results
http://www.pcronline.com/Lectures/2010/Multicentre-first-in-man-study-on-the-Elixir-Myolimus-eluting-coronary-stent-system-with-bioabsorbable-polymer-12-month-clinical-and-angiographic-IVUS-results
http://www.pcronline.com/Lectures/2010/Multicentre-first-in-man-study-on-the-Elixir-Myolimus-eluting-coronary-stent-system-with-bioabsorbable-polymer-12-month-clinical-and-angiographic-IVUS-results
http://www.pcronline.com/Lectures/2010/Multicentre-first-in-man-study-on-the-Elixir-Myolimus-eluting-coronary-stent-system-with-bioabsorbable-polymer-12-month-clinical-and-angiographic-IVUS-results


328

    54.    Dani S, Costa RA, Joshi H, Shah J, Pandya R, Virmani R, et al. First-in-human evaluation of 
the novel BioMime sirolimus-eluting coronary stent with bioabsorbable polymer for the 
treatment of single de novo lesions located in native coronary vessels - results from the 
meriT-1 trial. EuroIntervention. 2013;9:493–500.  

    55.    Hamon M, Niculescu R, Deleanu D, Dorobantu M, Weissman NJ, Waksman R. Clinical and 
angiographic experience with a third-generation drug-eluting Orsiro stent in the treatment of 
single de novo coronary artery lesions (BIOFLOW-I): a prospective, fi rst-in-man study. 
EuroIntervention. 2013;8:1006–11.  

    56.   Lemos PA. Inspiron sirolimus eluting stent. Clinical Research Program Update. Presentation 
at Transcatheter Therapeutics, Miami. Oct 2012. Available   http://www.tctmd.com    .  

    57.    Lemos PA, Moulin B, Perin MA, Oliveira LA, Arruda JA, Lima VC, et al. Randomized evalu-
ation of two drug-eluting stents with identical metallic platform and biodegradable polymer 
but different agents (paclitaxel or sirolimus) compared against bare stents: 1-Year results of 
the PAINT trial. Catheter Cardiovasc Interv. 2009;74(5):665–73.  

     58.    Vranckx P, Serruys PW, Gambhir S, Sousa E, Abizaid A, Lemos P, et al. Biodegradable-
polymer- based, paclitaxel-eluting Infi nnium stent: 9-Month clinical and angiographic follow-
 up results from the SIMPLE II prospective multi-centre registry study. EuroIntervention. 
2006;2:310–7.  

    59.    Koppara T, Joner M, Bayer G, Steigerwald K, Diener T, Wittchow E. Histopathological com-
parison of biodegradable polymer and permanent polymer based sirolimus eluting stents in a 
porcine model of coronary stent implantation. Thromb Haemost. 2012;107:1161–71.  

    60.    Hamilos M, Sarma J, Ostojic M, Cuisset T, Sarno G, Melikian N, et al. Interference of drug- 
eluting stents with endothelium-dependent coronary vasomotion: evidence for device- specifi c 
responses. Circ Cardiovasc Interv. 2008;1:193–200.  

    61.    Tada T, Kastrati A, Byrne RA, Schuster T, Cuni R, King LA, et al. Randomized comparison 
of biolimus-eluting stents with biodegradable polymer versus everolimus-eluting stents with 
permanent polymer coatings assessed by optical coherence tomography. Int J Cardiovasc 
Imaging. 2014;30:495–504.  

    62.    Barlis P, Regar E, Serruys PW, Dimopoulos K, van der Giessen WJ, van Geuns RJ, et al. An 
optical coherence tomography study of a biodegradable vs. durable polymer-coated limus- 
eluting stent: a LEADERS trial sub-study. Eur Heart J. 2010;31:165–76.  

      63.    Serruys PW, Farooq V, Kalesan B, de Vries T, Buszman P, Linke A, et al. Improved Safety 
and Reduction in Stent Thrombosis Associated With Biodegradable Polymer-Based Biolimus- 
Eluting Stents Versus Durable Polymer-Based Sirolimus-Eluting Stents in Patients With 
Coronary Artery Disease: Final 5-Year Report of the LEADERS (Limus Eluted From A 
Durable Versus ERodable Stent Coating) Randomized Noninferiority Trial. JACC Cardiovasc 
Interv. 2013;6:777–89.  

     64.    Stefanini GG, Byrne RA, Serruys PW, de Waha A, Meier B, Massberg S, et al. Biodegradable 
polymer drug-eluting stents reduce the risk of stent thrombosis at 4 years in patients undergo-
ing percutaneous coronary intervention: a pooled analysis of individual patient data from the 
ISAR-TEST 3, ISAR-TEST 4, and LEADERS randomized trials. Eur Heart J. 2012;
33:1214–22.  

     65.    Navarese EP, Tandjung K, Claessen B, Andreotti F, Kowalewski M, Kandzari DE, et al. 
Safety and effi cacy outcomes of fi rst and second generation durable polymer drug eluting 
stents and biodegradable polymer biolimus eluting stents in clinical practice: comprehensive 
network meta-analysis. BMJ. 2013;347:f6530.  

    66.    Basalus MW, Ankone MJ, van Houwelingen GK, de Man FH, von Birgelen C. Coating irreg-
ularities of durable polymer-based drug-eluting stents as assessed by scanning electron 
microscopy. EuroIntervention. 2009;5:157–65.  

    67.    Basalus MW, van Houwelingen KG, Ankone M, de Man FH, von Birgelen C. Scanning elec-
tron microscopic assessment of the biodegradable coating on expanded biolimus-eluting 
stents. EuroIntervention. 2009;5:505–10.  

S. Garg and P.W. Serruys

http://www.tctmd.com/


329

    68.    Tada N, Virmani R, Grant G, Bartlett L, Black A, Clavijo C, et al. Polymer-free biolimus 
a9-coated stent demonstrates more sustained intimal inhibition, improved healing, and 
reduced infl ammation compared with a polymer-coated sirolimus-eluting cypher stent in a 
porcine model. Circ Cardiovasc Interv. 2010;3:174–83.  

     69.    Mehilli J, Kastrati A, Wessely R, Dibra A, Hausleiter J, Jaschke B, et al. Randomized trial of 
a nonpolymer-based rapamycin-eluting stent versus a polymer-based paclitaxel-eluting stent 
for the reduction of late lumen loss. Circulation. 2006;113:273–9.  

    70.    Carrie D, Berland J, Verheye S, Hauptmann KE, Vrolix M, Violini R, et al. A multicenter 
randomized trial comparing amphilimus- with paclitaxel-eluting stents in de novo native 
coronary artery lesions. J Am Coll Cardiol. 2012;59:1371–6.  

   71.    Costa Jr JR, Abizaid A, Costa R, Feres F, Tanajura LF, Abizaid A, et al. 1-year results of the 
hydroxyapatite polymer-free sirolimus-eluting stent for the treatment of single de novo coro-
nary lesions: the VESTASYNC I trial. J Am Coll Cardiol Intv. 2009;2:422–7.  

     72.   Grube E. Biofreedom: polymer-free drug-eluting stent – 3 year results. Presentation at 
Transcatheter Cardiovascular Therapeutics. October 2012. Available   http://www.tctmd.com    .  

    73.    Urban P, Abizaid A, Chevalier B, Greene S, Meredith I, Morice MC, et al. Rationale and 
design of the LEADERS FREE trial: a randomized double-blind comparison of the 
BioFreedom drug-coated stent vs the Gazelle bare metal stent in patients at high bleeding risk 
using a short (1 month) course of dual antiplatelet therapy. Am Heart J. 2013;165:704–9.  

     74.    Garasic JM, Edelman ER, Squire JC, Seifert P, Williams MS, Rogers C. Stent and artery 
geometry determine intimal thickening independent of arterial injury. Circulation. 
2000;101:812–8.  

    75.    Sullivan TM, Ainsworth SD, Langan EM, Taylor S, Snyder B, Cull D, et al. Effect of endo-
vascular stent strut geometry on vascular injury, myointimal hyperplasia, and restenosis. 
J Vasc Surg. 2002;36:143–9.  

   76.    Kastrati A, Mehilli J, Dirschinger J, Dotzer F, Schuhlen H, Neumann FJ, et al. Intracoronary 
stenting and angiographic results: strut thickness effect on restenosis outcome (ISAR- 
STEREO) trial. Circulation. 2001;103:2816–21.  

   77.    Pache J, Kastrati A, Mehilli J, Schuhlen H, Dotzer F, Hausleiter J, et al. Intracoronary stenting 
and angiographic results: strut thickness effect on restenosis outcome (ISAR-STEREO-2) 
trial. J Am Coll Cardiol. 2003;41:1283–8.  

   78.    Briguori C, Sarais C, Pagnotta P, Liistro F, Montorfano M, Chieffo A, et al. In-stent restenosis 
in small coronary arteries: impact of strut thickness. J Am Coll Cardiol. 2002;40:403–9.  

    79.    Timmins LH, Miller MW, Clubb Jr FJ, Moore Jr JE. Increased artery wall stress post-stenting 
leads to greater intimal thickening. Lab Invest. 2011;91:955–67.  

    80.    Pache J, Dibra A, Mehilli J, Dirschinger J, Schomig A, Kastrati A. Drug-eluting stents com-
pared with thin-strut bare stents for the reduction of restenosis: a prospective, randomized 
trial. Eur Heart J. 2005;26:1262–8.  

    81.    Kereiakes DJ, Cannon LA, Feldman RL, Popma JJ, Magorien R, Whitbourn R, et al. Clinical 
and angiographic outcomes after treatment of de novo coronary stenoses with a novel plati-
num chromium thin-strut stent: primary results of the PERSEUS (Prospective Evaluation in 
a Randomized Trial of the Safety and Effi cacy of the Use of the TAXUS Element Paclitaxel- 
Eluting Coronary Stent System) trial. J Am Coll Cardiol. 2010;56:264–71.  

    82.    Aoki J, Nakazawa G, Tanabe K, Hoye A, Yamamoto H, Nakayama T, et al. Incidence and 
clinical impact of coronary stent fracture after sirolimus-eluting stent implantation. Catheter 
Cardiovasc Interv. 2007;69:380–6.  

    83.    Park MW, Chang K, Her SH, Lee JM, Choi YS, Kim DB, et al. Incidence and clinical impact 
of fracture of drug-eluting stents widely used in current clinical practice: comparison with 
initial platform of sirolimus-eluting stent. J Cardiol. 2012;60:215–21.  

    84.    Mamas MA, Williams PD. Longitudinal stent deformation: insights on mechanisms, treat-
ments and outcomes from the Food and Drug Administration Manufacturer and User Facility 
Device Experience database. EuroIntervention. 2012;8:196–204.  

21 What Is the Optimal Stent Design Interventionalist’s View

http://www.tctmd.com/


330

    85.    von Birgelen C, Sen H, Lam MK, Danse PW, Jessurun GA, Hautvast RW, et al. Third- 
generation zotarolimus-eluting and everolimus-eluting stents in all-comer patients requiring 
a percutaneous coronary intervention (DUTCH PEERS): a randomised, single-blind, multi-
centre, non-inferiority trial. Lancet. 2014;383:413–23.  

     86.    Garg S, Serruys PW. Coronary stents: looking forward. J Am Coll Cardiol. 2010;
56:S43–78.  

   87.    Serruys PW, Onuma Y, Lafont A, Abizaid A, Waksman R, Ormiston J. Bioresorable Scaffolds. 
In: Eeckhout E, Serruys PW, Wijns W, Vahanian A, van Sambeek M, editors. Percutaneous 
interventional cardiovascular medicine. Paris: Europa Edition Publishing; 2012. p. 145–77. 
Part III, Chapter 4.  

   88.    Serruys PW, Onuma Y, Dudek D, Smits PC, Koolen J, Chevalier B, et al. Evaluation of the 
second generation of a bioresorbable everolimus-eluting vascular scaffold for the treatment 
of de novo coronary artery stenosis: 12-month clinical and imaging outcomes. J Am Coll 
Cardiol. 2011;58:1578–88.  

      89.    Serruys PW, Ormiston JA, Onuma Y, Regar E, Gonzalo N, Garcia-Garcia HM, et al. A bio-
absorbable everolimus-eluting coronary stent system (ABSORB): 2-year outcomes and 
results from multiple imaging methods. Lancet. 2009;373:897–910.  

    90.    Erbel R, Di Mario C, Bartunek J, Bonnier J, de Bruyne B, Eberli FR, et al. Temporary scaf-
folding of coronary arteries with bioabsorbable magnesium stents: a prospective, non- 
randomised multicentre trial. Lancet. 2007;369:1869–75.  

   91.    Haude M, Erbel R, Erne P, Verheye S, Degen H, Bose D, et al. Safety and performance of the 
drug-eluting absorbable metal scaffold (DREAMS) in patients with de-novo coronary 
lesions: 12 month results of the prospective, multicentre, fi rst-in-man BIOSOLVE-I trial. 
Lancet. 2013;381:836–44.  

   92.   Abizaid A. The REVA tyrosine polycarbonate bioabsorbable stent: lessons learned and future 
directions. Presentation at Transcatheter Therapeutics, San Francisco, 22nd Sept 2009. 
Available online:   http://www.tctmd.com/txshow.aspx?tid=939090&id=84050&trid=938634    . 
Accessed 14 Oct 2009.  

    93.   Abizaid A, Brachnam JC, Coste J, et al. 12 Morth Angiographic and clinical results of the 
REZOLVE sirolimos eluting bioresorbable coronary scaffold: the restore trial. J Am Coll 
Cardiol 2013;62(18–51):B13.  

    94.    Yan J, Bhat VD. Elixir Medical’s bioresorbable drug eluting stent (BDES) programme: an 
overview. EuroIntervention. 2009;5:F80–2.  

   95.   Chammie D, Abizaid A, Webste M, et al. Evaluation of the novel desolve myolimus-eluting 
bioresorbable coronary scaffold system for theatment of de novo coronary arteries: six 
months optical coherence tomography results from de solve FIM. Trial J Am Coll Cardiol 
2012;60(17–5)  

   96.    Jabara R, Chronos N, Robinson K. Novel bioabsorbable salicylate-based polymer as a drug- 
eluting stent coating. Catheter Cardiovasc Interv. 2008;72:186–94.  

   97.    Jabara R, Pendyala L, Geva S, Chen J, Chronos N, Robinson K. Novel fully bioabsorbable 
salicylate-based sirolimus-eluting stent. EuroIntervention. 2009;5(Suppl F):F58–64.  

   98.   Fajadet J. The ART stent: design and early fi rst-in-man experiences. Miami: Transcatheter 
Cardiovascular Therapeutics; October 15, 2012.  

   99.    Shen L, Wang Q, Wu Y, Xie J, Zhang F, Ge L, et al. Preliminary evaluation of fully bioabsorb-
able PLLA sirolimus eluting stents in a porcine model. Chin J Interv Cardiol. 
2009;19:301–5.  

    100.   Shen L, Wang Q, Wu Y, Xie J, Ge J. Short-term effects of sirolimus eluting fully bioabsorb-
able polymeric coronary stents in a porcine model. Transcatheter Cardiovascular Therapeutics, 
2011.  

     101.    Ormiston JA, Serruys PW, Regar E, Dudek D, Thuesen L, Webster MW, et al. A bioabsorb-
able everolimus-eluting coronary stent system for patients with single de-novo coronary 
artery lesions (ABSORB): a prospective open-label trial. Lancet. 2008;371:899–907.  

S. Garg and P.W. Serruys

http://www.tctmd.com/txshow.aspx?tid=939090&id=84050&trid=938634


331

   102.    Abizaid A, Costa Jr JR, Bartorelli AL, Whitbourn R, van Geuns RJ, Chevalier B, et al. The 
ABSORB EXTEND study: preliminary report of the twelve-month clinical outcomes in the 
fi rst 512 patients enrolled. EuroIntervention. 2014;10(12):1396–401.  

     103.    Serruys PW, Chevalier B, Dudek D, Cequier A, Carrie D, Iniguez A, et al. A bioresorbable 
everolimus-eluting scaffold versus a metallic everolimus-eluting stent for ischaemic heart 
disease caused by de-novo native coronary artery lesions (ABSORB II): an interim 1-year 
analysis of clinical and procedural secondary outcomes from a randomised controlled trial. 
Lancet. 2015;385:43–54.  

    104.    Muramatsu T, Onuma Y, Zhang YJ, Bourantas CV, Kharlamov A, Diletti R, et al. Progress in 
treatment by percutaneous coronary intervention: the stent of the future. Rev Esp Cardiol 
(Engl Ed). 2013;66:483–96.  

    105.    Costopoulos C, Latib A, Naganuma T, Miyazaki T, Sato K, Figini F, et al. Comparison of 
early clinical outcomes between ABSORB bioresorbable vascular scaffold and everolimus- 
eluting stent implantation in a real-world population. Catheter Cardiovasc Interv. 
2015;85:E10–5.  

   106.    Capranzano P, Gargiulo G, Capodanno D, Longo G, Tamburino C, Ohno Y, et al. Treatment 
of coronary bifurcation lesions with bioresorbable vascular scaffolds. Minerva Cardioangiol. 
2014;62:229–34.  

   107.   Grundeken MJ, Hassell ME, Kraak RP, de Bruin DM, Koch KT, Henriques JP, et al. 
Treatment of coronary bifurcation lesions with the Absorb bioresorbable vascular scaffold in 
combination with the Tryton dedicated coronary bifurcation stent: evaluation using two- and 
three- dimensional optical coherence tomography. Eurointervention 2014: pii 20130806. 
doi:104244 (Epud ahead of print).  

   108.    Mattesini A, Secco GG, Dall’Ara G, Ghione M, Rama-Merchan JC, Lupi A, et al. ABSORB 
biodegradable stents versus second-generation metal stents: a comparison study of 100 com-
plex lesions treated under OCT guidance. JACC Cardiovasc Interv. 2014;7:741–50.  

    109.    Kraak RP, Hassell ME, Grundeken MJ, Koch KT, Henriques JP, Piek JJ, et al. Initial experi-
ence and clinical evaluation of the Absorb bioresorbable vascular scaffold (BVS) in real- 
world practice: the AMC Single Centre Real World PCI Registry. EuroIntervention. 
2015;10:1160–8.  

    110.    Ormiston JA, Serruys PW, Onuma Y, van Geuns RJ, de Bruyne B, Dudek D, et al. First serial 
assessment at 6 months and 2 years of the second generation of absorb everolimus-eluting 
bioresorbable vascular scaffold: a multi-imaging modality study. Circ Cardiovasc Interv. 
2012;5:620–32.  

   111.    Bourantas CV, Papafaklis MI, Kotsia A, Farooq V, Muramatsu T, Gomez-Lara J, et al. Effect 
of the endothelial shear stress patterns on neointimal proliferation following drug-eluting 
bioresorbable vascular scaffold implantation: an optical coherence tomography study. JACC 
Cardiovasc Interv. 2014;7:315–24.  

