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These first years of the new millennium have wit-
nessed an explosion in translational research in the 
field of cardiovascular disease in general and coro-
nary artery disease in particular. During this time, our 
understanding of the pathophysiology, the available 
diagnostic modalities, and the appropriate therapeutic 
interventions has changed considerably. This is a time, 
too, during which the promise of stem cell therapy has 
remained unfulfilled, largely as a result of an insufficient 
knowledge of the many signaling pathways that under-
pin the programming, homing, and differentiation of 
pluripotent cell lines. Despite this, remarkable advances 
have been made in vascular biology and the genetics of 
coronary disease, our understanding of lipid chemistry 
and inflammation, the electrophysiological manifesta-
tions of ischemic disease, and the development of novel 
means of revascularization and treatments for ischemic 
shock. These new developments promise to completely 
reinvent our approach to the prevention, diagnosis, and 
treatment of coronary disease over the course of the 
decade to come. They have also laid the groundwork 
for a more carefully designed series of experiments and 
clinical trials that will finally realize the benefits of cel-
lular plasticity as a therapeutic modality.

This is as it needs to be, for despite the significant 
improvements made in the diagnosis and treatment of 
coronary disease in developed nations, the emergence of 
coronary disease in the developing world is now becom-
ing a major public health problem.

Given the complexity of human biology, it is a truly 
remarkable thing that the human organism responds 

Preface

as well as it does to the pharmacologic and interven-
tional strategies that have been developed for the treat-
ment of coronary disease over the course of the last 
half century. For those of us privileged to have had our 
careers unfold during this time of unparalleled growth 
in knowledge and therapeutic potential, it has been an 
extraordinary journey. What we have witnessed to date, 
however, serves only as a prelude to even more remark-
able discoveries that will build exponentially on what 
we now know.

This book has attempted to encapsulate in one vol-
ume the major advances of the recent past in order to 
provide the reader with a concise, but comprehensive, 
view of where we are and where we are going. To this 
end, we have organized it in such a fashion as to begin 
with the most promising work in basic science, subse-
quent to which we transition into diagnostic modalities 
and ultimately into new therapies. We have concluded 
with a chapter on biostatistics which presents the reader 
with a precise review of the techniques currently used 
for the development and analysis of clinical data.

We have crafted this volume to be of particular use to 
cardiovascular scientists and practitioners alike as well 
as to biomedical faculties and students of all stripes who 
have an interest in learning about and furthering the 
progress of coronary artery research. We hope that you 
will find it useful in your own education as well as the 
education of others who care for our patients and who 
continue to develop and improve the therapies for them.

Wilbert S. Aronow and John Arthur McClung
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In Lewis Carroll’s Alice in Wonderland, the king 
responds to the query of the White Rabbit as to where 
to begin by saying, “Begin at the beginning… and go on 
till you come to the end: then stop.” When dealing with 
cell turnover, the definition of the beginning is an open 
question, as a result of which, simply for purposes of 
discussion, this review will begin with the endothelial 
progenitor cell and go on from there.

WHAT ARE ENDOTHELIAL 
PROGENITOR CELLS?

Since Asahara et  al. first isolated and described a 
population of what were termed “endothelial progeni-
tor cells” (EPCs) in the peripheral blood at the end of 
the last century [1,2], a wealth of research has been 
generated that has further characterized these cells 
and in so doing raised more questions about both their 
identity and their behavior. Asahara’s original work 
identified a population of cells that were CD34 positive 
as well as vascular endothelial growth factor recep-
tor-2 (VEGFR-2) positive that were capable of differ-
entiating into endothelial cells in vitro, migrating in 
vivo to sites of vascular injury, and that enhanced the 
formation of new endothelium when infused into an 
organism. Given that both CD34 and VEGFR-2 are also 
expressed on mature endothelial cells, Peichev et  al. 
demonstrated a population of circulating cells that also 
expressed CD133 in contradistinction to presumably 
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mature human umbilical vein cells (HUVECs) which 
were CD133 negative [3].

Concurrently, Gehling et  al. isolated CD133+ cells 
from peripheral blood that, when plated on fibronec-
tin for 14 days, were able to generate colony-forming  
units (CFUs) of apparently both hematopoietic and 
endothelial lineage cells [4]. Shortly thereafter, Hill 
et  al. described a similar, but not identical, assay in 
which circulating mononuclear cells were cultured for  
2 days with the nonadherent cells and were subse-
quently plated on fibronectin. Colonies were counted 
7 days later and demonstrated an endothelial pheno-
type by histochemical staining for von Willebrand fac-
tor, VEGFR-2, and CD31 [5]. The number of colonies 
generated correlated negatively with the Framingham  
risk score and positively with the flow-mediated 
brachial index. Other investigators, using a simi-
lar technology, demonstrated that these cells could 
be incorporated into the damaged endothelium of a 
ligated left anterior descending coronary artery in a rat 
model [6]. A commercial assay using this technology 
was subsequently devised that used a 5-day protocol 
and has subsequently become known as the CFU-Hill 
Colony Assay.

In contradistinction to the CFU assay, Lin et al. plated 
human monocytes from which the nonadherent cells 
were removed at 24 h [7]. The remaining adherent cells 
were cultured and observed to have expanded signifi-
cantly in bone marrow (BM) transplant recipients over 
the course of a month. Similarly, Vasa et  al. evaluated 
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the migratory capability of monocytes cultured for  
2 days on fibronectin in which the adherent cells were 
isolated rather than the nonadherent cells [8]. These 
cells demonstrated significant migratory potential that 
appeared to be inversely proportional to the number of 
risk factors in a population of patients with coronary 
artery disease (CAD).

Hur et  al. plated monocytes on endothelial basal 
medium and noted the appearance of spindle shaped 
cells similar to the original Asahara reports that 
increased in number for 14 days, after which replica-
tion ceased and the cells gradually disappeared by  
28 days [9]. Another population of cells appeared after 
2–4 weeks of incubation that rapidly replicated and  
demonstrated no evidence of senescence. These “late” 
EPCs, in contradistinction to “early” EPCs, were 
observed to successfully form capillaries when plated 
on Matrigel and were more completely incorporated 
into HUVEC monolayers. Notwithstanding, both early 
and late EPCs were equally effective at improving perfu-
sion to an ischemic limb in a mouse model. Combining 
these two populations of cells was even more effective 
at enhancing ischemic limb perfusion [10].

Late EPCs have also been described as “outgrowth 
endothelial cells” (OECs) or “endothelial colony-forming 
cells” (ECFCs) by other investigators [7,11]. Using the 
approach of Lin and Vasa in which nonadherent cells 
were discarded and adherent cells were retained, inves-
tigators were able to culture a subpopulation of cells 
that appeared to be identical to Hur’s late EPCs, both 
morphologically and in their migratory behavior. Late 
EPCs appear to be distinctly superior to other EPC sub-
populations in promoting angiogenesis, both in vitro and 
in vivo [12]. In addition to having a much higher rate of 
proliferation and resistance to apoptosis, this subpopu-
lation has also been noted to have increased telomerase 
activity [11].

Sieveking et  al. generated both early and late EPCs 
out of a single population of mononuclear cells that were 
plated on fibronectin with the nonadherent cells removed 
after 24 h [13]. Both early and late EPCs were observed to 
be CD34, CD31, CD146, and VEGFR-2 positive, however, 
only early EPCs expressed CD14 and CD45. Late EPCs 
formed branched interconnecting vascular networks, 
while early EPCs were observed to exhibit a marked 
augmentation of angiogenesis by a paracrine mechanism. 
These results are summarized in Figure 1.1 [14].

Thus, there appear to be at least four different meth-
odologies for isolating putative EPCs from monocytes 
plated on fibronectin. The CFU assay cultures cells 
that are not adherent to the medium which form colo-
nies at 4–9 days that are consistent with an early EPC  
phenotype. Hur et  al. were able to grow both early 
and late EPCs from monocytes that were not separated  

out by their ability to either adhere or not to adhere to  
the medium. Sieveking et al. were able to grow both early 
and late EPCs from only adherent monocytes. Hence, it 
appears that nonadherent cells can generate only early 
EPC colonies, while adherent cells have the capability of 
generating both early EPC and OEC (Figure 1.2).

In addition to BM-derived cells, a recent study isolated 
a rare vascular endothelial stem cell in the blood vessel 
wall of the adult mouse that is CD117+ and c-kit+, and 
has the capacity to produce tens of millions of daughter 
cells that can generate functional blood vessels in vivo 
that connect to the host circulation [16]. The cellular 
regeneration of both the vascular and other components 
of a mouse digit tip in the context of CFU transplanta-
tion has been found to be composed of tissue-derived 
cells only [17].

All of these various cells have reparative capability 
when acting together, but precisely how this occurs is a 
matter of intense current research.