    112.    Serruys PW, Onuma Y, Garcia-Garcia HM, Muramatsu T, van Geuns RJ, de Bruyne B, et al. 
Dynamics of vessel wall changes following the implantation of the absorb everolimus-eluting 
bioresorbable vascular scaffold: a multi-imaging modality study at 6, 12, 24 and 36 months. 
EuroIntervention. 2014;9:1271–84.  

    113.    Farooq V, Serruys PW, Heo JH, Gogas BD, Onuma Y, Perkins LE, et al. Intracoronary optical 
coherence tomography and histology of overlapping everolimus-eluting bioresorbable vascu-
lar scaffolds in a porcine coronary artery model: the potential implications for clinical prac-
tice. JACC Cardiovasc Interv. 2013;6:523–32.  

    114.    Serruys PW, Onuma Y, Ormiston JA, de Bruyne B, Regar E, Dudek D, et al. Evaluation of the 
second generation of a bioresorbable everolimus drug-eluting vascular scaffold for treatment 
of de novo coronary artery stenosis: six-month clinical and imaging outcomes. Circulation. 
2010;122:2301–12.  

    115.    Sato T, Abdel-Wahab M, Richardt G. Very late thrombosis observed on optical coherence 
tomography 22 months after the implantation of a polymer-based bioresorbable vascular 
scaffold. Eur Heart J. 2015;36(20):1273.    

21 What Is the Optimal Stent Design Interventionalist’s View



333© Springer International Publishing Switzerland 2015 
J.A. Ambrose, A.E. Rodríguez (eds.), Controversies in Cardiology, 
DOI 10.1007/978-3-319-20415-4_22

    Chapter 22   
 Role of Oral Therapies in the Prevention 
of Coronary Restenosis: Insights 
from Randomized Clinical Trials       

       A.     Matías     Rodríguez-Granillo      ,     Omar     Santaera      , and     Alfredo     E.     Rodríguez     

    Abstract     Neo intimal hyperplasia after implantation of a bare metal stent (BMS) has 
become the main pathophysiology mechanism of coronary restenosis and stent failure 
during percutaneous coronary interventions (PCI). The use of drug eluting stents 
(DES) with local immunosuppressive drugs minimized the high frequency of in stent 
restenosis (ISR) observed after PCI with BMS and signifi cantly reduced the risk of 
re-intervention. However, in spite of the world wide penetration of DES, in the USA, 
a quarter of PCI-patients still receive BMS and according to recent data, the market for 
BMS globally contributed around 40–45 % of the global coronary stent market in 2010 
and it is expected to grow at a rate of 2 % between 2011 and 2016. BMS use is particu-
larly high (over 50 %) in certain geographic areas with socioeconomic issues. Thus, 
many contemporary PCI- patients do not receive DES and are at a higher risk of reste-
nosis. In the last decade, simultaneous with the introduction of DES, oral immunosup-
pressive or anti- infl ammatory drugs given after BMS implantation have been used to 
reduce neo- intimal hyperplasia and ISR. From anti-infl ammatory drugs such as pred-
nisone or colchicine to immunosuppressive drugs like sirolimus, data are now 
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available and several randomized studies had been conducted and reported their results, 
some of them at long term. However, in spite of these positive reports, none of these 
agents are included within revascularization guidelines. In this chapter, we review all 
randomized data in an attempt to fi nd a clinical indication for these oral agents.  

  Keywords     Coronary restenosis   •   Oral immunosuppressive therapy   •   Stents   • 
  Sirolimus   •   Prednisone   •   Cilostazol   •   Drug eluting stents  

        Introduction 

 Ever since the beginning of percutaneous coronary interventions (PCI) for the treat-
ment of coronary artery disease (CAD) with balloon angioplasty, restenosis was the 
main limitation of this revascularization strategy. Acute vessel recoil, chronic 
remodeling and intimal hyperplasia were involved in the progression of this process 
[ 1 – 3 ]. The introduction of bare metal stents (BMS) in clinical practice mostly 
avoided the fi rst two mechanisms but the infl ammatory reaction at the stented site 
resulted in intimal proliferation and it became the main mechanism for in-stent 
restenosis (ISR) [ 4 ]. The use of drug eluting stents (DES) with local immunosup-
pressive drugs minimized the high frequency of restenosis observed after PCI with 
BMS [ 5 ,  6 ] reducing the relative risk of re-intervention by 50–70 % [ 7 ]. However, 
DES is associated with a higher risk of stent thrombosis particularly with fi rst- 
generation platforms [ 8 ,  9 ]. Concerns with a higher risk of bleeding or noncompli-
ance with the mandatory dual antiplatelet therapy (DAPT) became relative 
contraindications to DES in PCI-patients with specifi c clinical conditions [ 10 – 12 ] 
or certain socioeconomic issues which are more relevant in certain geographic areas 
where BMS are still used to a great extent. In the USA, a quarter of PCI-patients still 
receive BMS. According to recent data, the market for BMS globally contributed 
around 40–45 % of the global coronary stent market in 2010 and it is expected to 
grow at a rate of 2 % between 2011 and 2016 [ 13 ]. Thus, many contemporary PCI- 
patients do not receive DES and are at a higher risk of restenosis. 

 Given these disparities, another possible alternative arose. Would the immuno-
suppressive drugs delivered locally at the stented site with a DES have a similar 
effi cacy and safety if administered systemically? To answer this question, another 
line of research developed – the use of oral immunosuppressive or anti- infl ammatory 
(OI) drugs with balloon angioplasty or bare metal stents [ 14 – 19 ]. Data from pre-
clinical research suggested that neointimal proliferation after stent implantation 
occurred during the fi rst 2 weeks after initial vascular injury due to the initial proce-
dure [ 20 ] and that this infl ammatory response after coronary stenting was deeply 
involved in ISR [ 21 ]. Therefore, OI agents given for a short period of time after PCI 
might result in a reduction in angiographic and clinical restenosis. From anti- 
infl ammatory drugs such as prednisone or colchicine to immunosuppressive drugs 
like sirolimus, data are available to show benefi t although the results in some studies 
were confl icting [ 22 ,  23 ]. On the other hand, several randomized clinical trials 
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(RCT) (Table  22.1 ) have been conducted with positive outcomes utilizing various 
agents [ 15 ,  17 ,  23 – 32 ]. In spite of a great deal of positive data, the role of OI in 
patients treated with coronary stents still remains a matter of controversy. None of 
these agents are included in any revascularization guidelines. In this chapter, we 
sought to review the possible options for oral therapy with these agents in the pre-
vention of restenosis after stent implantation.

       Corticosteriods 

 The effects of corticosteroids are numerous and of importance is their ability to alter 
the immune response [ 33 ]. The known inhibition of infl ammatory cells activation, 
an essential player in the process of neointimal proliferation and restenosis after 
stent implantation [ 33 – 35 ], was the basis to evaluate corticosteroids for the reduc-
tion of restenosis. Experimental studies showed a reduction in neointimal hyperpla-
sia after a 2-week period of continuous hydrocortisone infusion after an aortic 
balloon injury, although the initial clinical trials in humans failed to achieve equiva-
lent results. Possible reasons for failure were that they were performed in the pre-
stent era or the steroids were given intravenously for a short period of time [ 14 ,  36 ]. 

 Two clinical trials comparing oral prednisone with BMS vs. controls showed 
positive clinical results [ 15 ,  37 ]. The fi rst one [ 15 ], evaluated a selected group of 
non-diabetic patients with CAD and an elevated C reactive protein (CRP) 72 h after 
successful PCI with a BMS who were randomized either to high and decremental 
doses of oral prednisone (n = 41) or placebo (n = 42) for 45 days. The primary clini-
cal endpoint was 12 months event-free survival rate, defi ned as freedom from death, 
myocardial infarction (MI) or revascularization; angiographic endpoints were late 
loss and the restenosis rate at 6 months. Event-free survival at 12 months, was sig-
nifi cantly lower with placebo (p = 0.006) due to a higher rate of repeat procedures 
for restenosis. Angiographic restenosis and late loss were also less with prednisone 
(p = 0.001 for both). 

 The IMPRESS II/MVD registry [ 37 ], included patients with multi vessel disease 
and showed an event-free survival rate at 12 months of 93 % with prednisone group 
and 69.8 % with control (p = 0.006) and a signifi cant TVR favorable to the predni-
sone group (p = 0.01). The pooled data of both studies [ 38 ] revealed that, at a mean 
follow- up of 6.5 ±1.4 years, event-free survival was signifi cantly better with predni-
sone (87.8 vs. 47.6 %, p < 0.001). The same investigators went further and presented 
in 2011 and 2012 the CEREA-DES trial [ 24 ,  39 ], where they randomized a larger 
population to three arms: BMS plus placebo (n = 125), BMS plus prednisone 
(n = 122) and DES alone (n = 127) groups. Prednisone was given orally for 40 days, 
1 mg/Kg the fi rst 15 days after baseline PCI, 0.5 mg/kg/days 16–30 days and 
0.25 mg/kg for the last 31–40 days. The primary endpoint was major adverse car-
diac events (MACE) at 12 months (death, MI and target vessel revascularization 
[TVR]). The authors found that patients receiving BMS alone had lower event-free 
survival versus those treated with prednisone or DES; 80.8 % in controls compared 
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to 88.0 % with prednisone and 88.8 % in DES groups, respectively (P = 0.04 and 
0.006). At long term follow-up, patients receiving a BMS alone had signifi cantly 
lower event-free survival (75.3 %) compared with 84.1 % with prednisone (p = 0.007) 
and 80.6 % with DES (p = 0.03). DES patients suffered more very late stent throm-
bosis and MI. The need for TVR remained lower in the prednisone and DES groups 
(13.6 and 15.2 %, respectively), compared with BMS (23.2 %). 

 Therefore, in this non-diabetic population, prednisone therapy compared to BMS 
improved event-free survival at 1 and 4 years. While nearly 15 % of patients suf-
fered minor drug-related side effects, such as facial edema (7 %) and transient 
hyperglycemia (5 %) none of them discontinued the treatment. A recent pooled data 
also suggested that prednisone had a signifi cant reduction in restenosis when associ-
ated with BMS implantation [ 40 ] and may represent a clinical option in non- diabetic 
patients who are poor candidates for DES.  

    Cilostazol 

 Cilostazol is used for the treatment of intermittent claudication. It is a pleiotropic 
molecule that selectively inhibits the subtype phosphodiesterase 3 (PDE III) that 
degrades cAMP, causing an accumulation of cAMP within the cell [ 41 ], resulting in 
a direct dilatation of the vascular smooth muscular cell (VSMC). It also acts directly 
on inhibiting platelet aggregation and VSMC proliferation by inhibiting the 
mitogen- activated protein kinase (MAPK) and inducing apoptosis via the anti-
oncogene p53. There is evidence suggesting that the molecule determines the up-
regulation of hepatocyte growth factor (HGF), an endothelial grow factor that 
accelerates re- endothelization . Also, cilostazol exerts an anti-infl ammatory effect 
by inhibiting leukocyte integrin (MAC-1), which was linked to neointimal thicken-
ing and restenosis when its expression and activation during coronary interventions 
is increased [ 42 ]. In summary, its multiple mechanisms of action make it promising 
for both reducing restenosis and as an antithrombotic agent. 

 Approved by the FDA, the safety profi le of the drug is well established and its 
pleiotropic characteristics centered attention to its use in CAD, particularly for the 
prevention of ISR. Data showed a signifi cant reduction in restenosis after PCI in the 
pre-stent era [ 18 ,  19 ]. With BMS, the CREST trial [ 29 ] evaluated cilostazol as a 
component of triple antiplatelet therapy (TAPT), including aspirin and ADP- 
receptors antagonists vs. DAPT alone. 705 patients were enrolled and randomized 
to receive either placebo or cilostazol for 6 months. At follow up angiography, late 
loss was signifi cantly less with TAPT (p = 0.01) and there was a 52 % reduction in 
the risk of restenosis. 

 Subsequently, the DECLARE trials [ 30 ,  31 ] designed to compare DAPT with 
TAPT in special patient subgroups using DES, also showed favorable results. One 
of these, the DECLARE-Long Trial, evaluated the impact of 6 months of cilostazol 
after PCI with DES in patients with lesions >25 mm. The authors randomly assigned 
500 patients to DAPT and TAPT groups. At 6 months the primary endpoint of 
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 in- stent and in-segment late loss was signifi cantly lower in the TAPT group 
(p = 0.031 and p = 0.001, respectively). TLR (2.8 % vs. 6.8 %, respectively p = 0.03), 
and MACE (2.8 % vs. 7.6 %, p = 0.01) were also in favor of TAPT, with a similar 
incidence of stent thrombosis at 6 months (0.99). In the DECLARE-Diabetes trial 
[ 31 ] they compared TAPT (n = 200) with DAPT (n = 200) for 6 months in diabetics 
receiving DES and the results again were in favor of TAPT, with signifi cant differ-
ences in in-stent and in-segment late loss (p = 0.02 and p = 0.031, respectively). 
These fi ndings were consistent with the results of a meta-analysis recently pub-
lished [ 43 ] that evaluated 7670 patients from ten controlled clinical trials comparing 
DAPT with TAPT; they found a signifi cant reduction in ISR using TAPT for 
6 months without differences in mortality, MI, TVR and stent thrombosis. In sum-
mary, there appears to be an important role for cilostazol in high risk patients, such 
as diabetics and patients with long lesions and long stents [ 44 ].  

    Sirolimus (Rapamycin) 

 A macrolide derived from the  Streptomyces hygroscopicus , sirolimus is a potent 
immunosuppressive and antimitotic agent fi rst approved in 1999 to prevent acute 
rejection of renal transplants [ 45 ] and now used in major heart transplant centers to 
mitigate transplant allograft vasculopathy [ 46 ]. It acts by inhibiting the mammalian 
target of rapamycin (mTOR), blocking cell division in G1 to S1 phases of the mitotic 
cell cycle thus reducing VSMC proliferation and migration as well as inhibiting 
extracellular matrix formation [ 47 ,  48 ]. 

 In 1999, the fi rst preclinical data evaluating the use of oral sirolimus after PCI 
with BMS for the reduction of neointimal thickening in animal restenosis models 
showed positive results [ 48 ]. This lead to studies evaluating the safety and feasibil-
ity in pilot trials [ 49 ,  50 ] where patients with de-novo coronary lesions received 
sirolimus for short periods immediately after BMS. These trials used doses from 2 
to 5 mg per day for 14–30 days and both evaluated the incidence of TLR and late 
loss by angiography at 6 months. The results showed a signifi cant reduction in 
binary restenosis and the ORAR pilot studies were the fi rst ones that established a 
signifi cant reduction in both parameters versus BMS alone, when sirolimus serum 
levels were >8 ng/ml [ 16 ,  50 ]. Subsequently, three RCTs in de-novo coronary 
lesions confi rmed these positive results [ 25 – 27 ]. 

 In 2004, the OSIRIS randomized trial [ 17 ] evaluated this approach for the treat-
ment of in-stent restenosis, comparing placebo versus two different loading doses; 
usual loading dose (8 mg) and high loading dose (24 mg) of sirolimus, both followed 
by 2 mg per day during 7 days. In accordance with other publications, TVR and 
restenosis were signifi cantly reduced, with a signifi cant correlation in blood concen-
tration levels on the day of the procedure with late lumen loss reduction at follow-up 
(p < 0.001). 

 The Oral Rapamacyn in ARgentina (ORAR) III trial was a randomized compari-
son between BMS implantation followed by 14 days of rapamycin versus a DES 
strategy without rapamycin. The DEStents used were Taxus (Boston Scientifi c 
Corporation, Natick, MA, USA), Endeavour (Medtronic Vascular, Santa Rosa, CA, 
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USA) and Cypher, (Cordis, Warren, NJ, USA) in 98 % of cases. Patients were fol-
lowed at 1, 3 and 5 years after PCI [ 28 ,  32 ,  51 ]. The primary objectives were costs 
and TVR. Safety was defi ned as the composite of death, MI and stroke. In the OR 
arm, patients received a sirolimus-loading dose of 10 mg the day before stent 
implantation followed by 3 mg per day for 13 days. OR patients received clopido-
grel 75 mg a day for 1 month, and DES patients for at least 1 year. Briefl y, at 1 and 
3 years DES and OR groups had similar safety and effi cacy although the OR strat-
egy was cost saving [ 28 ,  51 ]. At 5 years [ 32 ], major differences in clinical adverse 
events between both groups were seen. The incidence of death was 6 % with OR 
and 16 % with DES (p = 0.02), the composite of death, MI and stroke was 12 % with 
OR and 25 % with DES (p = 0.01), TLR was 10 % with OR and 17.6 % with DES 
(p = 0.05) and target vessel revascularization, the composite of cardiac death, MI 
and target vessel revascularization, 26 % with OR and 36 with DES (p = 0.08) 
(Fig.  22.1 ). These differences were driven by poor outcomes with DES in the elderly 
sub-group of patients. At 5 years, stent thrombosis (defi nitive/probable/possible) 
was signifi cantly greater with DES versus OR (9 % vs. 2 %, respectively, p = 0.03). 
Cumulative cost was higher in the DES group. In conclusion, at 5 years follow-up, 
the initial DES strategy failed to be cost effective compared to OR plus BMS [ 32 ] 
and this later strategy had a signifi cant reduction in mortality and in the combined 
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  Fig. 22.1    Survival curves for clinical outcomes from 5 years of follow-up from ORAR III ran-
domized clinical trial (OR + BMS vs. fi rst generation DES) (Modifi ed from Rodriguez et al. [ 32 ])       

 

22 Role of Oral Therapies in the Prevention of Coronary Restenosis



340

end point of death, MI and stroke. The slow progressive deterioration of results with 
these fi rst generation DES beyond 3 years was observed in other studies. This was 
in agreement with the fi ndings of ORAR III at 5 years [ 52 – 55 ].  

 Most studies using short treatment protocols of sirolimus (10–14 days) reported 
low side effects with low rates of discontinuation, around 3 or 4 % [ 51 ]. Platelet 
counts declined transiently with OR therapy but there was no clinical sequellae and 
they returned to normal after the drug was stopped. A systematic review evaluating 
the effectiveness of OR after BMS implantation for the prevention of restenosis was 
published in 2013 [ 56 ] including four RCTs in patients with de-novo coronary 
artery lesions. Three studies were versus BMS alone and the fourth vs. fi rst genera-
tion DES. Follow-up duration ranged from 7 months to 5 years and they demon-
strated that, compared to BMS alone, early short-term systemic use of OR after 
BMS led to a signifi cant reduction in both TLR and any adverse cardiac events.  

    Meta-Analysis 

 In 2014 a meta-analysis was published [ 57 ] using patient level data from all eligible 
RCTs, using OI therapy with either sirolimus or prednisone for the prevention of 
restenosis. A total of 1246 patients (608 randomized to BMS plus OI and 638 ran-
domized to BMS/DES and no OI) and 1456 lesions (711 randomized to BMS plus 
OI and 745 randomized to BMS/DES) were included. In two trials [ 24 ,  39 ], 1 mg/
kg/day of prednisone was administered after PCI for 10–15 days with subsequent 
tapering until complete drug withdrawal after 40–45 days. Five OR RCTs were 
included [ 17 ,  25 – 28 ]; in four of them, the loading dose range was 4–24 mg; the 
other one [ 26 ] didn’t use a loading dose. All fi ve RCTs used a daily maintenance 
dose of 2–3 mg for a period of time lasting from 7 to 30 days after PCI. The primary 
effi cacy outcome was TLR/TVR and the primary safety outcome was the composite 
of death and MI. Every RCT reported that an independent committee adjudicated 
clinical endpoints. The meta-analysis found that there was a decrease in the risk of 
TLR/TVR compared with control arms and, in patients with follow-up angiography, 
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the oral therapy reduced late loss providing a biologic explanation for these results 
(Figs.  22.2  and  22.3 ). Moreover, oral treatment didn’t affect the incidence of death 
and MI compared to controls.   

 The authors of the manuscript stated that in patients undergoing PCI, the addition of 
OI therapy to BMS reduced the risk of TLR as compared with BMS alone but not when 
the comparison was with DES. There were no differences in the composite of death/MI 
between these therapies (Figs.  22.4  and  22.5 ). The advantage of adding OI therapy to 
BMS was related to a lower risk of vessel re-narrowing as compared with BMS alone. 
Both drugs showed similar effi cacy with a low rate of side effects. This strategy could 
be a valuable alternative for PCI-patients with a relative contraindication to DES.    

    Other Drugs 

    Colchicine 

 Originally indicated for the treatment of gout, colchicine is an old and well known 
drug that inhibits the mitotic spindle acting over the microtubules assembly [ 58 ] 
affecting the expression of cytokines and other components of the immune system 
with proven safety in cardiac patients [ 59 ]. It has been evaluated for the prevention of 
restenosis due to its capacity to inhibit cellular hyperplasia. Similarly to other oral 
agents, initial studies during the pre-stent era failed to show effi cacy [ 60 ,  61 ]. 
Following the introduction of BMS, it was anticipated that it might reduce restenosis 
given its effects on limiting intimal hyperplasia. To prove this hypothesis, Deftereos 
et al. in a double-blind, prospective, placebo-controlled RCT [ 62 ] assessed colchi-
cine’s effect as an anti-restenotic agent in a high risk population of diabetic patients 
with CAD and contraindications for DES. ISR was measured by angiography and 
with intravascular ultrasound (IVUS) immediately after BMS implantation and at 

1.50

1.30

1.10

0.90

0.70

0.50

0.30

0.10

–0.10

0.39

0.85

0.29

0.86

0.49

0.60
0.66

1.13

0.79

1.07

IMPRESS [15] OSIRIS [17] ORAR II [25] Stojkovic et al. [26] Cernigliaro et al. [27]

OIT + BMS#
Control

0.001 0.002<0.001 <0.0010.048

  Fig. 22.3    Late luminal loss (mean) from all RCT included in RAMSES cooperation comparing 
OIT + BMS vs. control (either BMS/DES) at 6 months of follow-up measured by quantitative 
coronary angiography [ 64 ]       

 

22 Role of Oral Therapies in the Prevention of Coronary Restenosis



342

25

20

15

10

5

0

0 180 360

Days after procedure

P
ro

b
ab

ili
ty

 o
f 

T
L

R
 (

%
)

Patients at risk

Prednisone
Sirolimus
BMS

166
437
318

161
403
277

153
310
197

10

5

0

0 180 360

Days after procedure

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
/M

I (
%

)

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
 (

%
)

Patients at risk

Prednisone
Sirolimus
BMS

166
437
318

163
419
303

162
363
242

Days after procedure

P
ro

b
ab

ili
ty

 o
f 

M
I (

%
)

Patients at risk

Prednisone
Sirolimus
BMS

165
437
318

166
423
303

161
368
242

Days after procedure
Patients at risk

Prednisone
Sirolimus
BMS

166
437
318

166
425
305

165
369
245

10

5

0

0 180 360

10

5

0

0 180 360

a b

c d

  Fig. 22.4    Survival curves for primary and secondary endpoints according to the treatment received 
(BMS + OI [prednisone or sirolimus] or BMS) (With permission from Atherosclerosis Cassese 
et al. [ 57 ]). BMS bare metal stents, OI oral immunosuppressive, MI myocardial infarction        

25

20

15

10

5

0

0 180 360

Days after procedure
Patients at risk

Prednisone
Sirolimus
DES

166
437
225

161
403
213

153
310
200

Days after procedure
Patients at risk

Prednisone
Sirolimus
DES

166
437
225

163
419
217

162
363
208

Days after procedure
Patients at risk

Prednisone
Sirolimus
DES

165
437
225

166
423
217

161
368
208

Days after procedure
Patients at risk

Prednisone
Sirolimus
DES

166
437
225

166
425
220

165
369
214

10

5

0

0 180 360

10

5

0

0 180 360

10

5

0

0 180 360

a b

c d

P
ro

b
ab

ili
ty

 o
f 

T
L

R
 (

%
)

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
/M

I (
%

)

P
ro

b
ab

ili
ty

 o
f 

d
ea

th
 (

%
)

P
ro

b
ab

ili
ty

 o
f 

M
I (

%
)

  Fig. 22.5    Survival curves for primary and secondary endpoints according to the treatment received 
(BMS + OI [prednisone or sirolimus] or DES) (With permission from Atherosclerosis Cassese 
et al. [ 57 ]). BMS bare metal stents, OI oral immunosuppressive, DES drug eluting stents, MI myo-
cardial infarction        

 

 

A.M. Rodríguez-Granillo et al.



343

6 months of follow-up. Both colchicine and placebo were administrated orally for 
6 months. No serious adverse events were reported, although 17 % of patients in the 
colchicine group discontinued treatment. Colchicine reduced 6 month angiographic 
ISR rate by 52 % compared to control (p = 0.007) and, similarly, the IVUS-ISR rate 
was also reduced (p = 0.006). Thus, low dose colchicine was effi cacious in terms of 
diminishing neointimal hyperplasia leading to restenosis in a high risk population.  

    Probucol 

 This drug is an anti-oxidant that reduces the adhesion of infl ammatory cells and 
promotes growth of endothelial cells [ 63 ]. It was used as a lipid lowering agent 
before statins. In the pre-stent era, RCTs showed benefi ts when the drug was admin-
istrated for 1 month before PCI and continued for 6 months [ 64 ]. Another trial using 
probucol in non-acute coronary syndrome patients and started on the day before PCI 
didn’t showed differences with placebo [ 65 ]. The CART-1 RCT tested probucol 
with BMS and the results failed to demonstrate benefi ts over placebo [ 66 ]; a later 
trial had similar results [ 67 ]. The pathophysiology of restenosis may explain these 
negative results. Probucol affects vascular remodeling after balloon PCI but has no 
effect on neointimal hyperplasia. Another main limitation of this drug was Q-T 
interval prolongation which was found in 22 % of treated patients [ 68 ].  

    Tranilast 

 It has an immunomodulatory action over mast cells and an antiproliferative effect 
in fi broblasts. It inhibits VSMC proliferation in animal models [ 69 ] and it was 
hypothesized that it might reduce restenosis based on a combination of these 
effects. Initial trials in humans showed good results when compared to placebo [ 70 , 
 71 ]. However, as a result of these preliminary studies, a large RCT was performed 
in the United States, the PRESTO trial. It enrolled over 11,000 patients and didn’t 
show signifi cant differences between transilast and placebo in terms of reducing 
clinical events or ISR [ 72 ].  

    Pioglitazone 

 Aside from its antidiabetic properties, the drug acts by reducing VSMC prolifera-
tion and cell migration [ 73 ]. Several studies evaluated its effi cacy to prevent reste-
nosis but results were inconclusive [ 74 ,  75 ]. Only one that selected a population of 
insulin-resistant diabetics showed a signifi cant reduction in ISR (p = 0.005) [ 76 ]. 
These confl icting results and the presence of important side effects [ 77 ] limit the use 
of pioglitazone for the prevention of restenosis.   
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    Conclusions 

     1.      Oral Immunosuppressive therapy after BMS implantation signifi cantly reduced 
restenosis rates compared to BMS alone. The reduction was driven by less late 
lumen loss with OI .   

   2.      Taking into consideration the randomized data ,  rapamycin and prednisone 
appear to be the most promising in this setting. However ,  prednisone cannot be 
used in diabetics which limits its use .   

   3.      Cilostazol has also shown benefi t in reducing restenosis particularly in patients 
at high risk. However ,  its value in patients at low or intermediate risk of resteno-
sis needs further assessment .   

   4.      The use of oral agents to reduce restenosis should be considered in all patients 
with relative contraindications for DES implantation as outlined in this chapter. 
We believe that the guidelines should be amended to include these agents in cer-
tain specifi c situations .         
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    Chapter 23   
 When Should Ablation Be Considered 
in the Treatment of Atrial Fibrillation – 
A Clinician’s View       

       Ralph     J.     Wessel     

    Abstract     Catheter ablation is a relatively recent and evolving modality for the 
maintenance of sinus rhythm in patients with atrial fi brillation. What its role is in the 
management of the general patient population with atrial fi brillation remains 
unclear. In order to understand the role of catheter ablation for treatment of atrial 
fi brillation, an overview of the problem of atrial fi brillation will be discussed. 
Management strategies will be considered. The mechanisms of atrial fi brillation 
along with a history of ablation and a rationale for atrial fi brillation ablation will be 
presented. Data on the outcomes, effi cacy and complications of catheter ablation 
will be reviewed. Finally, patient selection will be discussed.  

  Keywords     Atrial Fibrillation   •   Radio-frequency Ablation of Atrial Fibrillation   • 
  Pulmonary Vein Isolation   •   Effi cacy of Catheter Ablation of Atrial Fibrillation   • 
  RAFFT-2 Trial   •   SARA Study   •   Patient Selection for Atrial Fibrillation Ablation  

        Introduction 

 Catheter ablation is a relatively recent and evolving modality for the maintenance of 
sinus rhythm in patients with atrial fi brillation (AF). What its role is in the manage-
ment of the general population with AF remains unclear. The general population 
with AF is elderly with multiple comorbidities and concomitant cardiac disorders. 
Studies demonstrating catheter ablation’s superiority over antiarrhythmic drug ther-
apy for maintaining sinus rhythm have involved a signifi cantly younger population 
with fewer comorbidities and concomitant cardiac disorders than the general 
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population with AF. This chapter discusses the role of catheter ablation in the man-
agement of the different presentations of AF in the general population.  

    Overview of the Problem 

 AF is the most common signifi cant arrhythmia encountered in clinical practice. The 
estimated prevalence is 2–2.5 % of the adult population, which is likely an underes-
timation of the true prevalence [ 1 ,  2 ]. The incidence increases with age. The aging 
of our population and the increasing prevalence of hypertension, diabetes mellitus, 
and obesity are leading to its increasing prevalence. The average AF patient is 73 
years old and AF is unusual prior to the age of 55 years [ 2 ]. Men are slightly more 
likely than women to develop AF. However, because women live longer than men, 
there are more women than men with AF. The lifetime risk of developing AF after 
the age of 40 was found to be approximately 25 % in the Framingham Heart Study 
[ 3 ]. This was confi rmed in the Rotterdam Study where the lifetime risk of AF at age 
55 years old was 23.8 % in men and 22.2 % in women [ 4 ]. 

 Patients with AF have a high likelihood of having signifi cant co-morbidities. In 
a large population study of 176,891 patients with AF, 87.4 % had hypertension, 
43.3 % had diabetes mellitus, 42.1 % had heart failure, 33.8 % had asthma/COPD, 
and 20.4 % had vascular disease [ 2 ]. The average CHA2DS2-VASc was 4.2 making 
this population at high risk of stroke requiring chronic anticoagulation therapy to 
decrease thromboembolic events [ 2 ]. 

 In order to more specifi cally classify the overall population with AF, the follow-
ing classifi cation of AF has been adopted by HRS/EHRA/ECAS in collaboration 
with the ACC, AHA, APHRS, and STS in 2012 [ 5 ]:

•    AF Episode – AF documented by ECG monitoring with a duration of ≥30 s., or 
if <30 s. is present continuously throughout the ECG monitoring.  

•   Paroxysmal AF – Recurrent AF (≥2 episodes) terminating spontaneously within 
7 days or ≤48 h with electrical or medical cardioversion.  

•   Persistent AF – Continuous AF >7 days or cardioverted after >48 h and 
≤12 months.  

•   Long-standing persistent AF – Continuous AF for >12 months.  
•   Permanent AF – AF patients where the decision is not to restore or maintain 

sinus rhythm (NSR) by any means, including catheter or surgical ablation.     

    Management Strategies 

 The three strategies related to AF are prevention of thromboembolic events, control 
of ventricular rate, and maintenance of NSR. Prevention of thromboembolism 
applies to all types of AF and to all patients. Control of ventricular rate is referred 
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to as “rate control” and maintenance of NSR is “rhythm control”. These are the two 
competing approaches in AF management. 

 Use of the CHA2DS2-VASc score is the recommended tool to evaluate thrombo-
embolic risk and to aid in the selection of the appropriate therapeutic intervention to 
reduce the risk of an event by all the major cardiac societies [ 6 ] (See Table  23.1 ). 
For patients with a CHA2DS2-VASc score of ≥2 oral anticoagulant therapy is rec-
ommended. This includes the vast majority with AF. In patients who have under-
gone catheter ablation, the continuation of long-term oral anticoagulant therapy 
post-ablation is recommended for all with a CHA2DS2-VASc score of ≥2, irrespec-
tive of procedural success [ 7 ]. Only patients with a CHA2DS2-VASc score of 0 or 
possibly 1 should be considered for discontinuation of long-term oral anticoagula-
tion therapy after successful ablation [ 7 ].

   The role of the competing strategies of rate control versus rhythm control remains 
an unsettled issue. In the perfect world, most practitioners would opt for rhythm 
control. The publication of the AFFIRM [ 8 ] and RACE [ 9 ] trials in 2002 demon-
strated that rate control was not inferior to rhythm control with medication and that 
rate control may be advantageous to rhythm control. As a result, rate control became 
the preferred strategy in the majority of AF cases. With the advent of catheter abla-
tion of AF the pendulum appears to be shifting back toward rhythm control. 
However, due to a lack of a well-designed large randomized study related to abla-
tion with long term follow-up and hard clinical end points of morbidity and mortal-
ity to establish its clinical benefi t, its benefi t for rhythm control remains unsettled.  

    Mechanisms of Atrial Fibrillation 

 There are two main mechanisms involved in the genesis and maintenance of AF: 
1-the multiple wavelet hypothesis with large and small reentrant wavelets, 2- the 
focal trigger hypothesis with enhanced automaticity of 1 or several rapidly depolar-
izing foci [ 5 ]. In most cases, it is the combination that results in the development of 
AF with focal triggers leading to the initiation of reentry that eventually leads to 
atrial remodeling causing additional focal triggers and perpetuation of reentry. 

  Table 23.1    CHA2DS2VASC 
Score  

 Condition  Points 

 C  CHF  1 
 H  HTN  1 
 A2  Age ≥75 years  2 
 D  Diabetes mellitus  1 
 S2  Prior stroke or TIA or TE  2 
 V  Vascular disease  1 
 A  Age 65–74 years  1 
 SC  Sex (female gender)  1 
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 Until the 1980’s, the multiple wavelet hypothesis was widely accepted as the 
dominant mechanism. The development of the surgical Cox-Maze procedure, fi rst 
performed in 1987, was predicated on this AF model and the concept that mainte-
nance of AF needs a critical number of circulating wavelets, each of which requires 
a critical mass of atrial tissue [ 5 ]. The multiple thru and thru surgical atrial incisions 
were designed to interrupt all macro-reentry circuits preventing the ability of the 
atrium to fi brillate. Procedural success contributed to development of catheter abla-
tion with creation of multiple ablation lines to interrupt reentry. 

 The focal trigger hypothesis became a major factor for the initiation of AF in the 
1990’s with identifi cation of rapidly depolarizing ectopic foci in the atrium and pul-
monary veins that would trigger AF or act as a rapid driver to maintain AF. These 
ectopic foci usually originated from myocardial muscle tissue found in the proximal 
1–3 cm of the pulmonary (PVs) veins [ 5 ] and became the target of catheter ablation.  

    History and Rationale of AF Catheter Ablation 

 In 1994, Michel Haissaguerre presented the fi rst successful catheter ablations of AF 
in three patients [ 10 ]. He found rapidly fi ring foci in the right atrium and success-
fully treated them with RF catheter ablation. These results supported the concept of 
a focal mechanism for AF that can be treated by ablation. 

 The concept of focal triggers was further supported in 1998 in another study by 
Haissaguerre et al. [ 11 ]. They found that the vast majority of the focal triggers of AF 
were in the proximal portion of the PVs. In the 45 patients studied, a total of 69 trig-
gering foci were found of which 64 (94 %) were found in the proximal few centime-
ter of the PVs: 31 foci in the left superior, 17 in the right superior, 11 in the left 
inferior and 6 in the right inferior PV. 4 foci were found in the atrium: 3 in the right 
atrium and 1 in the posterior left atrium. RF catheter ablation of the triggering foci 
was undertaken. A single session resulted in successful ablation of the foci in 14 
patients, 25 patients required two sessions, and 6 patients required three. At a mean 
follow-up 8 ± 6 months AF was completely eliminated in 28 patients (62 %) without 
drug therapy. 

 As a result, an initial strategy for catheter ablation was to induce AF triggers, 
map, and ablate the triggers within the PVs. This strategy was limited by the  inability 
to induce AF triggers in up to 1/3 and a high recurrence rate after ablation. Freedom 
from recurrence of AF at 14 months without drugs was 33 %. An additional 13 % 
had no AF, but remained on drugs. PV ablation led to PV stenosis in up to 38 %. 
While treatment of PV stenosis with stenting was possible, a better approach was 
needed to improve success and decrease complications. 

 To avoid the need to induce, map and ablate the individual PV triggers, Pappone 
et al. in 2000, described the technique of PV isolation [ 12 ]. This technique was 
performed using a circular catheter with multiple electrodes on it that was posi-
tioned outside each of the PVs which isolated the triggers from the left atrium pre-
venting any triggers inside the PVs from starting AF. Since 2001, the location of the 
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PV isolation has moved more proximally into the left atrium, resulting in PV antral 
isolation [ 13 ]. PV antral isolation is now the standard for most patients with parox-
ysmal AF. A search for AF triggers outside the PV may be needed in other patients. 