CD133 Hematopoietic
stem cell

Late EPC
(OEC)

Early EPC

CD133

CD133

CD34

CD34CD14

CD45

CD34

CD34

? CD133

CD34
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CD45

CD14

CD11b

CD14
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CD14
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CD14/CD45/KDRLow
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FIGURE 1.1 Antigenic cell surface markers of “Early” EPC and 
“Late” EPC (OEC). “Early” EPCs form CFUs and most of these go 
on to have hematopoetic rather than endothelial phenotypes. OEC, 
outgrowth endothelial cells; KDR, VEGFR-2. Source: From Ref. [14]. 
Used by permission.
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PARACRINE EFFECTS OF  
BM-DERIVED CELLS

CFU derived early EPCs secrete a number of agents, 
among them matrix metalloproteinase (MMP)-9, interleu-
kin (IL)-8, macrophage migration inhibitory factor (MIF), 
angiopoeitin-1 (Ang-1), and thymidine phosphorylase 
(TP) in higher amounts than in early EPCs from adherent 
monocytes [18]. Early EPCs cultured from nonadherent 
monocytes secrete VEGF, stromal cell-derived factor-1 
(SDF-1), insulin-like growth factor-1 (IGF-1), and hepa-
tocyte growth factor (HGF) [19]. Early EPCs cultured 
from adherent monocytes secrete VEGF, HGF, granulo-
cyte colony stimulating factor (G-CSF), and granulocyte 
macrophage colony stimulating factor (GM-CSF) [20].

Both VEGF and SDF-1 promote migration and tissue 
invasion of progenitor cells to a site of injury as well as 
enhance migration of mature endothelial cells [21–23]. 
IGF-1 promotes angiogenesis and inhibits apoptosis 

[24]. HGF markedly enhances angiogenesis [25]. G-CSF 
and GM-CSF enhance the migration of endothelial cells, 
and both have anti-inflammatory activity on vascular 
endothelium as well [26–28]. MMP-9 appears to be 
required for EPC mobilization, migration, and vasculo-
genesis, and IL-8 enhances both endothelial cell prolif-
eration as well as survival [29,30]. Among other things, 
MIF appears to induce EPC mobilization [31]. Ang-1 is 
expressed from hematopoetic stem cells [32]. Along with 
VEGF, Ang-1 has been implicated in the recruitment of 
vasculogenic stem cells, and when BM mononuclear cells 
are enhanced by Ang-1 gene transfer, angiogenesis is 
improved both qualitatively and quantitatively [33,34]. 
TP has been demonstrated to both enhance endothelial 
cell migration and protect EPCs from apoptosis [18,35].

Early EPCs also have been shown to be repositories of 
both eNOS and iNOS which play a role in ischemic pre-
conditioning and chronic myocardial ischemia, respec-
tively [36,37]. More recently, prostacyclin (PGI2) has been 
identified as being secreted in very high levels by late 
(OEC) EPC [38].

MECHANISMS, KNOWN AND UNKNOWN

Mobilization of BM-Derived Cells

Under stable physiologic conditions, circulating EPC 
precursors exist in a niche in the BM that is defined by a 
combination of low oxygen tension, low levels of reactive 
oxygen species (ROS), and high levels of SDF-1 [39–41]. 
In the face of myocardial ischemia, VEGF and SDF-1 are 
expressed in human and rat models, respectively [42,43]. 
This, as well as vascular trauma, initiates a complex 
mechanism that involves the release of multiple chemo-
kines [44–46]. Among other effects, this release activates 
the phosphoinositide 3-kinase (PI3K)/Akt pathway to 
increase the production of nitric oxide (NO) which in 
turn activates MMPs [47,48]. MMPs, and in particular 
MMP-9 via release of soluble kit ligand, disrupt the inte-
grins that form the scaffold that retains the stem cells in 
the marrow, allowing them to respond to the enhanced 
SDF-1 gradient and move out into the circulation (Figure 
1.3) [50,51]. Once released from the marrow, develop-
ment of these cells is enhanced, in part, by the release of 
Ang-1 by pericytes and by EPC themselves which can 
also enhance their survival by means of the downstream 
activation of the PI3K/Akt pathway (Figure 1.4) [53].

Vasculogenesis and Angiogenesis

Originally thought by Asahara et  al. to be a process 
mediated solely by BM-derived cells, vasculogenesis 
refers to de novo vessel formation by in situ incorporation, 

Method A
CFU-EC

Adherence
deplete on FN Discard

nonadherent
cells

Method B
CAC

PB-MNC

Method C
ECFC
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appear d4–9

d4, cells
enumerated

Colonies
appear d7–21

No colony
formation

Early
outgrowth

Asahara, Hill

Early
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Asahara, Dimmeler

Late
outgrowth

Hebbel, Ingram

FIGURE 1.2 Methodologies for the generation of various cell 
types from tissue culture of BM-derived circulating mononuclear 
cells. PB-MNC, peripheral blood mononuclear cells; CFU-EC, CFU 
endothelial cells; CAC, circulating angiogenic cells; ECFC, OEC; FN, 
fibronectin. Source: Adapted by permission from Macmillan Publishers 
Ltd; Ref. [15].
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FIGURE 1.3 Schematic representation of the mobilization of BM-derived EPC by ischemic stimuli. Ischemia activates the PI3K/Akt pathway 
to increase the production of NO which in turn activates MMP-9 disrupting the integrin scaffold in the BM and allowing EPC to respond to the 
enhanced SDF-1 gradient and move out into the circulation. Source: Adapted from Ref. [49]. Used by permission.

FIGURE 1.4 Cell survival induced by activation of the PI3K/Akt pathway by Ang-1 elaboration by pericytes. The release of Ang-1 enhances 
survival of the in situ endothelial cell by allowing it to resist active inflammation mediated by Ang-2 as well as serving as a chemoattractant for 
EPC. ABIN-2, A20-binding inhibitor of NF-kappa-B activation 2; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion 
molecule 1; Tie-2, tyrosine kinase receptor 2. Source: By permission from Macmillan Publishers Ltd; Ref. [52].
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differentiation, migration, and/or proliferation of either 
circulating EPC or EPC of tissue origin [54]. Angiogenesis, 
which constitutes a common component of wound heal-
ing as well as tumor growth, is consistently a local phe-
nomenon that extends an already existing vessel either 
by “sprouting” or by splitting the vessel into two via 
a poorly understood “intussusceptive” mechanism [55]. 
The evolving understanding of vasculogenesis in arterial 
disease appears to suggest that it involves elements of 
angiogenesis as well. (See Chapter 6).

Maturation of BM-Derived EPC

The maturation process of BM-derived circulating 
EPC is poorly understood, but clearly involves a number 
of competing processes. Prime among them is vascular 
shear stress which has been implicated in an increase 
in NO production, EPC proliferation, and retention [56]. 
Adhesion, proliferation, maturation, and a reduction in 
apoptosis have been noted in circulating CD133+ cells 
exposed to shear that is mediated by the PI3K/Akt sig-
naling pathway [57]. Similarly, it appears that the PI3K/
Akt pathway promotes the maturation of early EPCs [58].

Alternatively, NADPH oxidase (NOX)-derived ROS 
have the potential to act as redox signaling for the mobi-
lization of BM-derived EPCs as well as their differen-
tiation and maturation [59]. This is in contradistinction 
to the customary role of ROS as being toxic to EPCs 
when overly expressed [60]. Recent work in a mouse 
model has revealed proliferator-activated receptor alpha 
(PPARα) induced activation of NOX was required for 
both mobilization and homing of BM-derived EPCs, and 
that its absence was associated with enhanced recruit-
ment of progenitor cells into the BM [61].

Platelet Interaction

A number of studies have suggested that platelet acti-
vation is associated with the recruitment, differentiation, 
and homing of BM-derived EPCs [62–65]. Conversely, 
BM-derived CFU EPCs have recently been observed to 
inhibit platelet activation, aggregation, collagen adhe-
sion, and thrombus formation through upregulation of 
cyclooxygenase-2 (COX-2) and the secretion of PGI2 [66]. 
This has been determined to be a result of the inhibition 
of P-selectin expression by PGI2 [67].

PGI2 as a Primary EPC Paracrine Mediator

Shear stress results in the expression of PGI2 by both 
endothelial cells and EPCs [68,69]. Age-related impair-
ment of flow-induced vasodilation in gastrocnemius 
muscle arterioles is due to the reduction in the avail-
ability of PGI2 [70]. Studies of OEC have demonstrated 

that they release high levels of PGI2 in association with 
high levels of COX-1 expression, and that TXA2 produc-
tion is low [38]. Although the classic PGI2 signaling path-
way functions by activation of adenylyl cyclase with a 
resulting increase in cAMP [71], the angiogenic activity 
enhanced by late EPCs appears to be mediated via the 
activation of PPARδ, consistent with prior data demon-
strating the induction of transcriptional activation by 
PPARα and PPARδ by PGI2 [72]. In addition, early EPCs 
from adherent cells not only produce PGI2 in a COX-1 
dependent fashion, but the PGI2 so expressed further 
enhances the EPC adhesion, migration, and proliferation 
through binding to a prostacyclin receptor (IP) on these 
same cells [73]. In a similar fashion, OEC transfected 
to overexpress PGI2 not only demonstrated enhanced 
angiogenesis themselves but also provided favorable 
paracrine-mediated cellular protection, including the 
promotion of in vitro angiogenesis by EPCs, and the pro-
tection of potassium channel activity in vascular smooth 
muscle cells under conditions of hypoxia [74].