 In patients with persistent and especially in long-standing AF, atrial remodeling 
becomes an important mechanistic factor for maintenance of AF [ 14 ] resulting in a 
high recurrence rate with PV antral isolation alone [ 14 ]. To achieve success, these 
patients often require a more complex ablation strategy which includes lines of 
linear ablation, ablation of non-PV triggers, ablation of complex fractionated atrial 
electrograms, extensive ablation of left atrial posterior wall, and/or ablation of the 
ganglionated plexi [ 14 ]. The resultant extensive scar formation can lead to possible 
adverse consequences in the left atrium [ 14 ].  

    Outcomes and Effi cacy of Catheter Ablation 

 Well-designed large randomized multicenter trails have been the mainstay of car-
diovascular research to evaluate outcomes and effi cacy for cardiovascular disease 
for over 30 years. These data are presently lacking for AF ablation. The available 
data for AF ablation is largely limited to a small number of randomized studies with 
small sample sizes of <100 in each arm that studied younger patients (<60 years 
old) with few comorbidities and predominately paroxysmal AF with a short follow-
up of a year or two. The end points were usually suppression of AF compared to 
antiarrhythmic drug therapy rather than the harder clinical end points of morbidity 
and mortality outcomes. Although the available data are less than ideal, catheter 
ablation is superior to antiarrhythmic drug therapy in maintaining NSR. Prior stud-
ies (AFFIRM [ 8 ] and RACE [ 9 ]) comparing rate control to rhythm control failed to 
show the superiority of rhythm control with antiarrhythmic drugs over rate control 
in most AF cases. Whether a strategy of rhythm control using catheter ablation will 
be the superior strategy remains unknown. 

 The most important predictor for success of catheter ablation is the type of AF 
being treated [ 12 ]. Paroxysmal AF has a signifi cantly higher success rate for NSR 
maintenance than persistent AF which has a higher success rate than long-standing 
persistent AF. Similarly, variables such as age, concomitant cardiac disease, obesity, 
sleep apnea, and LA size impact outcome [ 12 ]. 

 The 5 year follow up results of catheter ablation for maintaining NSR has been 
reported by Weerasooriya et al. [ 15 ]. The average age at inclusion was 55.7 ± 9.6 years, 
64 % had paroxysmal AF, 22 % had persistent AF, and 14 % had long-standing 
persistent AF. Structural heart disease was present in only 36 %, with 16 % having 
LVH, and the LVEF was normal at 70 ± 11 %. The CHADS2 score was 0 in 48 %, 
1 in 32 % and ≥2 in 20 % of the subjects. For this group of younger, generally 
healthier patients than the general AF population, freedom from recurrent AF at 5 
years was 63 %. However, 51 % required repeat interventions. The 5 year results for 
freedom from recurrent AF with a single procedure was disappointing at only 29 % 
(Fig.  23.1 ). There was an 8.9 % gradual straight line annual recurrence rate of AF 
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after the last ablation attempt over the 5 year follow-up period (Fig.  23.2 ). The 
8.9 % annual recurrence rate after the last ablation attempt is consistent with results 
from other studies with “long-term” follow-up of 2–3 years. Based on these results, 
it appears that catheter ablation is not a cure but a treatment for AF that requires 
continued long term follow-up.

    In a recently reported randomized trail comparing radiofrequency ablation vs 
antiarrhythmic drugs as fi rst-line treatment of paroxysmal AF (RAFFT-2), 61 
patients in the antiarrhythmic drug group and 66 patients in the radiofrequency abla-
tion group were followed for 2 years for recurrence and quality of life measures 
[ 16 ]. The patients had an average age of 55 years old, little comorbidity, an average 
LVEF of 61 %, a normal or mildly increased LA size, and a median CHADS2 score 
of 0. These patients do not represent the typical AF population. Recurrence of AF 
occurred in 72.1 % with antiarrhythmics and 54.5 % with ablation at 2 years follow-
 up. There was no difference in the quality of life measures between the groups at 
baseline and during the study at the 1 year follow-up. There was a 9 % rate of seri-
ous adverse events with ablation, with pericardial effusion and tamponade occurring 
in 6 % [ 16 ] (Table  23.2 ).

   In the above study, ablation was superior to antiarrhythmics; however, 54.5 % 
with ablation experienced recurrent AF at 2 year follow-up and quality of life mea-
sures were similar [ 16 ]. If the follow-up would be extended to 5 years and the 8.9 % 
annual recurrence rate of AF observed in other long term studies occurred in this 
population, 81.2 % of the ablation patients would be predicted to have experienced 
recurrence. 
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  Fig. 23.1    Single Procedure Success. Kaplan-Meier event-free survival curve after a single cathe-
ter ablation attempt (Reproduced from Weerasooriya et al. [ 15 ], with permission of Elsevier)       
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  Fig. 23.2    Multiple Procedure Success. Kaplan-Meier event-free survival curve after the last cath-
eter ablation attempt (Reproduced from Weerasooriya et al. [ 15 ], with permission of Elsevier)       

    Table 23.2    Randomized trials of catheter ablation   

 RAAFT-2 (paroxysmal AF) 

 RX  #  Age 
 (mean) 

 LA 
Size 
(cm) 

 LVEF 
% 

 HTN 
% 

 DM 
% 

 CHADS2 
(mean) 

 Recurrent 
AF >30 s @ 
2 years 

 QOL 
score 
baseline 

 QOL 
 score 
 @ 
1 year 

 AAD  61  54.3 
years 

 4.3  60.8  41.0  6.6  0.7  72.1 %  0.84  1 

 CA  66  56.3 
years 

 4.0  61.4  42.4  1.5  0.5  54.5 %  0.86  1 

 P 
value 

 .30  .09  .65  .87  .14  .48  .02  >.99  .25 

 SARA study (persistent AF) 

 RX  #  Age 
 (mean) 

 LA 
Size 
 (cm) 

 LVEF 
% 

 Free from 
AF > 24 h 
@ 1 year 

 Free from 
any recurrent 
 AF > 30 s @ 
1 year 

 QOL 
score 
 baseline 

 QOL 
score 
 @ 1 year 

 AAD  48  55 years  4.27  60.8  43.7 %  29.2 %  49.3  53.0 
 CA  98  55 years  4.13  61.1  70.4 %  60.2 %  42.0  56.8 
 P 
value 

 .002  <0.001  .41 

   AAD  antiarrhythmic drug treatment,  CA  catheter ablation,  QOL  score quality of life score: EQ5D 
Tariff score in RAAFT-2 and AF-QoL score in SARA Study  
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 When it comes to persistent AF, the available data on outcome and effi cacy are 
very limited. The only randomized, multicenter, controlled trail that has been pub-
lished to date is the SARA study [ 17 ]. This compared catheter ablation to antiar-
rhythmic drug in persistent AF – 146 were randomized 2:1 to ablation (98 patients) 
or antiarrhythmic drug therapy with a Class III or IC drug (48 patients). The patients 
were again young with an average age of 55 years and had few comorbidities and 
concomitant cardiac disorders. Their LA sizes were only mildly enlarged and an 
average LVEF was 61 %. The follow-up was only for 1 year. The primary outcome 
was defi ned as freedom from an episode of AF or fl utter lasting >24 h or requiring 
cardioversion after a 3 months blanking period. Secondary outcomes included free-
dom from any recurrence of AF or fl utter lasting ≥30 s after the 3 month blanking 
period, hospitalization related to arrhythmia, cardioversion, therapeutic crossover, 
AV node ablation, quality of life questionnaire at baseline and 6 and 12 months, and 
complications. In the ablation arm, 36 % received antiarrhythmic drug therapy thru- 
out the follow-up period and 8.2 % underwent a second ablation procedure. No 
patients in the antiarrhythmic drug group underwent an ablation prior to completing 
the study or having a primary outcome event. 

 The results of the SARA study [ 17 ] for the primary outcome were that 70.4 % in 
the ablation group and 43.7 % in the antiarrhythmic drug group had freedom from 
sustained episodes of AF at 12 months (p = 0.002). The secondary end point of free-
dom from any AF or atrial fl utter lasting >30 s were 60.2 % in the ablation group 
and 29.2 % in the antiarrhythmic drug group during the 12 month follow-up 
(p < 0.001). The need for cardioversion was higher with antiarrhythmics (50 % vs 
34.7 %, respectively). Hospitalizations due to arrhythmia recurrence were similar. 
There were no signifi cant differences in AF quality of life scores between groups. 
There was a 6.1 % periprocedural complication rate during the ablation procedure 
and one patient developed symptomatic PV requiring stenting (Table  23.2 ). 

 The results of the SARA study [ 17 ] provide evidence that radiofrequency abla-
tion is superior to antiarrhythmic drug therapy for maintaining NSR in a select 
group followed only 12 months. The subjects were relatively young (average age 55 
years) without signifi cant comorbidities or concomitant cardiac disease. Despite the 
improvement in maintaining NSR with ablation, there was no benefi t in decreasing 
hospitalization or improving quality of life scores and there was a 7 % complication 
rate related to ablation. 

 There are no randomized trials comparing catheter ablation to antiarrhythmic 
drug therapy in long-standing AF [ 18 ]. As mentioned above, the changes in the left 
atrium that occur with long-standing AF usually require a more extensive and com-
plex ablation strategy. These more extensive ablation strategies result in more exten-
sive scar formation in the left atrium [ 14 ]. 

 The 5 year results of a study using a sequential catheter ablation strategy for 
long-standing persistent AF has been reported [ 18 ]. These subjects had an average 
age of 61 years, only 16 % had structural heart disease, LA size was moderately 
enlarged, and LVEF was 60 ± 7 %. After the fi rst ablation procedure, NSR was 
maintained at 5 years in 20.3 %. After multiple procedures (up to 5 procedures), 
sinus rhythm was maintained at 5 years in 45 %, including 26 % who were receiving 
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antiarrhythmic drugs. Patients with a duration of long-standing persistent of 
>2 years were 2.81 times more likely to relapse to AF. In those who underwent >1 
redo, the incidence of atrial tachycardia as a clinical arrhythmia increased. The 
arrhythmia was felt to be related to scar formation in the LA [ 19 ]. 

 Catheter ablation for long-standing persistent AF is a challenging procedure for the 
electrophysiologist. The more extensive ablation approach requires a careful evalua-
tion of the risk/benefi t ratio. Longer procedure and fl uoroscopy times along with an 
increased risk of complications including atrial tachycardia need to be considered [ 5 , 
 19 ]. Randomized trials are needed to evaluate to outcomes of various ablation strategies.  

    Patient Selection for Ablation 

 The role of catheter ablation for AF in the overall patient population is unclear. The 
available studies related to its effi cacy, as mentioned earlier, have largely been limited 
to a small group with predominately paroxysmal AF and are signifi cantly younger 
with fewer comorbidities than the general population with AF. In this select group, 
ablation is superior to antiarrhythmic drug therapy in maintaining NSR. Catheter 
ablation still has a signifi cant recurrence rate of AF over time and frequently requires 
repeat ablation procedures to maintain NSR. In patients who are not signifi cantly 
symptomatic in AF while on medical therapy, studies have failed to show an improve-
ment in quality of life measures with ablation [ 16 ,  17 ]. At the present time there is 
insuffi cient evidence to support the use of catheter ablation to reduce all-cause mortal-
ity, stroke, or heart failure. Serious complications related to an AF ablation procedure 
are not uncommon, reported in ~6 % of procedures [ 5 ]. The present guidelines for the 
management of AF recommend the chronic continuation of anticoagulation therapy 
based on the CHA2DS2-VASc score irrespective of the results of ablation [ 7 ,  20 ]. 

 The patient selection for ablation needs to be individualized depending on 
numerous factors including age, sex, type and duration of AF, presence of structural 
heart disease, LA size, presence of comorbidities, response to rate control therapy, 
failure or intolerance of antiarrhythmic drug therapy, and provision of patient- 
informed consent. The primary indication for AF ablation is for signifi cantly symp-
tomatic paroxysmal AF that is refractory or intolerant to at least one Class I or III 
antiarrhythmic medication when a rhythm control strategy is desired (Class I, 
EOL:A) [ 5 ,  6 ]. Prior to consideration for ablation, assessment of the procedural risk 
and outcomes is recommended (Class I, EOL:C) [ 5 ,  6 ]. These two are the only Class 
I recommendations according to the 2014 ACA/AHA guidelines [ 6 ]. 

 The 2014 guidelines consider catheter ablation as a reasonable initial strategy for 
the management of recurrent symptomatic paroxysmal AF when a rhythm control 
strategy is warranted prior to therapeutic trials of antiarrhythmic drug therapy, after 
weighing risks and outcomes of drug and ablation therapy (Class IIa, EOL:B) [ 6 ]. 
They also consider ablation as a reasonable option for selected patients with symp-
tomatic persistent AF refractory or intolerant to at least 1 class I or III antiarrhyth-
mic medication (Class IIa, EOL: A) [ 6 ]. 
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 A weaker recommendation is considered for symptomatic persistent AF prior to 
a trial of antiarrhythmic drug therapy (Class IIb, EOL:C) or for symptomatic long- 
standing AF refractory or intolerant to antiarrhythmics, when a rhythm control strat-
egy is warranted (Class IIb, EOL:B) [ 6 ]. AF ablation is not warranted and is 
considered harmful for the restoration of NSR with the sole intent of avoiding anti-
coagulation (Class III, EOL:C) [ 6 ]. 

 There are ongoing clinical trials that are assessing the role of ablation for reduc-
ing mortality, stroke, or heart failure compared to standard care with rate and/or 
rhythm control drugs. Their results will not be available for a few years. These are 
the CABANA (Catheter Ablation Versus Antiarrhythmic Drug Therapy for Atrial 
Fibrillation) and the EAST (Early Therapy of Atrial Fibrillation for Stroke Prevention 
Trial) studies. We should proceed cautiously in widening the indications for AF 
catheter ablation until the results of these and other future studies are available.  

    Conclusions 

     1.    The general population with AF is usually elderly with multiple comorbidities 
and concomitant cardiac disorders, and high CHA2DS2-VASc scores.   

   2.    Anticoagulation is recommended for AF patients with a CHA2DS2-VASc 
score ≥2.   

   3.    A rate control strategy is not inferior to rhythm control with medication and rate 
control may be advantageous to rhythm control.   

   4.    Focal triggers predominantly in the proximal PVs and altered atrial myocardial 
substrate resulting in multiple reentry wavelets that are the underlying mecha-
nisms for AF are potentially amenable to catheter ablation.   

   5.    Catheter ablation of AF is superior to antiarrhythmic drug therapy for maintain-
ing NSR.   

   6.    There is a high recurrence rate of AF after ablation over the long term that fre-
quently requires repeat ablation.   

   7.    There is a signifi cant complication rate related to each ablation procedure.   
   8.    The role of ablation compared to a rate or rhythm control strategy with medica-

tion in managing the general population with AF is unsettled.   
   9.    Chronic anticoagulation therapy based on the CHA2DS2-VASc score is still 

required despite the apparent success of ablation.   
   10.    The published trials of ablation almost exclusively involve signifi cantly younger 

patients with fewer comorbidities or concomitant cardiac disease than the gen-
eral population with AF and the trials have a short follow up. Therefore, these 
cannot be necessarily applied to the general AF population.   

   11.    At the present time catheter ablation should be limited to younger patients with 
paroxysmal or persistent AF who are signifi cantly symptomatic despite stan-
dard medical therapy.   

   12.    Broader application of ablation should await results of on-going long term 
trials.         
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    Chapter 24   
 Radial and Femoral Access in Percutaneous 
Intervention       

       Francesco     Costa      and     Marco     Valgimigli     

    Abstract     Femoral and radial accesses are the most commonly used approaches in 
interventional cardiology. Femoral access-site has been implemented for many 
years in percutaneous coronary intervention and still today is the most used approach 
in several countries. Radial access, more recently introduced, guarantees a less inva-
sive procedure and a reduced incidence of vascular access site complications. 

 The purpose of this chapter is to review critically the most recent evidence com-
paring radial and femoral approaches for percutaneous coronary intervention. 
Advantages and limitations of each technique will be evaluated with respect to the 
most recent interventional procedures.  

  Keywords     Percutaneous coronary intervention   •   PCI   •   Radial access   •   Femoral 
access   •   Bleeding   •   Vascular access site complications   •   STEMI   •   Non-ST elevated 
myocardial infarction   •   Myocardial infarction   •   Coronary artery disease  

        Introduction 

 Femoral and radial access sites are the most commonly used approaches in current 
interventional cardiology. However, it is interesting to mention that at the inception 
of invasive cardiology, the brachial access, introduced by Sones in the early 50’s, [ 1 ] 
was the default access for left cardiac catheterization. The brachial artery, fi rst 

        F.   Costa ,  MD    
  Department of Interventional Cardiology ,  Thoraxcenter, Erasmus Medical Center , 
  Rotterdam   3015 CE ,  The Netherlands    

  Department of Clinical and Experimental Medicine, Policlinico “G. Martino” , 
 University of Messina ,   Messina ,  Italy     

    M.   Valgimigli ,  MD, PhD, FESC      (*) 
  Thoraxcenter, Erasmus Medical Center ,   Rotterdam   3015 CE ,  The Netherlands    

  Erasmus MC, Department of Interventional Cardiology ,  Thoraxcenter , 
  Rotterdam ,  The Netherlands   
 e-mail: m.valgimigli@erasmusmc.nl  

mailto:m.valgimigli@erasmusmc.nl


362

approached with a surgical cutdown and later percutaneously with the Seldinger’s 
technique [ 2 ], was extensively used until the late 60’s when Amplatz and Judkins 
demonstrated the feasibility of the percutaneous femoral access in a large case 
series [ 3 ]. Afterwards, interventional cardiology made huge progress in the tech-
niques and devices used and femoral access became the default approach for almost 
all of them. 

 In the last 20 years, after Campeau’s report of a transradial approach (TRA) for 
coronary angiography, the radial artery has been increasingly employed as an alter-
native access site for both diagnostic and therapeutic procedures [ 4 ]. 

 The main advantage of the radial artery use is a reduced invasiveness, given by 
its superfi cial position, the smaller caliber and the high predictability of its compres-
sion. The lack of important adjacent structures decreases the hazard during the 
puncture. However, these benefi ts come at the cost of an increased complexity in the 
maneuverability of the catheters, with an increased procedure time and radiation 
exposure, especially in non-experienced operators [ 5 ]. Moreover, its anatomical 
limitations do not permit the use of bulky devices or bigger catheters, occasionally 
needed for more complex procedures.  