COX-2 expression is increased in rabbit basilar arteries 
transplanted with early adherent EPCs with a resultant 
increase in PGI2 and a decrease in TxA2 [75]. Despite 
prior observations that early EPCs are rich in eNOS and 
iNOS, there was no change in the expression of eNOS- 
or iNOS-mediated vasodilation in rabbit carotid arteries 
exposed to early EPCs. COX-2 is induced in activated 
endothelial and inflammatory cells [76]. As much of 
the systemic PGI2 is produced in a COX-2-dependent 
manner, it is reasonable to conclude that PGI2 produced 
through multiple pathways can affect the function of 
EPCs [77]. Hence, COX-1-dependent PGI2 released by 
BM-derived EPCs has the capacity to enhance both arte-
rial function as well as the function of the EPCs them-
selves, while COX-2 expression from native endothelial 
cells can function in the same manner. Taken together, 
it appears that related signaling from both cellular beds 
serves to modulate the migration and function of the 
BM-derived reparative system.

CIRCULATING ENDOTHELIAL CELLS 
AND MICROPARTICLES: THE OTHER 

SIDE OF THE COIN?

Circulating endothelial cells (CECs) were first reported 
to be present in peripheral blood and tied to vascular 
injury in 1970 [78]. Since then, their presence has been 
described in a number of disease entities that are associ-
ated with vascular damage including sickle cell disease 
[79], ANCA-associated vasculitis [80], Behcet’s disease 
[81], systemic lupus erythematosis (SLE) [82], peripheral 
arterial disease [83], acute coronary syndrome [84], type 
2 diabetes mellitus [85], and, to a lesser extent, type 1 
diabetes mellitus [86]. They are considered to be generally 
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apoptotic or necrotic endothelial cells that have been 
sloughed from the vascular lining, however, some of these 
cells may be viable, and some may even be maturing EPC.

The mechanism by which CECs are detached from 
the endothelial surface is not clearly understood, but 
has been related to the effects of various cytokines, pro-
teases, and the binding of neutrophils, as well as vari-
ous drugs such as cyclosporine [87]. The integrity of the 
endothelium is maintained by shear stress, among other 
things, which inhibits apoptosis through multiple mech-
anisms, among them the elaboration of eNOS via the 
PI3K pathway [88]. Under conditions of inflammation, 
the glycocalyx that lines the endothelial layer begins to 
break down, shedding its components, resulting in the 
production of proteases by the pericytes which attack 

the endothelial basement membrane leading to cell 
detachment (Figure 1.5) [89].

These cells have been commonly isolated by means of 
either immunomagnetic separation or by flow cytometry. 
In part related to its good reproducibility, a consensus 
was reached in 2006 that described an immunomagnetic 
methodology for the isolation of CD146-positive cells 
with a particular set of criteria for standardization [90]. 
Notwithstanding its reproducibility, it can be difficult to 
differentiate necrotic from apoptotic and viable cells by this 
method, these cells being more easily separated from each 
other by flow cytometry [91]. Neither method, by itself, is 
particularly exact for the exclusion of EPCs. Hence, some 
investigators have attempted to combine these techniques 
in order to increase the specificity of the assay [92,93].

FIGURE 1.5 Disruption of the glycocalyx, leading to shedding of microparticles, detachment of the pericytes, and mobilization of CEC. a) 
While quiescent, the antithrombotic, anti-inflammatory, and antiproliferative properties of the endothelium are maintained by the dominance 
of nitric oxide signaling which forms S nitrosylated proteins, shear stress signaling through the glycocalyx which binds thrombomodulin and 
SOD among other factors, and signaling between pericytes and the endothelium. b) The glycocalyx contains anchoring proteoglycans  such as 
CD44 and members of the syndecan protein family, as well as connecting glycosoaminoglycans  such as heparan sulfate, chondroitin sulfate 
and hyaluronic acid. When activated by inflammation, the glycocalyx is initially modified to allow leukocytes and platelets to interact with the 
endothelial surface. Glycocalyx components are then released into the circulation. After prolonged inflammatory activation and early apoptotic 
events, adhesion molecules such as E-selectin are also shed. c) With further sustained endothelial activation, platelets and leukocytes bind to the 
endothelial surface leading to the formation of proinflammatory factors which can cause further activation of the endothelium and promote the 
formation of membrane particles (microparticles). Microparticles from endothelial cells, platelets and leukocytes are released into the circulation, 
at which point the stabilizing interaction of pericytes with the endothelium becomes disrupted and pericytes produce proteases that damage 
the endothelial basement membrane. d) Sustained redox signaling results in loss of pericyte signaling, which leads to apoptosis or necrosis of 
the endothelial cell, and the expression of phosphatidylserine residues on the external surface of the plasma membrane. The endothelial cells 
then detach and are detected in the circulation. PS = phosphatidylserine; S-NO = S-nitrosyl; SOD = superoxide dismutase. Source: By permission 
from Macmillan Publishers Ltd; Ref. [89].
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What seems to be clear from the study of CECs is 
that they are not biologically inert entities. Woywodt 
et al. found that 86% of CECs isolated from patients with 
ANCA-associated vasculitis stained positive for tissue 
factor (TF) associated with a prothrombotic phenotype, 
and 84% of these cells stained positive for annexin and 
propidium iodide, consistent with a necrotic phenotype 
[80]. Previously, Li et  al. demonstrated that necrotic, 
but not apoptotic, dendritic cells induced inflammatory 
mechanisms via nuclear factor κB (NF-κB) and the Toll-
like receptor 2 pathway [94]. Similarly, Barker et al. dem-
onstrated that necrotic, but not apoptotic, neutrophils 
increased antigen presentation by macrophages [95].

Kirsch et al. subsequently demonstrated that endo-
thelial cells themselves have the capacity to engulf 
both apoptotic and necrotic endothelial cells, and that 
engulfment of apoptotic cells was associated with the 
expression of inflammatory chemokines as well as the 
enhanced binding of leukocytes [96]. The authors spec-
ulated that healthy endothelium might be induced to 
engulf CEC under conditions of generalized inflam-
mation when the customary, so-called “professional,” 
phagocytes had been overwhelmed by the increased 
numbers of circulating cells associated with vascular 
damage, a problem with cell clearance that has been 
observed in SLE [97]. Other investigators have dem-
onstrated similar endothelial cell activation when con-
fronted with necrotic cells [98].

There is also data to suggest that CECs interfere with 
the function of EPCs [99]. Decreases in EPC number asso-
ciated with an increase in the number of CECs have been 
observed under conditions of mechanical stress [100]. 
However, recent data from heart transplant patients 
suggests that patients presenting with cardiac allograft 
vasculopathy universally present with high numbers 
of CECs and microparticles, while the number of EPCs 
remained unchanged from that noted in patients with 
no evidence of vasculopathy [101]. Hence, the issue of 
the effect of CECs on EPCs remains an open question at 
this time.

Microparticles

Endothelial microparticles (EMPs) were reported to be 
generated following the appearance of blebs on the surface 
of HUVEC after stimulation with tumor necrosis factor 
alpha [102]. The EMPs had a procoagulant phenotype 
in vitro mediated via TF, and they expressed E-selectin, 
intercellular adhesion molecule 1 (ICAM-1), αvβ3, and 
platelet endothelial cell adhesion molecule 1 (PECAM-1),  
suggesting that they had adhesive potential as well. 
Finally, they were discovered to be present in vivo in the 
blood of normal volunteers and significantly increased in 
number in the blood of patients with the lupus antico-
agulant, suggesting a procoagulant role in vivo.

In the same manner, the number of EMPs has been 
reported to be inversely proportional to the amount of 
shear stress in patients with end-stage renal failure [103]. 
An increased ratio of EMPs to EPCs has been associ-
ated with the presence of atherosclerosis in patients with 
hyperlipidemia [104]. Similarly, elevated levels of EMPs 
have been correlated with disturbed flow-mediated 
vasodilatation, as well as the endothelial dysfunction 
observed in healthy subjects exposed to secondhand 
smoking [105,106].

Despite the apparent procoagulant phenotype of 
EMPs, recent data has suggested that they may also 
have an opposing anti-inflammatory effect mediated via 
the protein C receptor, as well as potential fibrinolytic 
properties that have been described in vitro [107,108]. 
Similarly, in vitro data has suggested that EMP uptake by 
resident endothelial cells can protect them from apopto-
sis [109]. This is amplified by in vivo data that has demon-
strated that EMPs isolated from ischemic murine muscle 
enhance vasculogenesis [110]. Although both eNOS and 
VEGFR-2 were also found on the surface of the EMP, it 
is unclear whether they played any role whatever in the 
vasculogenic mechanism.

Given this contradictory data, it appears that EMPs 
may serve a number of purposes and have the capability 
to mediate multiple responses to endothelial damage. The 
plethora of surface proteins that are expressed by EMPs 
allows them to act as signaling molecules (Figure 1.6).  
They have also been observed to be capable of transfer-
ring mRNA to target cells [112]. This has led Hoyer et al. 
to envision a rich therapeutic future for these complex 
structures once their structure and function are better 
understood [113].

CLINICAL DATA AND POTENTIAL 
APPLICATIONS

To date, there are multiple reports that show that 
the number of CECs and EPCs isolated from peripheral 
blood can be related to cardiovascular risk factors and 
can be used to assist with prognosis [114,115]. Attempts 
to use EPCs in humans in a therapeutically relevant 
fashion, however, have had a much less propitious his-
tory [116,117]. The TOPCARE-AMI trial, which evalu-
ated the effect of intracoronary infusion of early EPCs 
in patients presenting with acute myocardial infarction 
without a control group, demonstrated an improve-
ment in ejection fraction at 5 years of follow-up, how-
ever this was obtained by an increase in end-diastolic 
volume, rather than by a decrease in end-systolic vol-
ume [118]. A review of all randomized controlled tri-
als of intracoronary stem cell delivery has concluded 
that intracoronary therapy appears to be safe, but of 
no genuine clinical benefit [119]. Similarly, a study of 
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repetitive infusion of BM-derived mononuclear cells 
for the therapy of peripheral arterial disease has dem-
onstrated no significant advantage in a randomized 
controlled trial [120].

A study of EPC mobilization in patients following 
acute myocardial infarction found that EPC number 
peaked some 30 days following the initial event, while 
CEC number peaked immediately following the event 
and subsequently fell toward baseline. Cultured cells 
from both controls and AMI patients demonstrated 
identical endothelial phenotypic characteristics as well 
as identical proliferation and vasculogenesis on in vitro 
culture [121]. Observations such as these have led some 
investigators to speculate whether it is the milieu in 
which these cells find themselves that inhibits their func-
tion under conditions of oxidant stress. This has been 
demonstrated in vivo in patients with type 2 diabetes 
mellitus in which EPC function was impaired compared 
to controls, and the addition of a PPAR agonist restored 
the capability of BM-derived cells to generate new endo-
thelium [122].

The Role of eNOS and NO

Apoptosis of EPCs is induced by incubation with 
hydrogen peroxide, an effect that is reversed by induc-
tion of the PI3K/Akt pathway [123]. Mice deficient in 
eNOS demonstrate suppression of EPC mobilization 
as well as angiogenic capability, a process that was 
improved by cell transfer from wild-type mice [48]. 

Pretreatment of BM-derived monocytes with eNOS 
transcription inhibitors, or transplantation of autolo-
gous EPCs that overexpress eNOS enhances host neo-
vascularization and vasculoprotection [124,125]. It has 
been demonstrated in a mouse model of myocardial 
infarction that at least part of the benefit derived from 
EPC transplantation is mediated via the PI3K/Akt 
pathway, a pathway that can be inhibited by conditions 
of oxidative stress [126]. The addition of nitroglycerin 
itself to cultured early EPCs from patients with CAD 
resulted in an increase in cell number and prolifera-
tion that peaked at a concentration of 7.5 mg/L [127]. 
Higher concentrations were associated with an increase 
in peroxynitrate expression associated with a concur-
rent reduction in cell number and proliferative capabil-
ity. Hence, the capability of EPCs to positively affect 
the coronary vasculature is clearly dependent upon the 
balance between NO and ROS.

A number of mechanisms exist that can potentially be 
of use to enhance the effect of cell based therapies. Statin 
therapy is known to increase both the number of CD34+ 
cells in patients with stable CAD and the mobilization 
and incorporation of BM-derived cells at least partly via 
activation of the PI3K/Akt pathway [128–130]. Among 
the antioxidant enzymes that are selectively upregulated 
by shear stress are COX-2, manganese superoxide dis-
mutase, eNOS, and glutathione reductase, any or all of 
which have the potential to tip the balance away from a 
hostile environment for the proliferation of endothelial 
cells [131,132]. Finally, the heme oxygenase (HO) system 

FIGURE 1.6 Surface molecules associated with microparticles and their respective effects. EPCR, endothelial protein C receptor; PECAM-
1, platelet endothelial cell adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular cell adhesion molecule-1; 
S-Endo, CD146/melanoma cell adhesion molecule; VE-cadherin, vascular endothelial cadherin; uPA, urokinase plasminogen activator; uPAR, 
urokinase plasminogen activator receptor; EPC, endothelial protein C; APC, activated protein C; TM, thrombomodulin. Source: From Ref. [111]. 
Used by permission.
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has been extensively examined by our group and others 
as a means of countering oxidant stress. The induction 
of heme oxygenase-1 (HO-1) (the inducible form of HO) 
improves vascular recruitment of stem cells, promotes 
mobilization of circulating EPCs, and improves recovery 
from myocardial infarction through the enhancement of 
late EPC vasculogenesis in a mouse model [133–135]. 
Similarly, the attenuation of HO-1 levels and decreased 
HO activity corresponds with a reduction in the number 
and viability of EPCs [136].

Angiotensin converting enzyme (ACE) inhibition has 
been associated with an increase in mobilization of EPCs 
from the BM as well as an increase in the number of 
circulating EPCs in patients with stable angina [137,138]. 
Resveritrol, an inducer of HO-1, increased the numbers 
of circulating EPC in vivo, and both reduced EPC senes-
cence and enhanced vasculogenesis in vitro [139,140]. 
Our group and others have investigated the somewhat 
unique effect of P2Y12 blockade on patients subjected 
to inflammatory conditions. Following treatment with 
clopidogrel for 1 month, CEC numbers fell to normal, 
while the expression of both Akt and AMPK by EPCs 
was increased in patients with type 2 diabetes mellitus 
[141]. Similarly, the level of P2Y12 blockade has been pos-
itively associated with a reduction in endothelial injury 
as measured by CECs in patients undergoing percuta-
neous coronary intervention, and clopidogrel has been 
associated with improved microvascular endothelial 
function in patients with stable CAD [142,143].

Finally, aside from the previously described regu-
latory capacity of PGI-2, multiple other metabolites 
of arachidonic acid have been observed to potentiate 
the effect of EPCs on the endothelium. Specifically, the 
leukotriene LTB4, the epoxyeicosatrienoic acids (EETs), 
and two of the hydroxyeicosatetraenoic acids (20-HETE 
and 12-HETrE) have been demonstrated to improve 
endothelial function, improve EPC adhesion, and pro-
mote an angiogenic phenotype in vitro, and to promote 
angiogenesis in vivo [144–147]. EETs have also been 
observed to activate eNOS with the secondary release 
of NO [148].

Two other possibilities for cell therapy have been 
investigated in preliminary studies. The observation 
that transplantation of a combination of EPCs and 
smooth muscle progenitor cells appears to enhance 
vasculogenesis suggests that the use of anchoring cells 
such as smooth muscle precursors or pericyte precur-
sors, perhaps in concert with their chemoattractants, 
may be more efficacious at rebuilding the vasculature 
than the methods already tried [149,150]. Also, adult 
fibroblasts have been converted to what appear to be 
endothelial cells by means of viral vector transfection 
in a mouse model [151]. Although clearly in its infancy, 
this methodology holds promise for the future as the 
field progresses.

SUMMARY AND CONCLUSIONS

As with most biological systems, the endothelium 
undergoes a consistent process of generation, senescence, 
and regeneration. As such, there is no genuine beginning 
to the process, and no real end until the organism itself 
dies. Although the study of EPCs has intensified since 
they were first described, it has become increasingly clear 
that the generation and regeneration of the endothelium 
is a much more complex process than originally thought. 
BM-derived cells clearly play a role, however what kind 
of role continues to be controversial. It appears clear that 
so-called early EPCs affect the vasculature largely by their 
paracrine effects, and some of these early EPCs that have 
been isolated do not even go on to develop an endothelial 
phenotype. The precise mechanism by which the late out-
growth BM-derived EPCs exert their paracrine functions, 
and the degree to which they become incorporated into 
the resident endothelium remains to be clearly identified. 
Similarly, the precise steps by which resident EPCs can be 
induced to proliferate are also not known. Microparticles 
appear to have both an inflammatory phenotype as well 
as being capable of facilitating endothelial survival. As 
such, they constitute a phenotypically diverse population, 
a single population that behaves differently under differ-
ent stimuli, or some combination of the above. Given the 
largely unsatisfactory results of the clinical trials to date, 
it appears that we need to know much more about these 
mechanisms if the promise of cell therapy is to be realized 
in the future.

Until more is known, the most promising therapeutic 
interventions appear to be those that employ pharmaco-
logic manipulation in order to try to direct the processes 
that we do know about. Among these are manipulation 
of the PI3K/Akt pathway by means of statin therapy, 
further investigation of the influence of arachidonic acid 
metabolites including the eicosanoids and PGI-2, poten-
tial manipulation of the concentration of tetrahydrobiop-
terin in order to minimize the elaboration of peroxinitrate, 
pharmacologic stimulation of the HO pathway, and the 
use of already existent agents such as ACE inhibitors in 
order to facilitate endothelial regeneration. One of the 
most important things that has been learned about stem 
cell biology is the multiplicity of signaling pathways and 
their interactions, any one of which might be targeted 
therapeutically in order to enhance vascular health.