    Discussion 

    The Bleeding Issue: Access Site and Non-access Site Bleeding 
During Percutaneous Coronary Intervention (PCI) and Their 
Impact on Patients’ Outcome 

 Bleeding is a frequent complication during PCI and 30–70 % of these events are 
related to the access site. This broad variability depends mostly on the patient’s 
clinical presentation. In fact, acute patients are more prone to access site bleeding, 
whereas in stable patients two-thirds are not access site related [ 6 ]. 

 The radial approach brings a 65 % reduction of major vascular access site com-
plications, 49 % of non–CABG-related major bleeding, and 35 % reduction of the 
transfusion rate compared with the femoral approach [ 7 ]. Interestingly, radial access 
benefi t persisted when vascular closure devices were used in the femoral cohort [ 8 ]. 

 The reduction of bleeding events is of paramount importance considering the 
strong correlation between major bleeding and mortality [ 9 ,  10 ]. In a study of over 
26,000 patients with non–ST-segment elevation ACS, there was a signifi cant 
 interaction between bleeding severity and the rate of death at 30-days, death at 6 
months or the composite of death and MI [ 11 ]. 

 A sub-analysis of the TRITON-TIMI 38 trial [ 12 ] showed that serious spontane-
ous bleeding tended to have a sustained impact on mortality for approximately 1 
month, as it was shown by an elevated hazard ratio within the fi rst 30 days after PCI 
followed by a non-signifi cant trend thereafter. Similarly, a recent analysis from the 
PLATO trial also demonstrated that procedure-related bleeding is strongly associ-
ated with short-term mortality [ 13 ]. 
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 To further corroborate these fi ndings, the application of bleeding prevention 
strategies demonstrated a better survival during an acute coronary syndrome. The 
OASIS-5 trial compared fondaparinux with enoxaparin in a court of 20,078 patients 
with non-ST-segment elevation ACS. This study showed that fondaparinux was not 
inferior to enoxaparin with respect to 9 day composite ischemic endpoints, and 
superior with respect to major bleeding at 9 days (fondaparinux 2.2 % vs. enoxapa-
rin 4.1 %, p < 0.001) [ 14 ] eventually resulting in a signifi cant reduction of death 
from all causes at 1 month (deaths in fondaparinux arm 574 vs. deaths in enoxaparin 
arm 638, p = 0.05). 

 Similarly, in HORIZONS AMI, the implementation of the direct thrombin inhib-
itor bivalirudin, compared with unfractionated heparin plus glycoprotein IIb/IIIa 
inhibitors in patients undergoing primary PCI, resulted in both a reduction of major 
bleeding (4.9 % vs. 8.3 %, p < 0.001) and mortality at 30 days (2.1 % vs. 3.1 %, 
p = 0.047) [ 15 ]. 

 However, it is worth mentioning that patients with a higher bleeding risk usually 
carry also a higher ischemic risk. In fact, bleeding more frequently occurs in sicker 
patients, and a possible lack of cause-effect between the two events could be argued, 
being this correlation driven by host or putative mechanisms [ 16 ]. On the other hand, 
discontinuation of antithrombotic therapy, transfusions and severe anemia after bleed-
ing are likely to be important prognostic modifi ers and all need to be prevented [ 17 ]. 

 Finally, it has been demonstrated that non-access site related bleeding carries a 
relatively higher risk of death compared with access site bleeding (HR 2.2) [ 18 ,  19 ]. 
Access site selection hardly affects non-access-site bleeding, on the other hand, the 
application of a modern antithrombotic regimen and optimal anti platelet therapy 
could mitigate the excess bleeding risk and improve the outcome [ 15 ,  20 ].  

    Is Radial Access Effective as Femoral? 

 The limits of the radial technique have been pushed far forward since its fi rst intro-
duction. The advances in experience and technology allow today the treatment of 
complex PCI cases like bifurcations, unprotected left main coronary artery [ 21 ] and 
chronic total occlusions [ 22 ] from the radial access. Importantly, the rates of proce-
dural success are similar to the femoral approach [ 23 ] but only for experienced 
radial operators. 

 Many studies tried to delineate the learning curve of the radial technique. Ball 
et al. prospectively collected from 1999 to 2008 a total of 1672 patients with non- 
urgent, single vessel disease, underwent TR-PCI by 28 operators. The outcomes 
were stratifi ed into chronological groups of cases for operators starting transracial 
technique in their institution: the fi rst group from case 1 to case 50 and so on 51–100, 
101–150, 151–300. The control group consisted of experienced radial operators 
with more than 300 TR-PCI. The study found that the PCI failure rate was inversely 
related with the case volume, with a 32 % decrease in PCI failure every additional 
50 PCIs performed. The author’s eventually concluded that a case volume of at least 
50 PCI is needed to achieve an outcome comparable with an expert radial operator. 
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However, considering that this study included non-urgent, single vessel disease, the 
learning curve for more complex PCI is likely to be steeper [ 24 ]. Similarly, Looi 
et al. showed how after 6 months of practice in diagnostic radial angiography, fel-
lows reached results comparable with senior operators [ 25 ]. 

 Interestingly, another single study about the radial approach learning curve 
showed that the left radial approach had a shorter learning curve compared to right 
radial access [ 26 ]. These results could be explained by a lower impact of subclavian 
tortuosity in the left radial artery (OR 2,7) and by an easier maneuverability of the 
catheters that, originally designed for the femoral route, adapt better to the left 
radial anatomy [ 26 ]. 

 Certainly, the more complex is the radial anatomy, the more diffi cult and longer 
is the procedure with consequences on procedural times and radiation exposure. 
This is particularly true for the diagnostic angiograms whereas the impact on PCI is 
milder. As could be expected, procedural times and radiation dose decrease with 
operator’s expertise [ 5 ].  

    Radial vs. Femoral: The Evidence 

 In the past few years an important burden of evidence has been collected for the 
comparison of femoral and radial access approaches. 

 The MORTAL registry, published in 2008 by Chase et al. retrospectively ana-
lyzed 38,872 patients treated with PCI either via TRA (7,972 patients) or TFA 
(30,900 patients). The results showed that TRA reduced the need for blood transfu-
sion (1.4 % vs. 2.8 %) and 1-year mortality (3.9 % vs. 2.8 %). Importantly, the 
patient population mainly consisted of ACS treated on an urgent basis [ 27 ]. Other 
observational studies demonstrated afterwards the same conclusions. 

 The lack of a randomized trial comparing the two strategies was fi nally over-
come with the presentation of the pivotal radial versus femoral access for coronary 
angiography and intervention in patients with acute coronary syndromes (RIVAL) 
trial. RIVAL recruited 7,021 patients in 32 countries, of which 3,507 patients were 
randomly assigned to radial access and 3,514 to femoral access. The primary out-
come was the composite of death, myocardial infarction, stroke, or non- coronary 
artery bypass graft (non-CABG)-related major bleeding at 30 days. The trial 
 ultimately failed to demonstrate a signifi cant superiority of the radial access with 
respect to the primary endpoint (3.7 % vs. 4.0 %, [HR] 0.92, 95 %CI 0.72–1.17; 
p = 0.50). Major vascular access site complications were signifi cantly reduced in the 
radial arm (1.4 % vs. 3.7 % P < 0.0001), whereas non-CABG-related TIMI major 
bleeding (0.5 % vs. 0.5 % P = 1.00) and access site major bleeding (0.2 % vs. 0.3 % 
P = NS) were similar in the two groups [ 7 ]. 

 Importantly, it has been shown that, in patients with STEMI, there was a benefi t 
with radial access for the composite of death, MI and stroke (P int  = 0.011), and death 
for all causes (interaction P int  = 0.001). A signifi cant interaction for the primary out-
come was fi nally noted in the highest tertile volume radial centers (HR 0.49, 95 %CI 
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0.28–0.87; p = 0.015). These fi ndings strongly questioned the previous results sug-
gested by the observational studies. However, at a deeper analysis some of the rea-
sons of such a divergence could be identifi ed. 

 First, a post-hoc analysis that evaluated the actual location of the access-site 
major bleeding showed that all the six reported events found in the radial group did 
not consist of real radial-related complications but of consequences of IABP or 
radial-to-femoral cross-over confounded by the intention-to-treat design of the 
study. Thus, after reallocating the bleeding events in the pertinent group, a signifi -
cant relation between access-site major bleeding and femoral access (0 vs. 18 
events) was present also in RIVAL [ 7 ]. 

 Second, the bleeding defi nition used to adjudicate the events is of paramount 
importance. In fact, the use Acute Catheterization and Urgent Intervention strategy 
(ACUITY) trial bleeding criteria showed a signifi cant reduction of major bleeding 
in the radial cohort (p < 0.0001). 

 Third, the number of bleeding events was unusually low in the RIVAL popula-
tion compared with previous ACS trials and only 32 % were access site related. 
Therefore, the trial may have been underpowered to detect a difference in non–
CABG-related major bleeding and consequently to demonstrate a superiority of 
radial access on the primary endpoint [ 7 ]. 

 The RIVAL result left many perplexities, and further evidence was needed. The 
Radial versus Femoral Randomized Investigation in ST- Elevation Acute Coronary 
Syndrome (RIFLE-STEACS) trial, presented in 2011, randomized 1,001 patients 
undergoing primary PCI to radial or femoral access. The aim of the study was to 
demonstrate a benefi t on hard endpoints of the radial access in the STEMI popula-
tion [ 28 ]. The trial used the new Bleeding Academic Research Consortium (BARC) 
defi nition and was powered to assess the superiority over the primary endpoint of 
death, MI, TLR, stroke or non–CABG-related major bleeding at 30 days. RIFLE- 
STEACS demonstrated a net reduction of the primary endpoint (13.6 % vs. 21 %; 
P = 0.003), of the non–CABG-related major bleeding (7.8 % vs. 12.2 %; P = 0.026) 
and of mortality (5.2 % vs. 9.2 % P = 0.02) in the radial arm at 30 days. 

 This apparently striking results need to be critically analyzed. 
 Firstly, the operators in the RIFLE-STEACS were all expert radialists perform-

ing more than 300 PCI/year. Notwithstanding, the crossover rate from radial to 
femoral was 9.6 %, mainly due to shock, peripheral vascular disease and previous 
thrombolysis. 

 Secondly, the total mortality and the bleeding rates of the RIFLE-STEACS popu-
lation were particularly high compared to previous STEMI trials, probably because 
the population included higher risk patients with cardiogenic shock and rescue 
PCIs, and the treatment frequently included GP inhibitors (70 %). 

 Finally, even if the access-site bleeding was reduced by the radial access in the 
main study, at a post-hoc analysis this benefi t was no longer present when the TIMI 
bleeding defi nition was used [ 28 ]. 

 Another recent randomized trial evaluated the effect of the access-site in patients 
undergoing PCI. The STEMI-RADIAL randomized 707 patients with STEMI to 
radial and femoral approach before the primary PCI [ 29 ]. The primary endpoint, 
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consisting of a composite of major bleeding and vascular access site complications 
at 30 days, occurred signifi cantly more in the femoral access group (1.4 % vs. 
7.2 %; P < 0.0001). The rate of net adverse clinical events (NACE) defi ned as a 
composite of death, MI, stroke, and major bleeding/vascular complications was also 
reduced by the radial access strategy (4.6 % vs. 11 %; P = 0.0028). In contrast with 
the RIFLE-STEACS, mortality at 30 days in the STEMI-RADIAL was similar in 
the two groups (2.3 % vs. 3.1 %; P = 0.64), result probably driven by the exclusion 
of very high-risk patients.  

    Mortality: Does the Access Site Matter? 

 The impact of access-site on mortality has been tested by numerous randomized 
trials, observational studies and metanalysis. 

 Before the RIVAL publication many observational studies including the already 
mentioned MORTAL registry showed a mortality reduction with the radial approach. 
The PREVAIL, a non randomized prospective study, also showed a benefi t of radial 
on hard endpoints including death (1.1 % vs. 4.9 %) [ 30 ]. Similarly, a systematic 
review of the literature involving 2,808 STEMI patients, who were largely recruited 
in a non-randomized fashion, showed that trans-radial intervention was associated 
with almost 50 % decrease of overall mortality [ 31 ]. 

 The RIVAL overturned these data, not showing a signifi cant mortality difference 
between the two groups. However, the subgroup analysis of patients with STEMI 
showed an impressive 54 % mortality reduction after the trans-radial treatment. 
Conversely, patients with NSTEACS showed a worrisome trend towards a 66 % 
increase in mortality (P = 0.082) [ 7 ]. 

 Finally in the RIFLE-STEACS trial a 50 % mortality reduction was found in the 
radial group [ 28 ]. Consistent with these fi ndings, an observational region-wide 
study compared the medium-term outcomes of trans-radial versus trans-femoral 
intervention in 12,407 patients who underwent PCI for STEMI. This study showed 
a 30 % mortality reduction at 2 years in favor of the trans-radial intervention refl ect-
ing an early signifi cant mortality benefi t within 30 days after treatment [ 32 ]. 

 From all the data collected so far, radial access emerged as the most important 
single mortality reducer during primary PCI. However, the reason of such an 
impressive impact on survival is not completely clear. The reduction in access site 
major bleeding is a clear benefi t of the radial access but can hardly explain these 
massive differences. Furthermore, non-access site bleeding affects mortality two 
times more than access site bleeding and reasonably cannot be infl uenced by the 
access selection [ 6 ].   

 Analyzing the detailed cause of death in the RIFLE-STEACS trial, most of the 
patients died early after PCI and frequently from acute heart failure. Accordingly, it 
is diffi cult to speculate why the radial approach provides such a signifi cant benefi t. 

F. Costa and M. Valgimigli



367

Potential benefi cial mechanisms of the radial approach could be related to the earlier 
ambulation (lower risk of venous thromboembolism) and earlier hospital discharge 
(lower risk of nosocomial infection) but these hypotheses have yet to be tested [ 33 ]. 

 Although the impact of the radial approach on mortality remains elusive, this 
should not underestimate the growing evidence showing a sensible benefi t from the 
radial approach. 

 Cost and Hospitality stay: 
 Radial access sensibly reduces the hospital costs. Safl ey et al. examined costs 

among 61,509 procedures and observed a reduction of expenses in radial proce-
dures, mostly driven by a reduced in hospital length of stay [ 34 ]. This benefi t was 
consistent in the RIFLE-STEACS and in the STEMI-RADIAL trials.  

    Limitations of the Radial Artery 

 Trans-radial approach carries several limitations. 
 First of all radial artery anatomy is still a technical limitation, being 50–70 % 

smaller than the femoral artery, it does not allow the same fl exibility in the device 
and procedure strategy selection as compared to the femoral approach. In fact, 
the rate of vascular access site failure in the RIVAL study was higher in the 
radial group (7 % vs. 0.9 %). Access site failure was mostly related to radial 
spasm (5 %) and vessel tortuosity in the radial (1.3 %) and in the subclavian seg-
ment (1.9 %). 

 Part of the technical complexity of the radial approach is obtaining an optimal 
support of the guiding catheter, especially during left coronary artery intervention 
[ 35 ]. This could be challenging for the imperfect compatibility of the standard cath-
eters, designed for the femoral route, with the radial anatomy [ 36 ]. Even if some of 
these technical diffi culties could be overcome with left radial access, [ 37 ] more than 
90 % of operators use the right approach [ 36 ] and dedicated radial catheter are not 
commonly utilized. 

 Noteworthy, the radial approach reduces dramatically access-site complication 
but it cannot be considered a complication-free procedure. Compartmental syn-
drome or catheter entrapment with radial avulsion are rare, but must be carefully 
prevented. More frequent is the radial artery patency loss that occurs in up to 12 % 
of patients at 24 h after radial catheterization [ 38 ]. This should not be considered a 
minor complication because it might hinder the potential future use of the radial 
artery (arterial fi stula for dialysis, arterial harvesting for CABG, further catheteriza-
tions), and could eventually be prevented with the systematic use of the patent 
hemostasis technique [ 38 ]. 

 Lastly, the radiation dose appears to be higher with the radial approach [ 5 ]. This 
is true especially during the fi rst part of the learning curve, and it is reduced with 
operator experience.  
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    When Femoral Artery Is Necessary 

 Given the strong relationship between radial access and reduced vascular complica-
tions, the American College of Cardiology Foundation, American Heart Association, 
Society for Cardiovascular Angiography and Interventions PCI practice guidelines 
now give a strong recommendation to the radial approach [ 39 ], and the European 
Association of Percutaneous Cardiovascular Interventions group has recently stated 
in a position paper that it should be the default access site for PCI [ 40 ]. 

 Nevertheless, in many situations the femoral approach is still essential. Not men-
tioning the imperative necessity of the femoral access for all structural heart disease 
procedures, the use of bulky devices such as intra-aortic balloon pump, Impella device 
or ECMO require a large diameter arterial access. Moreover, femoral access is still 
the fi rst choice during complex PCI’s when better control and fl exibility are needed.   

    Conclusion 

 The benefi t of the radial use in clinical practice has been shown in many different 
randomized trials. Although the mechanism of benefi t for some end points remains 
unclear, a continuous effort should be made to improve profi ciency in the radial 
approach without loosing expertise in the femoral technique. 

 Furthermore, the implementation of strategies to prevent non-access site related 
bleeding, such as the use of bivalirudin and the optimal adjustment of anti-platelet 
therapy, are likely to be important steps to improve the prognosis of ACS patients. 

 In the near future ongoing trials such as SAFARI-STEMI (NCT01398254) and 
MATRIX (NCT01433627) will give useful information about the role of vascular 
access in the context of a modern anticoagulant therapy.     
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    Chapter 25   
 Advanced and Expensive Cardiovascular 
Procedures in the Very Elderly–Can 
We or Should We Limit Access?       

       Pranav     Kansara      ,     Konstantinos     Kossidas     ,     Sandra     Weiss     , 
and     William     S.     Weintraub    

    Abstract     With the increasing proportion of elderly patients in the population, phy-
sicians are often faced with challenging treatment decisions for the management of 
coronary artery diseases, valvular heart diseases, advanced heart failure and pre-
vention of sudden cardiac death in the elderly patient population. Comprehensive 
review of the literature and available evidence is summarized in this chapter to 
guide such complex clinical decisions. Elderly patients presenting with an acute 
coronary syndrome (ACS) appear to benefi t from percutaneous coronary interven-
tion (PCI) with the use of drug eluting stents (DES). Though current guidelines do 
not consider age as a prohibitive factor, the risk of major bleeding complications 
and stroke should be carefully considered. For elderly patients with severe aortic 
stenosis, trans-catheter aortic valve replacement (TAVR) is superior compared to 
medical therapy for inoperable patients. TAVR, when performed via the transfemo-
ral approach, remains non inferior and cost effective compared to surgical aortic 
valve replacement (SAVR). Trans-catheter mitral valve repair (TMVR) using 
MitraClip appears to be benefi cial for inoperable patients with degenerative severe 
mitral regurgitation but more data are needed. Implantable cardioverter defi brillator 
(ICD) implantation in the elderly population remains a controversial topic espe-
cially for secondary prevention. The current evidence suggests that age should not 
be the sole withholding factor but the decision for ICD implantation should account 
for comorbidities and patient preference. On the other hand, cardiac resynchroniza-
tion therapy (CRT) has defi nitely a mortality and morbidity benefi t in the manage-
ment of elderly patients with advanced heart failure.  
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  Abbreviations 

   ASSENT    Assessment of the Safety and Effi cacy of a New Thrombolytic   
  AVID    The Antiarrhythmic vs Implantable Defi brillators   
  CARE-HF    Cardiac Resynchronization in Heart Failure study   
  CASH    Cardiac Arrest Study Hamburg   
  CIDS    Canadian Implantable Defi brillator Study   
  COMPANION    The Comparison of Medical Pacing and Defi brillator 

Therapies in Heart Failure Trial   
  EVEREST    Endovascular Valve Edge-to-Edge Repair Study   
  GUSTO    Global Utilization of Streptokinase and Tissue Plasminogen 

Activator for Occluded Coronary Arteries   
  HERO    Hirulog Early Reperfusion or Occlusion   
  MADIT–CRT    Multicenter Automatic Defi brillator Implantation trial with 

Cardiac Resynchronization Therapy   
  MADITT-II    Multicenter Automatic Defi brillator Implantation Trial-II   
  MIRACLE    Multicenter InSync ICD Randomized Clinical Evaluation   
  PAMI    Primary Angioplasty in Myocardial Infarction   
  PARAGON    The Platelet IIb/IIIa Antagonist for the Reduction of Acute 

coronary syndrome events in a Global Organization Network   
  PARTNER    Placement of Aortic Transcatheter Valve   
  PURSUIT    The Platelet Glycoprotein IIb/IIIa in Unstable Angina: 

Receptor Suppression Using Integrilin Therapy   
  TACTICS-TIMI 18    Treat angina with Aggrastat and determine Cost of Therapy 

with an Invasive or Conservative Strategy--Thrombolysis in 
Myocardial Infarction 18   

          Introduction 

 With an improved overall survival at the population level, the number of geriatric 
patients has signifi cantly increased. With that comes more complex coronary and 
valvular heart disease, management of which has been revolutionized over the last 
decade with advances in interventional cardiology. There are several unresolved 
issues related to what is the appropriate therapy in this population. Along with the 
advent of catheter-based treatment of valvular heart diseases such as transcatheter 
aortic valve replacement (TAVR) and transcatheter mitral valve repair (TMVR) 
using the MitraClip system (Abbott vascular, CA), there have been remarkable 
improvements in stent technology and stent delivery systems for percutaneous coro-
nary intervention (PCI). At the same time, physicians, patients and their families are 
increasingly faced with decisions about device–based therapies, especially implant-
able cardioverter defi brillator (ICD) and cardiac resynchronization (CRT) in elderly 
patients who meet conventional criteria for device implantation. As one can 
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imagine, such procedures have substantially increased the cost of care. The avail-
able evidence with respect to clinical effi cacy, quality of life improvement and cost 
effectiveness with respect to PCI for acute coronary syndrome, TAVR, TMVR, ICD 
and CRT for the elderly population (age ≥75 years) is reviewed here.  

    Catheter Based Therapies 

    Percutaneous Coronary Intervention 

 There has been a limited representation of patients ≥75 years of age in the early 
clinical trials for non ST segment elevation acute coronary syndrome (NSTE ACS) 
ranging from 17 to 22 % (pooled data from GUSTO IIb, Paragon A, Paragon B, 
PURSUIT, GUSTO-IV ACS) and for ST segment elevation ACS (STE ACS) rang-
ing from 12 to 18 % (pooled data from GUSTO I, GUSTO IIb, GUSTO III, 
ASSENT-2, ASSENT-3, HERO-2). Furthermore, there was only 2 % representa-
tion for patients age ≥85 years for both NSTE and STE ACS [ 1 ,  2 ]. TACTICS-
TIMI 18 provided the initial evidence of a reduction in death or myocardial 
infarction (MI) at 6 months with an early invasive (EI) strategy compared to initial 
conservative (IC) management for high risk NSTE ACS in patients with age 
≥75 years (21.6 vs 10.8, OR 0.44, total n = 278) [ 3 ]. With an accepted societal 
threshold of $50,000/death or MI prevented, cost effectiveness analysis (CEA) sug-
gested that the incremental cost effectiveness ratio (ICER) for death or MI pre-
vented was $25,478 with an EI approach, and therefore cost effective [ 4 ]. However, 
CEA was not stratifi ed based on age. Due to this under representation and limited 
evidence, the 2007 AHA scientifi c statement for the management of NSTE ACS 
patients of age ≥75 years underscored the need for prospective randomized out-
comes data in elderly patients for defi nite treatment recommendations [ 1 ]. Since 
the writing of these statement guideline, a contemporary randomized control trial 
of 313 patients (age ≥75 years, mean age 82) comparing the EI approach (88 % 
angiography, 55 % revascularization) to IC therapy for patients presenting with 
NSTE ACS (29 % angiography, 23 % revascularization) demonstrated comparable 
rates of mortality and MI between the two strategies at 1 year [ 5 ]. However, the 
primary endpoint (composite of death, MI, stroke, rehospitalization or severe 
bleeding at 1 year) was signifi cantly lower in patients managed with an EI approach 
who presented with elevated troponin (HR 0.43, 95 % CI: 0.23–0.80) but not with 
normal troponin (HR 1.67, 95 % CI: 0.75–3.17) [ 5 ]. 

 For elderly patients with STE ACS, primary PCI (PPCI) was demonstrated to be 
superior compared to fi brinolysis (FL) in the earlier trials. The senior PAMI trial 
(n = 481, age >70 years) demonstrated a 55 % reduction in death, non-fatal stroke or 
reinfarction in the PPCI group compared to FL (11.6 % vs 18 %, p = 0.05) at 30-days 
but it was not signifi cant for patients >80 years of age [ 6 ]. In a pooled analysis of 11 
randomized clinical trials of PPCI versus FL therapy for STE ACS conducted 
between 1989 and 1996 (n = 2635), PPCI lowered 30-day mortality compared to FL 
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(13.3 vs 23.6, p < 0.05) for elderly patients (age ≥70 years, n = 641) [ 7 ]. Balloon 
angioplasty was the PPCI modality among these earlier clinical trials. As such, the 
2007 AHA statement for the management of STE ACS indicated superior effi cacy 
of PPCI in STE ACS in elderly patients but underscored the need for additional 
evidence in elderly patients with age >80 years of age [ 2 ]. 

 Again, since the writing of the AHA statement, a contemporary meta-analysis of 
22 randomized trials (n = 6763) compared 30-day mortality, MI and stoke between 
FL and PPCI across various age groups (<50, 50–60, 60–70, 70–80, >80 years) [ 8 ]. 
Mortality increased with age but the treatment effect demonstrated mortality reduc-
tion with PPCI compared to FL in all age groups except age <50 (overall OR 0.65, 
95 % CI: 0.52–0.79) [ 8 ]. Further, mortality benefi t of PCI persists in elderly patients 
presenting with acute MI complicated by cardiogenic shock at 1-year [ 9 ]. 

 Trends in PCI volume over the last 25 years demonstrate that the proportion of 
patients undergoing PCI in the age range between 75 and 84 years has doubled and 
has increased by 5 fold for patients with age >85 years [ 10 ]. The angiographic suc-
cess rates and clinical benefi ts are not different in the elderly patients compared to 
younger patients [ 11 ] In a prospective randomized trial of 800 octogenarian patients 
(age >80 years), drug eluting stent use (DES-Xience) was compared to bare metal 
stent use (BMS-Vision) for the 1-year composite of death, MI, stroke, target vessel 
revascularization (TVR) and major hemorrhage [ 12 ]. Rate of dual antiplatelet ther-
apy at 1-year for the BMS group was 32 % and for the DES group was 94 % [ 12 ]. 
There was a trend towards a lower primary endpoint for DES compared to BMS 
(14.3 % vs 18.7 %, p = 0.09) with comparable 1-year rates of mortality, major hem-
orrhage and stroke [ 12 ]. TVR (2 % vs 7 %, p = 0.001) and MI (4.3 % vs 8.7 %, 
p = 0.01) were signifi cantly lower in the DES group compared to BMS at 1-year 
[ 12 ]. Therefore, the available evidence suggests that elderly patients requiring PCI 
benefi t from PCI with use of DES, similar to younger populations. The 2011 ACCF/
AHA/SCAI PCI guidelines do not consider age as a prohibitive factor but warrant 
careful consideration of risk compared to benefi t due to the increased risk of bleed-
ing complications and stroke in elderly patients undergoing PCI [ 13 – 15 ].  

    Transcatheter Aortic Valve Replacement 

 The prevalence of aortic stenosis is 12.4 % and severe aortic stenosis is 3.4 % among 
elderly patients (age >75 years) [ 16 ]. Among patients with severe aortic stenosis, 
approximately 75 % are symptomatic and 40 % do not receive aortic valve surgery 
[ 16 ]. Patients with severe aortic stenosis and prohibitive operative mortality (inop-
erable) or high operative risk utilize tremendous amounts of medical resources. 
Clinical and economic outcomes analysis of medically managed patients with 
severe aortic stenosis demonstrated approximately 88 % mortality over 5-years with 
1.8 years of mean survival [ 17 ]. During a 5-year follow up period, an average patient 
experienced 4–5 hospitalization, with a total 5-year health care cost of  $63,844/
patient and annual follow up cost of $29,278/year alive [ 17 ]. The estimated cost of 
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providing care to medically managed patients with severe aortic stenosis among the 
Medicare population is $1.3 billion/year [ 17 ]. TAVR is an attractive treatment strat-
egy for such patients. 

 Effi cacy and safety of TAVR was compared to standard therapy for patients with 
prohibitively higher operative mortality in the PARTNER trial (Inoperable-cohort 
B, mean age 83 years, total n = 358) [ 18 ]. Compared to standard therapy, TAVR 
resulted in a 20 % reduction in mortality, improved functional status and reduced 
hospitalization rates at 1 year [ 18 ]. Long term outcomes up to 5 years have demon-
strated signifi cantly lower all cause mortality (71.8 % vs 93.6 %, p < 0.0001) and 
lower re-hospitalization (47.6 % vs 87.3 %, p < 0.0001) with TAVR compared to the 
standard therapy [ 19 ]. The total cost of care at 12-months was higher in the TAVR 
group compared to standard therapy driven mainly by the cost of the initial proce-
dure and longer length of rehabilitation and skilled nursing [ 20 ]. The cost effective-
ness analysis, accounting for improved survival and quality of life, demonstrated 
TAVR to be superior than standard therapy for inoperable severe aortic stenosis 
patients [ 20 ]. TAVR for patients with inoperable severe aortic stenosis appears to be 
either comparable or favorable to many other advanced procedures frequently per-
formed in the elderly patients such as use of defi brillators in the primary prevention 
of sudden cardiac death, PCI, atrial fi brillation ablation, hemodialysis and destina-
tion left ventricular assist devices [ 20 ]. 

 The PARTNER trial (cohort A) compared TAVR (mean age 84 years, total n = 699) 
in patients considered high, but not prohibitive, risk for perioperative mortality, with 
surgical aortic valve replacement (SAVR) [ 21 ]. One-year and subsequently reported 
2-year outcomes demonstrated comparable rates of mortality and stroke [ 21 ]. Quality 
of life with TAVR was comparable to SAVR at 1-year [ 22 ]. TAVR can be performed 
via transfemoral (TF-TAV) or transapical (TA-TAVR) approaches for high risk severe 
aortic stenosis patients [ 21 ]. TA-TAVR is performed in patients who do not have 
favorable femoral artery anatomy [ 21 ]. Cost effectiveness analysis suggested that, 
compared to SAVR, TF-TAVR and not the TA-TAVR remains an economically 
attractive strategy due to reduced ICU stay and reduced length of hospitalization [ 22 ]. 

 In summary, for elderly patients with severe aortic stenosis, available evidence 
suggests that TAVR is superior compared to standard therapy for inoperable patients. 
For high-risk patients, TAVR performed via the transfemoral route remains non- 
inferior and cost effective compared to SAVR.  

    Transcatheter Mitral Valve Repair 

 Among patients with symptomatic severe mitral regurgitation (SMR), functional 
disease (74 %) from dilation of the left ventricle and primary degenerative disease 
(21 %) represent the predominant mechanisms [ 23 ]. Approximately, 64 % of patients 
with functional and 16 % of patients with degenerative SMR do not undergo surgery 
due to increased operative risk [ 23 ]. Among unoperated patients, 1 and 5-year mor-
tality remain high at 20 % and 50 %, respectively, and among survivors, heart failure 
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admissions increase from 41 % at 1 year to 90 % at 5-years [ 23 ]. Percutaneous cath-
eter based edge-to-edge mitral valve repair with the MitraClip system has emerged 
as a potential option for patients with prohibitive operative risk for degenerative 
SMR. The EVEREST II trial evaluated safety and effi cacy of TMVR (MitraClip) in 
121 patients with degenerative SMR and prohibitive operative risk with a median 
follow up of 1.47 years [ 24 ]. Mean age was 82 years and 87 % of the population had 
New York Heart Association (NYHA) class III/IV symptoms. Thirty-day mortality 
was 6.3 %, MI was 0.8 % and stroke was 2.4 %. One-year mortality was 23.6 % [ 24 ]. 
Among patients alive at 1-year; 83 % had MR ≤ 2+; 87 % had NYHA class I or II 
symptoms, heart failure rehospitalization were signifi cantly reduced and there was 
signifi cant improvement in quality of life (measured by SF-36 quality of life scores) 
[ 24 ]. Although the mean age in this study was 82 years and suggested meaningful 
improvements on multiple levels for this age group, larger studies would be required 
to evaluate the impact of TMVR on mortality and its cost effectiveness compared to 
standard therapy before it can be widely recommended for elderly patients. MitraClip 
currently remains investigational for patients with functional SMR.   

    Device Based Therapies 

 In real world practice, more than 40 % of ICDs are implanted in patients >70 years 
of age; however, elderly patients have not been adequately represented in clinical 
trials, and the trial defi nition of “elderly” has been quite variable. Therefore conclu-
sions about the benefi t of device-based therapy in this group are largely uncertain. 
In order to critically review the evidence for implantation of ICDs in the elderly, we 
note that the main indications for implantation are primary and secondary preven-
tion of sudden cardiac arrhythmia-mediated death. In contrast, CRT can be per-
formed both for prolongation of life and improvement in functional status [ 25 ]. 

    Primary Prevention ICD 

 A large observational study of Medicare benefi ciaries >65 who received primary 
prevention ICDs from 2003 to 2005 demonstrated a signifi cant mortality benefi t 
from ICD implantation. Although the additional health care costs of ICD implanta-
tion were substantial in this study, the procedure was deemed cost effective with 
similar risk of complications compared to younger age groups [ 26 ]. However, as 
with all observational studies, there is the potential for residual confounding due to 
treatment selection bias. The randomized MADITT-II study responded to these con-
cerns. In this trial, patients post myocardial infarction with an ejection fraction 
≤30 % were randomized to primary prevention ICD or standard care and were fol-
lowed for a mean period of 17.2 months. The trial included 204 patients ≥75 years 
of age (16.5 % of the total population), among whom there was a 44 % relative 
reduction in mortality with ICD implantation. Although these fi nding in this 
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relatively small population were underpowered to reach statistical signifi cance 
(P = 0.08), the hazard ratio was more signifi cant than even that for younger patients. 
The authors therefore concluded that ICD implantation was benefi cial in patients 
≥75 years of age [ 27 ]. Although the threshold defi ning elderly was reduced to 65 
years of age, a subsequent meta-analysis incorporating data from three major pri-
mary prevention trials including MADIT-II confi rmed a small reduction in mortality 
in the elderly patient population [ 28 ]. When evaluating survival post ICD implanta-
tion, octogenarians were noted to live on average more than 4 years [ 29 ]; hence, 
concerns surrounding abbreviated life expectancy in this population were not sup-
ported as an adequate factor to preclude this procedure. 

 On the other hand, there is evidence against the use of ICD for primary preven-
tion in elderly patients. One retrospective analysis of primary prevention ICD 
implantation in octogenarians did not demonstrate a reduction in mortality after 
adjusting for age, GFR and other comorbidities [ 30 ]. This was further supported by 
a retrospective study looking at primary prevention ICD implantation in octogenar-
ians with an ejection fraction below 20 %. One year mortality was found to be mark-
edly elevated in this population and without additional survival benefi t from the 
ICD [ 31 ]. One must look at these data critically as these analyses were retrospec-
tive, non-randomized and confounded by treatment selection bias. However, taking 
into consideration that ICDs deliver therapy only for life-threatening arrhythmias, 
their benefi t may be less prominent in elderly patients with reduced EF and renal 
dysfunction as this population has been noted to die more commonly of non arrhyth-
mogenic causes compared to younger age groups [ 32 ]. 

 Consistent with the above disparate fi ndings, the 2012 AHA/HRS/ACC guide-
lines note the equivocal survival evidence in the existing literature for primary pre-
vention in the elderly. This is in part, due to the non-standardized age defi nition. The 
guidelines further recognize that the average patient hospitalized with heart failure 
with reduced ejection fraction (HFrEF) >75 years of age carries two or more comor-
bidities, being quite different from the typical patient in the randomized ICD trials 
(age <65 with little comorbidity), more closely resembling the retrospective analy-
ses noted above. The 1 year mortality rate for this real-world population is 30–50 % 
with a two fold increase in death in patients with estimated creatinine clearance less 
than 60 ml. Therefore, the guidelines state that age should not be used as a sole 
criterion to withhold device-based therapy, but the importance of assessing comor-
bidities as well as the higher complication rate and importantly the patients’ prefer-
ence is emphasized. Further investigation with a randomized control trial including 
patients with an average age >75 years could be benefi cial to clarify this issue.  

    Secondary Prevention ICD 

 The issue of ICD implantation in elderly patients with a history of aborted VT/VF 
is even murkier. A widely cited meta-analysis by Healey incorporated data from all 
three major secondary prevention trials (CASH, AVID and CIDS) and failed to 
demonstrate a survival benefi t in patients >75 years of age. Although potentially 
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underpowered because of the relative small number of patients (n = 253), it was sug-
gested that elderly patients may derive less benefi t from defi brillators for secondary 
prevention of sudden arrhythmogenic death compared to younger ones [ 33 ]. On the 
other hand, a recent publication using data from an inclusive ICD registry (5399 
patients) in Ontario Canada, that included 453 patients >80 years (275 primary and 
157 secondary prevention indications) demonstrated that there was no difference in 
the rate of appropriate shocks among different age groups. Thus, it showed that 
benefi t from device therapy was still derived despite older age, and decisions regard-
ing ICD implantation should not be based on the grounds of age alone [ 34 ]. 