When Alice asks the Cheshire Cat to tell her which 
way that she ought to go from here, she says, “I don’t 
much care where [I go] so long as I get somewhere.” 
The Cat responds by saying, “Oh, you’re sure to do that 
if you only walk long enough.” We have come some 
distance since the end of the last century and discov-
ered quite a few things that have genuine therapeutic 
relevance. We do, however, still have a rather long walk 
ahead of us.



TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

1. EndoThElial Biology: ThE RolE of CiRCulaTing EndoThElial CElls and EndoThElial PRogEniToR CElls10

References
 [1] Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, 

Li T, et al. Isolation of putative progenitor endothelial cells for 
angiogenesis. Science 1997;275:964–7.

 [2] Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, 
et al. Bone marrow origin of endothelial progenitor cells respon-
sible for postnatal vasculogenesis in physiological and pathologi-
cal neovascularization. Circ Res 1999;85:221–8.

 [3] Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, 
et al. Expression of VEGFR-2 and AC133 by circulating human 
CD34(+) cells identifies a population of functional endothelial 
precursors. Blood 2000;95:952–8.

 [4] Gehling UM, Ergün S, Schumacher U, Wagener C, Pantel K, Otte 
M, et al. In vitro differentiation of endothelial cells from AC133-
positive progenitor cells. Blood 2000;95:3106–12.

 [5] Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi 
AA, et al. Circulating endothelial progenitor cells, vascular func-
tion, and cardiovascular risk. N Engl J Med 2003;348:593–600.

 [6] Kawamoto A, Gwon HC, Iwaguro H, Yamaguchi JI, Uchida 
S, Masuda H, et  al. Therapeutic potential of ex vivo expanded 
endothelial progenitor cells for myocardial ischemia. Circulation 
2001;103:634–7.

 [7] Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of circulating 
endothelial cells and endothelial outgrowth from blood. J Clin 
Invest 2000;105:71–7.

 [8] Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin H, 
et al. Number and migratory activity of circulating endothelial 
progenitor cells inversely correlate with risk factors for coronary 
artery disease. Circ Res 2001;89:E1–E7.

 [9] Hur J, Yoon CH, Kim HS, Choi JH, Kang HJ, Hwang KK, et al. 
Characterization of two types of endothelial progenitor cells and 
their different contributions to neovasculogenesis. Arterioscler 
Thromb Vasc Biol 2004;24:288–93.

 [10] Yoon CH, Hur J, Park KW, Kim JH, Lee CS, Oh IY, et al. Synergistic 
neovascularization by mixed transplantation of early endothelial 
progenitor cells and late outgrowth endothelial cells: the role of 
angiogenic cytokines and matrix metalloproteinases. Circulation 
2005;112:1618–27.

 [11] Ingram DA, Mead LE, Tanaka H, Meade V, Fenoglio A, Mortell K, 
et al. Identification of a novel hierarchy of endothelial progenitor 
cells using human peripheral and umbilical cord blood. Blood 
2004;104:2752–60.

 [12] Minami Y, Nakajima T, Ikutomi M, Morita T, Komuro I, Sata M, 
et al. Angiogenic potential of early and late outgrowth endothe-
lial progenitor cells is dependent on the time of emergence. Int J 
Cardiol 2015;186:305–14.

 [13] Sieveking DP, Buckle A, Celermajer DS, Ng MK. Strikingly dif-
ferent angiogenic properties of endothelial progenitor cell sub-
populations: insights from a novel human angiogenesis assay.  
J Am Coll Cardiol 2008;51:660–8.

 [14] Shantsila E, Watson T, Tse HF, Lip GY. New insights on endothe-
lial progenitor cell subpopulations and their angiogenic proper-
ties. J Am Coll Cardiol 2008;51:669–71.

 [15] Prater DN, Case J, Ingram DA, Yoder MC. Working hypothesis 
to redefine endothelial progenitor cells. Leukemia 2007;21:1142.

 [16] Fang S, Wei J, Pentinmikko N, Leinonen H, Salven P. Generation 
of functional blood vessels from a single c-kit+ adult vascular 
endothelial stem cell. PLoS Biol 2012;10:e1001407.

 [17] Rinkevich Y, Lindau P, Ueno H, Longaker MT, Weissman IL. 
Germ-layer and lineage-restricted stem/progenitors regenerate 
the mouse digit tip. Nature 2011;476:409–13.

 [18] Pula G, Mayr U, Evans C, Prokopi M, Vara DS, Yin X, et  al. 
Proteomics identifies thymidine phosphorylase as a key regu-
lator of the angiogenic potential of colony-forming units and 
endothelial progenitor cell cultures. Circ Res 2009;104:32–40.

 [19] Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, 
Zeiher AM, et  al. Soluble factors released by endothelial pro-
genitor cells promote migration of endothelial cells and cardiac 
resident progenitor cells. J Mol Cell Cardiol 2005;39:733–42.

 [20] Rehman J, Li J, Orschell CM, March KL. Peripheral blood 
“endothelial progenitor cells” are derived from monocyte/mac-
rophages and secrete angiogenic growth factors. Circulation 
2003;107:1164–9.

 [21] Kalka C, Masuda H, Takahashi T, Gordon R, Tepper O, 
Gravereaux E, et  al. Vascular endothelial growth factor (165) 
gene transfer augments circulating endothelial progenitor cells 
in human subjects. Circ Res 2000;86:1198–202.

 [22] Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its 
receptors. Nat Med 2003;9:669–76.

 [23] Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, 
Murasawa S, et al. Stromal cell-derived factor-1 effects on ex vivo 
expanded endothelial progenitor cell recruitment for ischemic 
neovascularization. Circulation 2003;107:1322–8.

 [24] Delafontaine P, Song YH, Li Y. Expression, regulation, and func-
tion of IGF-1, IGF-1R, and IGF-1 binding proteins in blood ves-
sels. Arterioscler Thromb Vasc Biol 2004;24:435–44.

 [25] Morishita R, Aoki M, Hashiya N, Yamasaki K, Kurinami H, 
Shimizu S, et  al. Therapeutic angiogenesis using hepatocyte 
growth factor (HGF). Curr Gene Ther 2004;4:199–206.

 [26] Bussolino F, Ziche M, Wang JM, Alessi D, Morbidelli L, Cremona 
O, et  al. In vitro and in vivo activation of endothelial cells by 
colony-stimulating factors. J Clin Invest 1991;87:986–95.

 [27] Ikonomidis I, Papadimitriou C, Vamvakou G, Katsichti P, 
Venetsanou K, Stamatelopoulos K, et al. Treatment with granu-
locyte colony stimulating factor is associated with improvement 
in endothelial function. Growth Factors 2008;26:117–24.

 [28] Tisato V, Secchiero P, Rimondi E, Gianesini S, Menegatti E, 
Casciano F, et al. GM-CSF exhibits anti-inflammatory activity on 
endothelial cells derived from chronic venous disease patients. 
Mediators Inflamm 2013;2013:561689.

 [29] Huang PH, Chen YH, Wang CH, Chen JS, Tsai HY, Lin FY, et al. 
Matrix metalloproteinase-9 is essential for ischemia-induced neo-
vascularization by modulating bone marrow-derived endothelial 
progenitor cells. Arterioscler Thromb Vasc Biol 2009;29:1179–84.

 [30] Li A, Dubey S, Varney ML, Dave BJ, Singh RK. IL-8 directly 
enhanced endothelial cell survival, proliferation, and matrix 
metalloproteinases production and regulated angiogenesis.  
J Immunol 2003;170:3369–76.

 [31] Grieb G, Piatkowski A, Simons D, Hörmann N, Dewor M, 
Steffens G, et  al. Macrophage migration inhibitory factor is a 
potential inducer of endothelial progenitor cell mobilization after 
flap operation. Surgery 2012;151:268–77.

 [32] Iwama A, Hamaguchi I, Hashiyama M, Murayama Y, Yasunaga 
K, Suda T. Molecular cloning and characterization of mouse TIE 
and TEK receptor tyrosine kinase genes and their expression 
in hematopoietic stem cells. Biochem Biophys Res Commun 
1993;195:301–9.

 [33] Hattori K, Dias S, Heissig B, Hackett NR, Lyden D, Tateno M, 
et al. Vascular endothelial growth factor and angiopoietin-1 stim-
ulate postnatal hematopoiesis by recruitment of vasculogenic 
and hematopoietic stem cells. J Exp Med 2001;193:1005–14.

 [34] Kobayashi K, Kondo T, Inoue N, Aoki M, Mizuno M, Komori 
K, et  al. Combination of in vivo angiopoietin-1 gene transfer 
and autologous bone marrow cell implantation for func-
tional therapeutic angiogenesis. Arterioscler Thromb Vasc Biol 
2006;26:1465–72.