 The guidelines currently offer little direction regarding ICD implantation for sec-
ondary prevention in elderly patients; therefore, it comes down to the physician- 
patient level when an elderly patient is evaluated for secondary-prevention ICD 
implantation. Physician should attempt to risk stratify patients based on all factors 
predisposing to mortality and not just age, as those with moderate mortality risk are 
likely to derive the most benefi t.  

    Cardiac Resynchronization Therapy 

 Progression of left ventricular systolic dysfunction is frequently accompanied by 
impaired electromechanical coupling, which may further diminish effective ven-
tricular contractility and lead to adverse remodeling. It has been established that 
modifi cation of ventricular delay with multisite pacing and re-establishment of 
coordinated ventricular contraction can potentially reverse the above effect and 
even induce favorable remodeling with reduction of cardiac chamber dimensions. 

 Despite the encouraging results from CRT in recent trials, patient clinical 
responses vary signifi cantly as up to 30 % are non-responders. Concerns about cost 
have prompted the search for patient subgroups not likely to benefi t from CRT ther-
apy. The elderly population has been suggested as such a potential group. 
Unfortunately and similar to the data on primary and secondary prevention ICD, we 
again see that prospective randomized trials for CRT have not specifi cally focused 
on elderly patients. 

 In the two major CRT trials, CARE-HF and COMPANION, the mean age was 65 
years and the benefi t from CRT was the same above and below that threshold [ 35 ]. 
MIRACLE and MIRACLE ICD included 839 patients with class III or IV symp-
toms that were implanted with CRT or CRT-D (CRT with defi brillator) devices. 
Importantly among the participants, 174 (21 %) were >75 years. After implantation, 
patients underwent randomization turning the CRT feature on or off for 6 months. 
Post hoc analysis that divided patients into age groups demonstrated that at 6 
months, improvement in NYHA class and in LVEF was similar across all ages. 
Adverse events were also found not to be different among younger versus older 
patients [ 36 ]. 

 MADIT–CRT trial was the fi rst study to assess the effi cacy of CRT in patients 
with mild or no symptoms. In a sub-study examining the effect of CRT in different 
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age groups, CRT was associated with a signifi cant clinical benefi t in older patients 
(>60 years) during an average follow-up of 2.4 years. Benefi cial effects were pre-
served for patients >75 years and somewhat surprisingly attenuated for age <60. 
There was no signifi cant effect >80 years of age, but this could be attributed to the 
small sample size, as it comprised only 6 % of the study population. This analysis 
showed that patients >75 continue to derive a signifi cant clinical and echocardio-
graphic benefi t from CRT. Risk reduction was found to be less pronounced and 
nonsignifi cant in the younger population (perhaps because of the lower event rate). 
Consistent with the previous reports, complication rates were not higher in older 
patients [ 37 ]. 

 In a study presented at the American College of Cardiology annual meeting in 
2012, 164 patients eligible for CRT >80 years of age were compared to 338 CRT- 
eligible patients aged 70–79. Follow-up for 43 (± 23) months demonstrated similar 
survival benefi t and reverse remodeling in both groups. It was important to note that 
19 octogenarians with unsuccessful left ventricle lead placement had statistically sig-
nifi cant decreased survival compared to similar octogenarian patients with CRT [ 38 ]. 

 The available data indicate that older patients even with comorbidities but with a 
good life expectancy can benefi t from CRT. The lack of defi nite benefi t in elderly 
patients for ICD therapy can probably be explained by the marked increase of non-
arrhythmic death in this group. On the other hand, CRT, which predominately seems 
to reduce non–arrhythmic mortality, seems to have a consistently positive effect 
across the age spectrum. 

 The question regarding the benefi t of the defi brillator feature of CRT remains. In 
selected elderly patients with severe comorbidities and frequent hospitalizations, 
CRT without ICD back up may be a good choice to improve quality of life, irrespec-
tive of impact on mortality.   

    Conclusions 

     1.    Elderly patients presenting with acute coronary syndrome (ACS) appear to ben-
efi t from percutaneous coronary intervention (PCI) with the use of drug eluting 
stent (DES). Though current guidelines do not consider age as a prohibitive fac-
tor, the risk of major bleeding complications and stroke should be carefully 
considered.   

   2.    For elderly patients with severe aortic stenosis, trans-catheter aortic valve 
replacement (TAVR) is superior compared to medical therapy for inoperable 
patients. TAVR, when performed via the transfemoral approach, remains non 
inferior and cost effective compared to surgical aortic valve replacement (SAVR).   

   3.    Trans-catheter mitral valve repair (TMVR) using MitraClip appears to be benefi -
cial for inoperable patients with degenerative severe mitral regurgitation but 
more data are needed.   

   4.    ICD implantation in the elderly population remains a controversial topic espe-
cially for secondary prevention. The current evidence suggests that age should 
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not be the sole withholding factor but the decision for ICD implantation should 
account for comorbidities and patient preference.   

   5.    On the other hand, cardiac resynchronization therapy (CRT) has defi nitely a 
mortality and morbidity benefi t in the management of elderly patients with 
advanced heart failure.         
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    Chapter 26   
 Cost-Benefi t of TAVR: Should Indications 
Be Expanded?       

       Alec     Vahanian      ,     Dominique     Himbert     , and     Bernard     Iung    

    Abstract     The current recommendations state that transcatheter aortic valve 
replacement (TAVR) is indicated in inoperable patients and should be considered in 
high-risk patients with severe aortic stenosis. Both sets of recommendations concur 
to state that TAVR should not be performed in patients at intermediate risk for 
surgery. 

 The main ways of expanding the indications of TAVR are as follows: 
 A better implementation of the Guidelines will lead to the referral of all patients 

with severe AS and symptoms to heart teams for further management in order to 
decrease the still present under-treatment of these high-risk patients. An extended 
Heart Team will help to avoid performing TAVR in patients where it is more futile 
than utile. 

 In the future the indications for TAVR will no doubt increase towards lower risk 
patients given the improvement in risk stratifi cation, careful evaluation of the results 
and refi nement in technology. 

 We also need better evidence before using TAVR in subgroups which are cur-
rently under-represented or even not represented in large trials such as bicuspid or 
regurgitant valve disease or patients with bioprosthetic valve failure. 

 Finally, the logistical and economic problems resulting from an increase in the 
number of TAVR procedures performed should be addressed. Then, it is likely that 
TAVR will become the preferred way of treating patients with aortic stenosis but it 
will always remain complementary to surgery and this, in the end, will allow more 
patients to be treated.  
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        Introduction 

 Transcatheter aortic valve replacement (TAVR) was introduced 12 years ago for the 
treatment of severe aortic stenosis (AS) [ 1 ] and is now extensively used worldwide. 
The effi cacy and safety of the technique has been proven in multiple registries as 
well as randomised trials comparing TAVR with optimal medical management in 
inoperable patients and with surgical aortic valve replacement (SAVR) in high-risk 
patients [ 2 – 11 ]. As a result the technique now has clear recommendations in both 
the 2012 European Society of Cardiology/ the European Association for 
Cardiothoracic Surgery guidelines in Europe [ 12 ] and the 2014 American College 
of Cardiology/American Heart Association guidelines [ 13 ]. Both documents are 
concordant in stating that TAVR is indicated in patients with severe symptomatic 
AS who are inoperable and who are likely to gain improvement in their quality of 
life and have life expectancy of more than 1 year. TAVR should be considered in 
high-risk patients with severe symptomatic AS who may be suitable for surgery but 
in whom TAVR is favoured by a Heart Team based on the individual risk profi le and 
anatomic suitability. 

 In this chapter we shall review the main ways of expanding the indications of 
TAVR, including to other risk groups, after critically discussing the diffi culties of 
risk stratifi cation, specifi c patient sub-groups, and fi nally examining the potential 
organisational consequences of such an expansion of indications.  

    Other Risk Groups 

    The Challenge of Risk Stratifi cation in TAVR 

 Before considering the possible extension of TAVR indications it is necessary to 
discuss the issue of risk stratifi cation in patients for TAVR. 

 The fi rst step in risk stratifi cation is to evaluate the risk of SAVR in the given 
patient. This was originally based on the use of surgical risk scores such as the 
EuroScore or STS PROM. However, these scores have been shown to be sub- optimal 
for stratifi cation of the risk of surgery in these high-risk patients. There are several 
reasons for this: fi rstly these scores were elaborated mostly from patients undergo-
ing coronary bypass surgery – the patients in the development cohort were mostly 
at low or intermediate risk which is not the case for TAVR candidates. Overall, 
these scores were shown to over-predict surgical mortality in TAVR candidates [ 14 ]. 
Secondly, these scores don’t take into account many other factors which make sur-
gery very high-risk or even contraindicated such as anatomical factors: hostile chest, 
presence of coronary bypass grafts crossing the midline, the porcelain aorta, and 
fi nally frailty [ 15 ] which is a strong predictor of outcome in this elderly population. 

 Besides the evaluation of the risk of the surgical alternative the second step is to 
evaluate the risk of TAVR. There have been very few attempts to develop and vali-
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date a risk score for TAVR. The fi rst one was performed from the FRANCE 2 reg-
istry with the aim of predicting 30-day mortality. The score was developed from 9 
variables, mostly pre-procedural and 1 procedural variable. It showed good predic-
tion but only moderate discrimination [ 16 ]. This may be due to an insuffi cient num-
ber of patients, the lack of inclusion of parameters such as frailty, the absence of 
inclusion of peri and post-procedural complications which play an important role in 
immediate mortality and the fact that this population is extremely heterogeneous 
and it may be that one score would not be able to capture all of them. Another inter-
esting attempt was carried out from the PARTNER trial where a risk score included 
both mortality and quality of life at 6 months. Once again the calibration was good 
but the discrimination was only moderate [ 17 ]. Although discrimination was only 
moderate with both scores, they may help guide treatment choice and advise physi-
cians and patients about the expectation of outcomes based on their presenting 
characteristics.  

    Expanding the Indications to All High-Risk Patients 

 The Euro heart survey, as well as other studies in the early 2000’s, has shown that 
high risk patients with severe AS were undertreated [ 18 ]. Following the emergence 
of TAVR, the referral of high-risk patients with severe symptomatic AS increased 
whether they were referred to TAVR or SAVR [ 19 ]. This is encouraging, however, a 
recent prospective registry from Spain showed that as many as 47 % of patients over 
80 years of age with severe symptomatic aortic stenosis do not receive any interven-
tion suggesting the need to reinforce the implementation of the guidelines in this 
population subset [ 20 ]. 

 All data sets including mid-term/long-term outcomes after TAVR showed an 
attrition of survival [ 3 ,  4 ,  6 ,  7 ,  21 – 23 ] due in large part to non-cardiac deaths related 
to co-morbidities. Thus it seems reasonable to avoid performing TAVR in patients 
in whom it would be more “futile than utile”, that’s to say in those who are unlikely 
to gain improvement in their quality of life and have a “too short” life expectancy 
mostly due to their non-cardiac comorbidities [ 24 ]. In this respect, recent studies 
provided useful insight in identifying patients who have very poor outcomes after 
TAVR and should probably not be considered as candidates for this technique such 
as those who are not ambulatory or oxygen-dependant [ 25 ], as well as patients on 
dialysis who also had atrial fi brillation, [ 26 ]. To better select the most appropriate 
therapy in these patients, risk stratifi cation should be performed, when necessary, by 
a Heart Team including cardiologists, cardiac surgeons and anaesthesiologists, but 
also other specialists such as geriatricians and specialists such as pulmonologists, 
nephrologists, neurologists and oncologists, in order to make the most appropriate 
decision. 

 Besides non-cardiac comorbidities, a too advanced cardiac stage could be a con-
traindication for TAVR. As an illustration, the indication for TAVR in patients with 
very low ejection fraction (≤20 %) is challenging. These patients were excluded from 
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the existing randomised trials and evidence is very limited. The fi rst question to ask is 
whether aortic stenosis is severe. This requires careful echocardiographic examina-
tion taking into account an integrative evaluation of the severity of the valve stenosis 
[ 27 ] as well as an evaluation of myocardial viability. Dobutamine testing [ 28 ] and 
quantitative evaluation of calcifi cation by MSCT [ 29 ] are also useful for identifying 
“true aortic stenosis”. The clinical context is also helpful and recovery of LV function 
is likely if the decrease in ejection fraction is recent while it is very unlikely if myo-
cardial dysfunction is due to a large scar after extended myocardial infarction. In 
these patients balloon aortic valvuloplasty may be of interest. TAVR can be performed 
after a couple of weeks in case of improvement in left ventricular function [ 30 ].  

    Expanding Indications to Lower Risk Patients 

 Both sets of guidelines [ 12 ,  13 ] clearly state that TAVR should not be performed in 
patients at intermediate risk for surgery. However, the favourable results of TAVR in 
terms of survival, quality of life and functional status have already led to a shift in 
the indications towards lower risk patients in clinical practice as shown in Table  26.1 . 

  Table 26.1    Evolution of risk 
scores in patients treated by 
transcatheter aortic valve 
replacement  

 STS 
PROM 
(%) 

 PARTNER A [ 3 ]  11.8 
 PARTNER B [ 4 ]  11.2 
 PARTNER TF continuous 
access 

 10.5 

 Corevalve extreme risk [ 9 ]  10.3 
 Corevalve extreme risk 
continuous access 

 9 

 Corevalve high risk [ 5 ]  7.3 
 TVT inoperable [ 10 ]  7 
 CHOICE trial  6 
 TVT high risk [ 10 ]  5 

 Logistic Euro 
Score (%) 

 FRANCE 2 [ 7 ] 
   2009  25 
   2011  21.9 
 SOURCE [ 22 ] 
   2007–2009  25.8 
   2010–2011  20.5 
 ADVANCE [ 11 ] 
(2010–11) 

 19.2 
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The shift towards performing TAVR in lower risk patients is due to the indication 
posed by the physician but also to the strong demand from patients to avoid surgery. 
It should be stressed that a classifi cation as “low-risk” according to the score thresh-
olds does not always parallel the evaluation of the risk by the Heart Team. As an 
example almost half of the patients classifi ed as low-risk (STS <3 %) in the study 
by Wenawasser were in fact judged to be either inoperable or at high risk by the 
Heart Team due to the presence of comorbidities which were not caught in the STS 
calculation [ 31 ].

   Before considering the expansion of indications to lower risk patients we should 
consider what the evidence is if the risk should decrease, and the durability of the 
prosthetic valves should be proven. 

    What Is the Evidence? 

 Several recent observational registries have suggested that patients with low risk 
scores had good clinical outcome after TAVR. Going one step further, three studies 
used propensity score analysis to match pairs of TAVR and SAVR patients with STS 
scores between 3 and 8 % [ 32 – 34 ], (Table  26.2 ) and showed similar mortality at 30 
days and 1 year. However, even a careful propensity score adjustment analysis can 
only compensate partially for the imbalance in characteristics between groups and 
the only way to perform an accurate comparison is randomised studies between 
SAVR and TAVR in patients at intermediate risk. Acknowledging all the limitations 
previously described in the defi nition of this group, several trials have been designed 
to provide such an evidence-based comparison in intermediate risk patients: 
PARTNER 2a cohort A in the USA, which has completed enrolment; SURTAVI, the 
UK TAVI trial and fi nally the Nordic aortic valve intervention trial, which are still 
enrolling patients in Europe.

       The Risk of TAVR Should Decrease 

 Tables  26.3  and  26.4  show the current clinical outcomes at 30 days in recent regis-
tries. The most recent trials and registries show a decrease in mortality form 
15–20 % to 5–7 % [ 5 ,  7 – 11 ]. This is in large part due to a decrease in complications 

   Table 26.2    Comparison of SAVR and TAVR in intermediate risk patients   

 Piazza et al. [ 32 ]  OBSERVANT [ 33 ]  Latib et al. [ 34 ] 

 TAVI 
(n = 255) 

 SAVR 
(n = 255) 

 TAVI 
(n = 133) 

 SAVR 
(n = 133) 

 TAVI 
(n = 111) 

 SAVR 
(n = 111) 

 STS (%, mean)  3–8  3–8  NA  NA  4.6  4.6 
 Log EuroSCORE 
(%, mean) 

 17.3  17.6  8.9  9.4  23.2  24.4 

 30 day mortality (%)  7.8  7.1  3.8  3.8  1.8  1.8 
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with improved case selection, device and procedural refi nements and increased 
operator experience [ 35 ]. Rare but dramatic complications such as annular rupture 
or coronary occlusion may occur during the procedure in less than 0.5 %. The 
incidence of such complications will decrease if not disappear due to very careful 
pre- procedural screening and their consequences could be limited by an effi cient 
surgical back-up [ 36 ,  37 ]. Paravalvular leaks remain a concern and a comprehen-
sive multiparametric evaluation is key during the procedure. Moderate to severe 
paravalvular leak carries a poor prognosis while the prognostic impact of mild 
paravalvular leak is still debated [ 38 ]. In the future paravalvular leaks will decrease 
due to better sizing using 3D imaging and new valve technology. In this respect the 
results obtained by the new devices are very promising with moderate to severe 
paravalvular leaks occurring in less than 5 % [ 39 ,  40 ]. Strokes remain an issue. 
TAVR-associated strokes are multifactorial in origin. Over time it seems that stroke 
frequency after TAVR has been declining. A recent randomised comparison, 
including a neurologic assessment, showed that the incidence of major stroke after 
TAVR is not higher than that of surgery [ 5 ]. In the future the incidence of stroke is 
likely to decrease due to the use of protection devices for which there are promis-
ing signs of effi cacy, and better pharmacology and prevention of arteriosclerosis. 
Major vascular complications and bleeds still occur in around 10 % of cases [ 41 ]. 
The reduction of sheath size, which is now down to 14 French, and refi nement of 
the percutaneous suture device technique will improve these fi gures. Careful 
patient selection using an integrative approach, including MSCT and angiography, 
and heart team discussion as regards the use of an alternative approach, will no 
doubt further decrease these complications. The need for a permanent pacemaker 
varies considerably and is signifi cantly higher with a self-expandable prosthesis 
than with a balloon-expandable prosthesis. The negative infl uence on outcome is 
still debated in the elderly population currently treated [ 42 ] but could be signifi cant 
when dealing with younger patients. The incidence of renal failure is also an 
important predictor of poor outcome and should decrease by lowering the use of 
contrast media and better patient selection.

    Overall, the incidence of TAVR-related complications is most likely to further 
decrease over time thanks to better patient selection and also better management by 
the Heart Team as well as the availability of more refi ned devices.  