 [35] Hotchkiss KA, Ashton AW, Klein RS, Lenzi ML, Zhu GH, 
Schwartz EL. Mechanisms by which tumor cells and mono-
cytes expressing the angiogenic factor thymidine phosphorylase 
mediate human endothelial cell migration. Cancer Res 2003;63: 
527–33.

http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref1
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref1
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref1
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref2
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref2
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref2
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref2
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref3
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref3
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref3
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref3
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref4
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref4
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref4
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref5
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref5
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref5
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref6
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref6
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref6
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref6
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref7
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref7
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref7
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref8
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref8
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref8
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref8
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref9
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref9
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref9
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref9
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref10
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref10
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref10
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref10
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref10
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref11
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref11
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref11
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref11
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref12
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref12
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref12
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref12
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref13
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref13
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref13
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref13
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref14
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref14
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref14
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref15
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref15
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref16
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref16
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref16
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref17
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref17
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref17
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref18
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref18
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref18
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref18
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref19
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref19
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref19
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref19
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref20
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref20
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref20
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref20
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref21
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref21
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref21
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref21
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref22
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref22
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref23
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref23
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref23
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref23
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref24
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref24
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref24
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref25
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref25
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref25
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref26
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref26
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref26
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref27
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref27
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref27
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref27
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref28
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref28
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref28
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref28
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref29
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref29
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref29
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref29
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref30
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref30
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref30
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref30
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref31
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref31
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref31
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref31
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref32
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref32
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref32
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref32
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref32
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref33
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref33
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref33
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref33
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref34
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref34
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref34
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref34
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref34
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref35
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref35
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref35
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref35
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref35


11

TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

REfEREnCEs

 [36] Ii M, Nishimura H, Iwakura A, Wecker A, Eaton E, Asahara T, 
et  al. Endothelial progenitor cells are rapidly recruited to 
myocardium and mediate protective effect of ischemic precondi-
tioning via “imported” nitric oxide synthase activity. Circulation 
2005;111:1114–20.

 [37] Zhao T, Xi L, Chelliah J, Levasseur JE, Kukreja RC. Inducible 
nitric oxide synthase mediates delayed myocardial protection 
induced by activation of adenosine A(1) receptors: evidence from 
gene-knockout mice. Circulation 2000;102:902–7.

 [38] He T, Lu T, d’Uscio LV, Lam CF, Lee HC, Katusic ZS. Angiogenic 
function of prostacyclin biosynthesis in human endothelial pro-
genitor cells. Circ Res 2008;103:80–8.

 [39] Harrison JS, Rameshwar P, Chang V, Bandari P. Oxygen satu-
ration in the bone marrow of healthy volunteers. Blood 2002; 
99:394.

 [40] Jang YY, Sharkis SJ. A low level of reactive oxygen species selects 
for primitive hematopoietic stem cells that may reside in the low-
oxygenic niche. Blood 2007;110:3056–63.

 [41] Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas 
N, Kleinman ME, et al. Progenitor cell trafficking is regulated by 
hypoxic gradients through HIF-1 induction of SDF-1. Nat Med 
2004;10:858–64.

 [42] Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW, 
Thistlethwaite PA. Early expression of angiogenesis factors 
in acute myocardial ischemia and infarction. N Engl J Med 
2000;342:626–33.

 [43] Pillarisetti K, Gupta SK. Cloning and relative expression analysis 
of rat stromal cell derived factor-1 (SDF-1)1: SDF-1 alpha mRNA 
is selectively induced in rat model of myocardial infarction. 
Inflammation 2001;25:293–300.

 [44] Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney 
M, et  al. Ischemia- and cytokine-induced mobilization of bone 
marrow-derived endothelial progenitor cells for neovasculariza-
tion. Nat Med 1999;5:434–8.

 [45] Gill M, Dias S, Hattori K, Rivera ML, Hicklin D, Witte L, et al. 
Vascular trauma induces rapid but transient mobilization of 
VEGFR2(+)AC133(+) endothelial precursor cells. Circ Res 
2001;88:167–74.

 [46] Shintani S, Murohara T, Ikeda H, Ueno T, Honma T, Katoh A, 
et al. Mobilization of endothelial progenitor cells in patients with 
acute myocardial infarction. Circulation 2001;103:2776–9.

 [47] Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher 
AM. Activation of nitric oxide synthase in endothelial cells by 
Akt-dependent phosphorylation. Nature 1999;399:601–5.

 [48] Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, 
Technau-Ihling K, et al. Essential role of endothelial nitric oxide 
synthase for mobilization of stem and progenitor cells. Nat Med 
2003;9:1370–6.

 [49] George AL, Bangalore-Prakash P, Rajoria S, Suriano R, 
Shanmugam A, Mittelman A, Tiwari RK. Endothelial progenitor 
cell biology in disease and tissue regeneration. J Hematol Oncol 
2011;4:24.

 [50] Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR, 
et  al. Recruitment of stem and progenitor cells from the bone 
marrow niche requires MMP-9 mediated release of kit-ligand. 
Cell 2002;109:625–37.

 [51] Qin G, Ii M, Silver M, Wecker A, Bord E, Ma H, et al. Functional 
disruption of alpha4 integrin mobilizes bone marrow-derived 
endothelial progenitors and augments ischemic neovasculariza-
tion. J Exp Med 2006;203:153–63.

 [52] Imhof BA, Aurrand-Lions M. Angiogenesis and inflammation 
face off. Nat Med 2006;12:172.

 [53] Hildbrand P, Cirulli V, Prinsen RC, Smith KA, Torbett BE, 
Salomon DR, et al. The role of angiopoietins in the development 
of endothelial cells from cord blood CD34+ progenitors. Blood 
2004;104:2010–9.

 [54] Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, 
et al. Bone marrow origin of endothelial progenitor cells respon-
sible for postnatal vasculogenesis in physiological and pathologi-
cal neovascularization. Circ Res 1999;85:221–8.

 [55] Risau W. Mechanisms of angiogenesis. Nature 1997;386:671–4.
 [56] Xiao L, Wang G, Jiang T, Tang C, Wu X, Sun T. Effects of shear stress 

on the number and function of endothelial progenitor cells adhered 
to specific matrices. J Appl Biomater Biomech 2011;9:193–8.

 [57] Obi S, Masuda H, Shizuno T, Sato A, Yamamoto K, Ando J, 
et al. Fluid shear stress induces differentiation of circulating phe-
notype endothelial progenitor cells. Am J Physiol Cell Physiol 
2012;303:C595–606.

 [58] Mogi M, Walsh K, Iwai M, Horiuchi M. Akt-FOXO3a signal-
ing affects human endothelial progenitor cell differentiation. 
Hypertens Res 2008;31:153–9.

 [59] Ushio-Fukai M, Urao N. Novel role of NADPH oxidase in 
angiogenesis and stem/progenitor cell function. Antioxid Redox 
Signal 2009;11:2517–33.

 [60] Yao EH, Yu Y, Fukuda N. Oxidative stress on progenitor and 
stem cells in cardiovascular diseases. Curr Pharm Biotechnol 
2006;7:101–8.

 [61] Vergori L, Lauret E, Gaceb A, Beauvillain C, Andriantsitohaina R, 
Martinez MC. PPARα regulates endothelial progenitor cell matu-
ration and myeloid lineage differentiation through a NADPH oxi-
dase-dependent mechanism in mice. Stem Cells 2015;33:1292–303.

 [62] Langer H, May AE, Daub K, Heinzmann U, Lang P, Schumm 
M, et al. Adherent platelets recruit and induce differentiation of 
murine embryonic endothelial progenitor cells to mature endo-
thelial cells in vitro. Circ Res 2006;98:e2–e10.

 [63] Massberg S, Konrad I, Schürzinger K, Lorenz M, Schneider S, 
Zohlnhoefer D, et al. Platelets secrete stromal cell-derived factor 
1alpha and recruit bone marrow-derived progenitor cells to arte-
rial thrombi in vivo. J Exp Med 2006;203:1221–33.

 [64] de Boer HC, Verseyden C, Ulfman LH, Zwaginga JJ, Bot I, 
Biessen EA, et  al. Fibrin and activated platelets cooperatively 
guide stem cells to a vascular injury and promote differentiation 
towards an endothelial cell phenotype. Arterioscler Thromb Vasc 
Biol 2006;26:1653–9.

 [65] Lev EI, Estrov Z, Aboulfatova K, Harris D, Granada JF, Alviar 
C, et al. Potential role of activated platelets in homing of human 
endothelial progenitor cells to subendothelial matrix. Thromb 
Haemost 2006;96:498–504.

 [66] Abou-Saleh H, Yacoub D, Théorêt JF, Gillis MA, Neagoe 
PE, Labarthe B, et  al. Endothelial progenitor cells bind and 
inhibit platelet function and thrombus formation. Circulation 
2009;120:2230–9.

 [67] Abou-Saleh H, Hachem A, Yacoub D, Gillis MA, Merhi Y. 
Endothelial progenitor cells inhibit platelet function in a 
P-selectin-dependent manner. J Transl Med 2015;13:142.

 [68] Hanada T, Hashimoto M, Nosaka S, Sasaki T, Nakayama K, 
Masumura S, et  al. Shear stress enhances prostacyclin release 
from endocardial endothelial cells. Life Sci 2000;66:215–20.

 [69] Yang Z, Wang JM, Wang LC, Chen L, Tu C, Luo CF, et  al. 
In vitro shear stress modulates antithrombogenic potentials of 
human endothelial progenitor cells. J Thromb Thrombolysis 
2007;23:121–7.

 [70] Spier SA, Delp MD, Stallone JN, Dominguez 2nd JM, Muller-
Delp JM. Exercise training enhances flow-induced vasodilation 
in skeletal muscle resistance arteries of aged rats: role of PGI2 and 
nitric oxide. Am J Physiol Heart Circ Physiol 2007;292:H3119–27.

 [71] Lim H, Dey SK. A novel pathway of prostacyclin signaling-hang-
ing out with nuclear receptors. Endocrinology 2002;143:3207–10.

 [72] Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyun-
saturated fatty acids, and eicosanoids are ligands for peroxisome 
proliferator-activated receptors alpha and delta. Proc Natl Acad 
Sci USA 1997;94:4312–7.

http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref36
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref36
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref36
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref36
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref36
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref37
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref37
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref37
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref37
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref38
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref38
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref38
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref39
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref39
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref39
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref40
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref40
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref40
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref41
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref41
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref41
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref41
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref42
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref42
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref42
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref42
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref43
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref43
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref43
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref43
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref44
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref44
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref44
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref44
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref45
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref45
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref45
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref45
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref46
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref46
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref46
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref47
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref47
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref47
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref48
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref48
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref48
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref48
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref49
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref49
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref49
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref49
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref50
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref50
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref50
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref50
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref51
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref51
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref51
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref51
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref52
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref52
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref53
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref53
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref53
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref53
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref54
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref54
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref54
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref54
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref55
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref56
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref56
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref56
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref57
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref57
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref57
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref57
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref58
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref58
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref58
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref59
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref59
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref59
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref60
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref60
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref60
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref61
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref61
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref61
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref61
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref62
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref62
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref62
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref62
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref63
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref63
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref63
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref63
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref64
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref64
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref64
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref64
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref64
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref65
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref65
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref65
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref65
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref66
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref66
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref66
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref66
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref67
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref67
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref67
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref68
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref68
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref68
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref69
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref69
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref69
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref69
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref70
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref70
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref70
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref70
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref71
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref71
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref72
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref72
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref72
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref72


TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

1. EndoThElial Biology: ThE RolE of CiRCulaTing EndoThElial CElls and EndoThElial PRogEniToR CElls12

 [73] Kawabe J, Yuhki K, Okada M, Kanno T, Yamauchi A, Tashiro 
N, et  al. Prostaglandin I2 promotes recruitment of endothelial 
progenitor cells and limits vascular remodeling. Arterioscler 
Thromb Vasc Biol 2010;30:464–70.

 [74] Liu Q, Xi Y, Terry T, So SP, Mohite A, Zhang J, et al. Engineered 
endothelial progenitor cells that overexpress prostacyclin protect 
vascular cells. J Cell Physiol 2012;227:2907–16.

 [75] Santhanam AV, Smith LA, He T, Nath KA, Katusic ZS. Endothelial 
progenitor cells stimulate cerebrovascular production of pros-
tacyclin by paracrine activation of cyclooxygenase-2. Circ Res 
2007;100:1379–88.

 [76] Simmons DL, Botting RM, Hla T. Cyclooxygenase isozymes: the 
biology of prostaglandin synthesis and inhibition. Pharmacol 
Rev 2004;56:387–437.

 [77] McAdam BF, Catella-Lawson F, Mardini IA, Kapoor S, Lawson 
JA, FitzGerald GA. Systemic biosynthesis of prostacyclin by 
cyclooxygenase (COX)-2: the human pharmacology of a selec-
tive inhibitor of COX-2. Proc Natl Acad Sci USA 1999;96:272–7.

 [78] Bouvier CA, Gaynor E, Cintron JR, Bernhardt B, Spaet T. 
Circulating endothelium as an indication of vascular injury. 
Thromb Diath Haemorrh 1970;40:163–8.

 [79] Solovey A, Lin Y, Browne P, Choong S, Wayner E, Hebbel RP. 
Circulating activated endothelial cells in sickle cell anemia. N 
Engl J Med 1997;337:1584–90.

 [80] Woywodt A, Streiber F, de Groot K, Regelsberger H, Haller H, 
Haubitz M. Circulating endothelial cells as markers for ANCA-
associated small-vessel vasculitis. Lancet 2003;361:206–10.

 [81] Camoin-Jau L, Kone-Paut I, Chabrol B, Sampol J, Dignat-George 
F. Circulating endothelial cells in Behçet’s disease with cerebral 
thrombophlebitis. Thromb Haemost 2000;83:631–2.

 [82] Clancy R, Marder G, Martin V, Belmont HM, Abramson SB, 
Buyon J. Circulating activated endothelial cells in systemic 
lupus erythematosus: further evidence for diffuse vasculopathy. 
Arthritis Rheum 2001;44:1203–8.

 [83] Makin AJ, Blann AD, Chung NA, Silverman SH, Lip GY. 
Assessment of endothelial damage in atherosclerotic vascu-
lar disease by quantification of circulating endothelial cells. 
Relationship with von Willebrand factor and tissue factor. Eur 
Heart J 2004;25:371–6.

 [84] Lee KW, Lip GY, Tayebjee M, Foster W, Blann AD. Circulating 
endothelial cells, von Willebrand factor, interleukin-6, and 
prognosis in patients with acute coronary syndromes. Blood 
2005;105:526–32.

 [85] McClung JA, Naseer N, Saleem M, Rossi GP, Weiss MB, Abraham 
NG, et  al. Circulating endothelial cells are elevated in patients 
with type 2 diabetes mellitus independently of HbA(1)c. 
Diabetologia 2005;48:345–50.

 [86] Asicioglu E, Gogas Yavuz D, Koc M, Ozben B, Yazici D, Deyneli 
O, et al. Circulating endothelial cells are elevated in patients with 
type 1 diabetes mellitus. Eur J Endocrinol 2010;162:711–7.

 [87] Woywodt A, Bahlmann FH, De Groot K, Haller H, Haubitz 
M. Circulating endothelial cells: life, death, detachment and 
repair of the endothelial cell layer. Nephrol Dial Transplant 
2002;17:1728–30.

 [88] Hermann C, Zeiher AM, Dimmeler S. Shear stress inhibits H2O2-
induced apoptosis of human endothelial cells by modulation of 
the glutathione redox cycle and nitric oxide synthase. Arterioscler 
Thromb Vasc Biol 1997;17:3588–92.

 [89] Rabelink TJ, de Boer HC, van Zonneveld AJ. Endothelial activa-
tion and circulating markers of endothelial activation in kidney 
disease. Nat Rev Nephrol 2010;6:404–14.

 [90] Woywodt A, Blann AD, Kirsch T, Erdbruegger U, Banzet N, 
Haubitz M, et  al. Isolation and enumeration of circulating 
endothelial cells by immunomagnetic isolation: proposal of a 
definition and a consensus protocol. J Thromb Haemost 2006;4: 
671–7.

 [91] Shantsila E, Blann AD, Lip GY. Circulating endothelial cells: 
from bench to clinical practice. J Thromb Haemost 2008;6:865–8.

 [92] Rowand JL, Martin G, Doyle GV, Miller MC, Pierce MS, Connelly 
MC, et al. Endothelial cells in peripheral blood of healthy sub-
jects and patients with metastatic carcinomas. Cytometry A 
2007;71:105–13.

 [93] Widemann A, Sabatier F, Arnaud L, Bonello L, Al-Massarani G, 
Paganelli F, et al. CD146-based immunomagnetic enrichment fol-
lowed by multiparameter flow cytometry: a new approach to count-
ing circulating endothelial cells. J Thromb Haemost 2008;6:869–76.

 [94] Li M, Carpio DF, Zheng Y, Bruzzo P, Singh V, Ouaaz F, et al. An 
essential role of the NF-kappa B/Toll-like receptor pathway in 
induction of inflammatory and tissue-repair gene expression by 
necrotic cells. J Immunol 2001;166:7128–35.

 [95] Barker RN, Erwig LP, Hill KS, Devine A, Pearce WP, Rees 
AJ. Antigen presentation by macrophages is enhanced by the 
uptake of necrotic, but not apoptotic, cells. Clin Exp Immunol 
2002;127:220–5.

 [96] Kirsch T, Woywodt A, Beese M, Wyss K, Park JK, Erdbruegger U, 
et al. Engulfment of apoptotic cells by microvascular endothelial 
cells induces proinflammatory responses. Blood 2007;109:2854–62.

 [97] Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, 
Petry F, et  al. Homozygous C1q deficiency causes glomerulo-
nephritis associated with multiple apoptotic bodies. Nat Genet 
1998;19:56–9.