   Table 26.3    Early mortality of TAVR   

 STS/ACC TVT 
Registry [ 10 ]  PARTNER trial 

 France 
2 

 SOURCE 
 [ 2 ] 

 UK 
SATIRE 
[ 6 ] 

 Inoperable  High- 
risk  

 Inoperable 
[ 3 ] 

 High 
risk [ 4 ] 

 TF  TF  TA  TF  TF  TA  TF  TA 
 30-day 
mortality 
(%) 

 6.1  4.6  9.8  5.0  3.7  8.7  9.2  6.3  10.3  7.1 

   TA  transapical approach,  TF  transfemoral approach  
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    What Is the Durability of TAVR? 

 Durability is a very important issue. It is important to know when and how the pros-
thetic valves are going to fail. TAVR prostheses and surgical bioprostheses have 
similar features and the same major causes of failure are expected: calcifi cation and 
tears in the valve cusp resulting in regurgitation or stenosis. However, transcatheter 
heart valves are prepared and placed into a delivery system and long-term effect on 
the longevity of valve leafl et is unknown and may only become apparent on long- 
term follow-up. TAVR is a relatively new therapy and long-term data over 5–6 years 
are scarce [ 21 ]. However, the studies currently available don’t show an alarming 
incidence of structural degeneration, leafl et thickening, calcifi cation, thrombus for-
mation, or endocarditis over time [ 43 ]. A larger number of patients together with 
longer follow-up is needed for an accurate assessment of durability. It will be diffi -
cult to extrapolate data obtained in the current patient population, that’s to say elderly 
patients (over 80 years old), to younger patients where the deterioration of biopros-
theses occurs earlier. In the event of accelerated valve failure low-risk patients would 
remain candidates for surgery or valve-in-a-valve TAVR could be an option. The 
positive results obtained so far with valve-in-valve in failing bioprostheses are 
encouraging but the experience in valve-in-valve after TAVR is very limited. 

 Finally, the specifi c problem of the feasibility of subsequent percutaneous coro-
nary intervention in patients who have a TAVR prosthesis in place could be an issue 
and data are very limited.    

    Specifi c Groups 

    Bicuspid Valves 

 Bicuspid valves are the most common congenital cardiac abnormality. They will be 
observed more and more as the indication shifts towards lower risk patients of 
younger age, [ 44 ]. TAVR experience in patients with bicuspid valves is still limited 

   Table 26.4    Clinical outcome at 30 days in recent registries   

 ADVANCE [ 11 ] 
 transfemoral 
 N = 1015 

 SOURCE a  
 transfemoral 
 N = 1694 

 All-cause mortality (%)  4.5  4.2 
 Any stroke (%)  3  3.4 
 Aortic regurgitation; moderate to severe (%)  15.7  5.8 
 Myocardial infarction (%)  0.2  0.5 
 New pacemaker (%)  26.3  8.7 
 Major bleeding (%)  9.7  7.7 
 Major vascular complication (%)  10.9  7.9 
 Renal failure with temporary dialysis (%)  0.4  1.2 

   a Schymick: submitted  

26 Cost-Benefi t of TAVR: Should Indications Be Expanded?



392

[ 45 ] and shows that the technique is feasible with satisfactory short-term results. 
However, there is a higher incidence of paravalvular regurgitation which deserves 
attention. Further studies are clearly needed to identify which patients can be safely 
treated by TAVR. Currently, the indications should be proposed on a case-by-case 
basis. TAVR may be proposed if there is a strong clinical incentive in patients who 
do not have too large an annulus or very asymmetric calcifi cation and, above all, in 
the absence of independent aortopathy which requires, per se, surgery.  

    Native Aortic Valve Regurgitation 

 Severe aortic regurgitation is still considered a contraindication due to the risk of 
embolization and of residual aortic regurgitation. The results available so far are 
very limited and suggest that the procedure is feasible. However, the incidence of 
moderate to severe aortic regurgitation seems to be high and a second valve is fre-
quently needed [ 46 ]. The results are likely to be improved with second generation 
TAVR devices [ 47 ]. Indications are likely to be limited in industrialised countries 
where aortic regurgitation is mostly of degenerative origin and where dilatation/
aneurysm of the ascending aorta requires treatment.  

    TAVR in Degenerated Bioprostheses 

 The data on TAVR in degenerated bioprostheses are encouraging even if they are 
only observational (Fig.  26.1 ). They suggest that the procedure is feasible with a 
high success rate and that it leads to haemodynamic and clinical improvement. The 

a b

  Fig. 26.1    Transcatheter valve implantation in surgically implanted failed bioprosthesis. ( a ) 
Deployment of a balloon-expandable prosthesis. ( b ) Self-expandable prosthesis after deployment       
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risk of coronary occlusion and sub-optimal haemodynamic results with a small 
valve size remains a concern and should be addressed by very careful patient selec-
tion by the heart team [ 48 ]. A limitation in the number of possible valve-in-valve 
procedures could occur due to valve size.

   In the future, the results should be confi rmed by larger series and longer follow-
 up. Expanded valve sizes are needed and probably specifi c valve designs. If medium 
and long-term outcomes remain favourable, the TAVR valve-in-valve option may 
have important clinical implications as a treatment strategy in patients requiring val-
vular intervention further increasing the percentage of bioprostheses used for SAVR.   

    Potential Organisational Consequences of an Expansion 
of Indications 

    Cost-Effectiveness and Reimbursement 

 Recent studies using different modelling approaches concur that TAVR is a cost- 
effective intervention in patients ineligible for SAVR and is likely to be cost- 
effective for high-risk patients at least when a transfemoral approach is performed 
[ 49 – 52 ]. However, uncertainty persists due to the lack of long-term evaluation 
which could have a substantial impact on estimates of cost-effectiveness. In Europe 
TAVR use is largely infl uenced by the proportion of the nation’s global product 
spent on healthcare and the net healthcare expenditure per capita [ 53 ]. The largest 
part of the cost is due to the cost of the device [ 54 ] which hopefully is likely to 
decrease with the introduction of new devices.  

    Logistics 

 The expected expansion of the number of TAVR procedures performed will require, 
besides the economic problems quoted above, the resolution of a number of logisti-
cal problems. 

 It seems undesirable to expand the performance of TAVR to centres without 
cardiac surgery. The presence of cardiac surgery on-site is the guarantee of having 
a Heart Team with experience in the management of patients with aortic stenosis 
and in particular high-risk patients. Such a setting optimises patient selection, per-
formance of the procedure, management of potential complications and post- 
interventional care. The reorientation of a large number of patients from SAVR to 
TAVR should be considered in terms of the number of catheterisation laboratories 
available and the type of catheterisation laboratory [ 55 ]. 

 The procedure will become simpler. The use of general anaesthesia will be lim-
ited to some approaches specifi cally surgical approaches and won’t be needed in the 
majority of cases where transfemoral approach will be the default approach. The 
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comparisons between general and local anaesthesia in the fi eld of TAVR are limited 
but suggest that the results are comparable with a trend towards shorter hospital 
stays [ 56 ]. In experienced centres the simplifi ed or so-called “minimalist” approach 
to TAVR has proven to be as safe and effective as the more standard traditionalist 
approach [ 57 ]. This should not be interpreted as a dismantling of the Heart Team but 
a collective move towards a more effi cient utilisation of resources. This “minimalist” 
approach will result in lower procedure-related costs and shorter hospital stays [ 58 ]. 

 More physicians should be trained for TAVR. Here again the Heart Team concept 
remains essential. TAVR will be carried out by dedicated physicians, cardiologists 
and/or cardiac surgeons, the arrangement in a given institution depending on the 
local heart team.   

    Conclusions 

 The current recommendations on both sides of the ocean are consistent and state 
that (1) TAVR is indicated in inoperable patients and should be considered in high- 
risk patients. (2) TAVR should not be performed in patients at intermediate risk for 
surgery. In patient selection, as well as performance of the procedure, the impor-
tance of the Heart Team should be stressed. 

 A better implementation of the Guidelines will hopefully lead to the referral of 
all patients with severe AS and symptoms to heart teams for further management in 
order to decrease the still present under-treatment of these high-risk patients. An 
extended Heart Team will help to avoid performing TAVR in patients where it is 
more futile than utile. In the future the indications for TAVR will no doubt increase 
towards lower risk patients given the improvement in risk stratifi cation, careful 
evaluation of the results and refi nement in technology. 

 Globally, TAVR will become the preferred way of treating patients with AS but 
it will always remain complementary to SAVR and this, in the end, will allow more 
patients with AS to be treated.     
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    Chapter 27   
 Editorial Comments on the Chapters       

       John     A.     Ambrose       and     Alfredo     E.     Rodríguez    

    Abstract     In reviewing the chapters, we realize that no chapter can be completely 
up to date given the time delay to publication. As cardiology continues to evolve 
and new therapies/procedures/techniques are developed, new studies often in the 
form of randomized trials may provide insight into some of the unresolved issues 
contained in the book. Furthermore, there might be, in a few cases, information that 
the editors believe relevant to the reader that may have been omitted. This chapter 
reviews new or pertinent studies in CT angiography, EECP, dual antiplatelet ther-
apy, thrombectomy prior to STEMI, 2nd generation drug-eluting stents in multives-
sel disease, radial vs femoral access and contrast-induced nephropathy.  

  Keywords     CT angiography   •   Thrombectomy   •   Contrast-induced nephropathy   • 
  Radial access   •   Dual antiplatelet therapy   •   2nd generation drug-eluting stents  

     The editors are extremely grateful to all the authors who contributed to the book 
for their excellent discussions in their assigned chapters. In reviewing the chapters, 
we realize that no chapter can be completely up to date given the time delay to 
publication. As cardiology continues to evolve and more data become available, 
new studies often in the form of randomized trials may provide insight into some 
of the unresolved issues contained in the book. Furthermore, there might be, in a 
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few cases, information that the editors believe relevant to the reader that may have 
been omitted. The following are several editor-related comments that we think are 
relevant:

    1.    CT angiography versus functional testing for a diagnosis of coronary disease. 
 While Chap.   7     considered CT angiography to facilitate ER discharge in 

patients with chest discomfort, a recent paper compared CT to functional testing 
in stable out patients with chest pain. Douglas et al. randomized 10,003 symp-
tomatic patients with suspected CAD (pretest probability >50 %) to CT versus 
functional testing (stress test ± echocardiography or nuclear stress test) [ 1 ]. 
Clinical outcomes over a 2 year follow up including death from any cause, myo-
cardial infarction or hospitalization for unstable angina were not improved with 
CT angiography compared to functional testing.   

   2.    Practically speaking, how should the clinician manage a patient with refractory 
angina as discussed in Chap.   11     who is not a candidate for any type of interven-
tion? In addition to prescribing the maximum tolerated doses of anti-anginal 
medications including ranolazine and long acting nitrates, we believe that 
enhanced external counter pulsation (EECP) should be considered in appropriate 
patients. In a patient with refractory angina who is otherwise a candidate for this 
therapy, it can reduce anginal episodes and improve quality of life.   

   3.    In the management of intracoronary thrombus in the cath lab, the fi nal “nail in the 
coffi n” for routine manual thrombectomy during primary PCI for STEMI was 
recently published by Jolly et al. [ 2 ]. In that trial, 10,732 patients were random-
ized to upfront manual thrombectomy versus no thrombectomy during primary 
PCI. More than 90 % had defi nite thrombus present in the culprit vessel. The 
primary endpoint was a composite of CV death, recurrent MI, cardiogenic shock 
or Class IV heart failure at 180 days. The rates were 6.9 vs 7.0 % respectively 
between thrombectomy and no thrombectomy groups. Stroke at 30 days was 
surprisingly higher with thrombectomy, 0.7 % vs 0.3 % with PCI alone, p = 0.02. 

 There is another method for dealing with large thrombus burdens during PCI 
that occasionally can be very helpful. It is never a good idea to stent or even bal-
loon when the thrombus burden is very large. In certain situations where there is 
antegrade fl ow in the culprit vessel but either the wire or thrombectomy device 
cannot be passed distally that intracoronary thrombolytic therapy can help melt 
away thrombus. This is empiric but one editor (JA) has used, in several cases, a 
small doses of t-PA (10–15 mg) directly injected slowly into the coronary artery 
over 15–30 min [ 3 ]. If the thrombus dissolves, the procedure can then continue 
or the patient, if stable, can be heparinized and returned on the following day. 
As t-PA can activate platelets, potent antiplatelet inhibition should be instituted 
which, of course, increases the risk of bleeding. Nevertheless, the results are 
often striking with resolution of thrombus. This benefi t is due to the fact that 
with large amounts of thrombus, there is always fi brin-rich thrombus present that 
responds nicely to thrombolytics particularly when there is an acute presentation.   

   4.    The fi rst randomized study utilizing everolimus-eluting stents vs CABG for 
multivessel disease was published by Park et al. [ 4 ]. As this was a second gen-
eration stent, it was hoped that the results of PCI would be comparable to CABG 
in multivessel disease. The primary end point was a composite of death, myocar-
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dial infarction and target vessel revascularization at 2 years and also at longer 
follow up. Because of slow enrollment, only 880 patients were randomized 
which represented about 50 % of the proposed enrollment. Major coronary 
events at 2 years were higher with PCI (11.0 %) vs 7.9 % for CABG. At long 
term follow up (average 4.6 years), the event rates were 15.3 % for PCI and 
10.6 % for CABG, p = .04 and this was mainly driven by the need for repeat 
revascularization. There was no signifi cant difference in the rate of death or 
myocardial infarction between the two treatment strategies. Like in the SYNTAX 
trial, those with a score ≤22 had equivalent results between strategies. In diabet-
ics, there was a trend to better results with CABG, p = .06. 

 In the above trial, the total stent length was a mean of 85.3 mm with an aver-
age SYNTAX score of 24.2 and stent length was similar to that from the 
SYNTAX study (86.1 mm) This was a more aggressive strategy than that per-
formed by Rodriguey et al. who assessed the use of 2nd generation stents from 
the multicenter ERACI 4 registry [ 4 ]. This was an open label study in 225 
patients with multivessel disease. They employed a more conservative approach 
than that of Park et al. with a total stent length on average of 40.8 mm and a mean 
SYNTAX score of 27.7. One year major adverse cardiac events (MACCE) were 
only 2.4 %. Whether this more conservative strategy will result in low 5 year 
MACCE rates is presently unknown.   

   5.    There have been several recent trials assessing the long term use of dual anti-
platelet therapy in secondary prevention. The DAPT (Dual Anti Platelet Therapy) 
study randomly assigned 9961 patients to continued DAPT for 30 months fol-
lowing a drug eluting stent vs those who discontinued DAPT at 12 months [ 5 ]. 
The co-primary effi cacy end points were stent thrombosis and a composite of 
death, MI or stroke after the 12 month window. The primary safety end point 
was moderate or severe bleeding. There was an absolute 1–2 % improvement in 
effi cacy end points with prolonged DAPT which was statistically signifi cant but 
essentially the same percentage increase in bleeding with prolonged therapy. 
There were also 24 more deaths in the prolonged therapy arm that was not statis-
tically signifi cant versus 12 months of therapy. 

 In another study recently published, Bonaca et al. randomly assigned in a 
double blind fashion, 21,162 patients with a myocardial infarction 1–3 years 
earlier to either ticagrelor 90 mg twice daily, ticagrelor 60 mg twice daily or 
placebo [ 6 ]. All received low dose aspirin and were followed for a median of 33 
months. The primary effi cacy end point was CV death, MI or stroke. The pri-
mary safety end point was TIMI bleeding. There was an absolute improvement 
of about 1.2 % in effi cacy with either dose of ticagrelor vs placebo with a similar 
percentage increase in bleeding with ticagrelor. Thus, in both trials with different 
patient populations, we see an approximate equipoise between enhanced effi -
cacy and reduced safety making it diffi cult to generalize about the routine use of 
prolonged DAPT as practiced in these two studies.   

   6.    We thought that there should be a little more discussion concerning contrast- 
induced nephropathy (CIN). Unfortunately, there are little data regarding the risk 
of CIN in stage 4 or 5 renal insuffi ciency as these patients are usually excluded 
from trials. However, multiple studies have been publisher with lesser degrees of 
insuffi ciency. First of all, a basic rule of thumb is to avoid contrast with severe 
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renal insuffi ciency unless it is absolutely necessary. The patient and family need 
to be adequately informed of the risks versus benefi ts if contrast is to be adminis-
tered. The following are general guidelines we recommend if contrast is to be used 
in stage 4 or 5 insuffi ciency although they are not necessarily based on trials with 
this degree of decrease in function: (1) always hydrate adequately before and after 
contrast with isotonic saline as long as there are no contra indications to volume 
expansion. (2) the data on bicarbonate use for hydration is equivocal. (3) Use as 
little contrast as possible based on the e GFR and separate diagnostic and interven-
tional procedures. The exact safe dose of contrast is unknown in these situations. 
(4) Iso-osmolar, non-ionic contrast agents may be preferable in these patients. (5) 
High dose rosuvastatin in statin-naïve patients prior to the procedure may also be 
protective against contrast-induced damage [ 7 ]. (6) The data on acetyl cysteine is, 
for the most part, negative in reducing CIN and we do not routinely use it.   

   7.    Concerning radial versus femoral access for PCI in acute coronary syndromes, a 
recent trial has just been published that deserves mention. Valgimigli et al. ran-
domized 8404 patients with an ACS with or without ST-segment elevation to 
radial vs femoral access for coronary angiography and PCI [ 8 ]. 9.8 % of patients 
with radial access had net adverse CV events (30 day rate of death, myocardial 
infarction or stroke and serious bleeding) versus 11.7 % with femoral access, 
p = 0.009. Major bleeding (BARC type 3–5) was increased with femoral access. 
All-cause mortality was also higher with femoral vs radial access (2.2 vs 1.6 %, 
respectively, p = 0.045) [ 9 ].   

   8.    Should we be considering advanced therapies in heart disease management even 
in patients 90 year of age or greater? According to the 2010 US Census Bureau, 
there were 1.9 million Americans at least 90 years of age and it is predicted that 
by 2050, they will comprise 10 % of Americans ≥ 65 years of age. This is 
approximately twice what it was in 2010. There are very little data in the litera-
ture for advanced cardiology procedures in this age group. Of course, the answer 
is complicated and should consider biologic rather than chronologic age along 
with the patient’s co morbidities and wishes. While most of us tend to be more 
conservative in the very elderly relative to younger patients, anecdotally, percu-
taneous coronary or peripheral interventions in appropriate candidates, TAVR 
and pacemaker implantation can be safely performed with an acceptable at least 
short term success rate. However, bleeding and other complications are increased 
in the very elderly, so a careful discussion of risks versus benefi ts should always 
be carried out prior to the procedure.        
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