 [98] Chen Q, Stone PR, McCowan LM, Chamley LW. Phagocytosis 
of necrotic but not apoptotic trophoblasts induces endothelial 
cell activation. Hypertension 2006;47:116–21.

 [99] Holmén C, Elsheikh E, Stenvinkel P, Qureshi AR, Pettersson 
E, Jalkanen S, et al. Circulating inflammatory endothelial cells 
contribute to endothelial progenitor cell dysfunction in patients 
with vasculitis and kidney involvement. J Am Soc Nephrol 
2005;16:3110–20.

 [100] Bonello L, Basire A, Sabatier F, Paganelli F, Dignat-George F. 
Endothelial injury induced by coronary angioplasty triggers 
mobilization of endothelial progenitor cells in patients with sta-
ble coronary artery disease. J Thromb Haemost 2006;4:979–81.

 [101] Singh N, Van Craeyveld E, Tjwa M, Ciarka A, Emmerechts J, 
Droogne W, et  al. Circulating apoptotic endothelial cells and 
apoptotic endothelial microparticles independently predict the 
presence of cardiac allograft vasculopathy. J Am Coll Cardiol 
2012;60:324–31.

 [102] Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier 
F, et  al. In vitro generation of endothelial microparticles and 
possible prothrombotic activity in patients with lupus antico-
agulant. J Clin Invest 1999;104:93–102.

 [103] Boulanger CM, Amabile N, Guérin AP, Pannier B, Leroyer AS, 
Mallat CN, et  al. In vivo shear stress determines circulating 
levels of endothelial microparticles in end-stage renal disease. 
Hypertension 2007;49:902–8.

 [104] Pirro M, Schillaci G, Paltriccia R, Bagaglia F, Menecali C, 
Mannarino MR, et  al. Increased ratio of CD31+/CD42− mic-
roparticles to endothelial progenitors as a novel marker of ath-
erosclerosis in hypercholesterolemia. Arterioscler Thromb Vasc 
Biol 2006;26:2530–5.

 [105] Esposito K, Ciotola M, Schisano B, Gualdiero R, Sardelli L, 
Misso L, et al. Endothelial microparticles correlate with endo-
thelial dysfunction in obese women. J Clin Endocrinol Metab 
2006;91:3676–9.

 [106] Heiss C, Amabile N, Lee AC, Real WM, Schick SF, Lao D, et al. 
Brief secondhand smoke exposure depresses endothelial pro-
genitor cells activity and endothelial function: sustained vas-
cular injury and blunted nitric oxide production. J Am Coll 
Cardiol 2008;51:1760–71.

 [107] Pérez-Casal M, Downey C, Cutillas-Moreno B, Zuzel M, 
Fukudome K, Toh CH. Microparticle-associated endothelial 

http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref73
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref73
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref73
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref73
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref74
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref74
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref74
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref75
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref75
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref75
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref75
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref76
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref76
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref76
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref77
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref77
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref77
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref77
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref78
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref78
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref78
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref79
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref79
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref79
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref80
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref80
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref80
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref81
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref81
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref81
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref82
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref82
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref82
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref82
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref83
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref83
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref83
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref83
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref83
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref84
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref84
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref84
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref84
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref85
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref85
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref85
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref85
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref86
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref86
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref86
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref87
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref87
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref87
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref87
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref88
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref88
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref88
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref88
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref89
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref89
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref89
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref90
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref90
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref90
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref90
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref90
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref91
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref91
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref92
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref92
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref92
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref92
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref93
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref93
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref93
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref93
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref94
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref94
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref94
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref94
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref95
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref95
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref95
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref95
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref96
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref96
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref96
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref152
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref152
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref152
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref152
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref97
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref97
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref97
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref98
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref98
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref98
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref98
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref98
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref99
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref99
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref99
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref99
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref100
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref100
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref100
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref100
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref100
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref101
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref101
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref101
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref101
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref102
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref102
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref102
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref102
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref103
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref103
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref103
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref103
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref103
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref104
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref104
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref104
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref104
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref105
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref105
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref105
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref105
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref105
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref106
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref106


13

TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

REfEREnCEs

protein C receptor and the induction of cytoprotective and anti-
inflammatory effects. Haematologica 2009;94:387–94.

 [108] Lacroix R, Sabatier F, Mialhe A, Basire A, Pannell R, Borghi H, 
et al. Activation of plasminogen into plasmin at the surface of 
endothelial microparticles: a mechanism that modulates angio-
genic properties of endothelial progenitor cells in vitro. Blood 
2007;110:2432–9.

 [109] Jansen F, Yang X, Hoyer FF, Paul K, Heiermann N, Becher MU, 
et al. Endothelial microparticle uptake in target cells is annexin 
I/phosphatidylserine receptor dependent and prevents apopto-
sis. Arterioscler Thromb Vasc Biol 2012;32:1925–35.

 [110] Leroyer AS, Ebrahimian TG, Cochain C, Récalde A, Blanc-Brude 
O, Mees B, et al. Microparticles from ischemic muscle promotes 
postnatal vasculogenesis. Circulation 2009;119:2808–17.

 [111] Dignat-George F, Boulanger CM. The many faces of endothelial 
microparticles. Arteriscler Thromb Vasc Biol 2011;31:28.

 [112] Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, Tetta C, 
Biancone L, et al. Endothelial progenitor cell derived microves-
icles activate an angiogenic program in endothelial cells by a 
horizontal transfer of mRNA. Blood 2007;110:2440–8.

 [113] Hoyer FF, Nickenig G, Werner N. Microparticles—messengers 
of biological information. J Cell Mol Med 2010;14:2250–6.

 [114] Boos CJ, Lip GY, Blann AD. Circulating endothelial cells in 
cardiovascular disease. J Am Coll Cardiol 2006;48:1538–47.

 [115] Bakogiannis C, Tousoulis D, Androulakis E, Briasoulis A, 
Papageorgiou N, Vogiatzi G, et al. Circulating endothelial pro-
genitor cells as biomarkers for prediction of cardiovascular out-
comes. Curr Med Chem 2012;19:2597–604.

 [116] Mund JA, Ingram DA, Yoder MC, Case J. Endothelial progeni-
tor cells and cardiovascular cell-based therapies. Cytotherapy 
2009;11:103–13.

 [117] Alaiti MA, Ishikawa M, Costa MA. Bone marrow and circu-
lating stem/progenitor cells for regenerative cardiovascular 
therapy. Transl Res 2010;156:112–29.

 [118] Leistner DM, Fischer-Rasokat U, Honold J, Seeger FH, 
Schächinger V, Lehmann R, et al. Transplantation of progenitor 
cells and regeneration enhancement in acute myocardial infarc-
tion (TOPCARE-AMI): final 5-year results suggest long-term 
safety and efficacy. Clin Res Cardiol 2011;100:925–34.

 [119] de Jong R, Houtgraaf JH, Samiei S, Boersma E, Duckers 
HJ. Intracoronary stem cell infusion after acute myocardial 
infarction: a meta-analysis and update on clinical trials. Circ 
Cardiovasc Interv 2014;7:156–67.

 [120] Teraa M, Sprengers RW, Schutgens RE, Slaper-Cortenbach IC, 
van der Graaf Y, Algra A, et al. Effect of repetitive intra-arterial 
infusion of bone marrow mononuclear cells in patients with no-
option limb ischemia: the randomized, double-blind, placebo-
controlled JUVENTAS trial. Circulation 2015;131:851–60.

 [121] Regueiro A, Cuadrado-Godia E, Bueno-Betí C, Diaz-Ricart M, 
Oliveras A, Novella S, et al. Mobilization of endothelial progeni-
tor cells in acute cardiovascular events in the PROCELL study: 
time-course after acute myocardial infarction and stroke. J Mol 
Cell Cardiol 2015;80:146–55.

 [122] Sorrentino SA, Bahlmann FH, Besler C, Müller M, Schulz S, 
Kirchhoff N, et  al. Oxidant stress impairs in vivo reendotheli-
alization capacity of endothelial progenitor cells from patients 
with type 2 diabetes mellitus: restoration by the peroxisome 
proliferator-activated receptor-gamma agonist rosiglitazone. 
Circulation 2007;116:163–73.

 [123] Urbich C, Knau A, Fichtlscherer S, Walter DH, Brühl T, Potente 
M, et al. FOXO-dependent expression of the proapoptotic pro-
tein Bim: pivotal role for apoptosis signaling in endothelial pro-
genitor cells. FASEB J 2005;19:974–6.

 [124] Sasaki K, Heeschen C, Aicher A, Ziebart T, Honold J, Urbich 
C, et  al. Ex vivo pretreatment of bone marrow mononuclear 
cells with endothelial NO synthase enhancer AVE9488 enhances 

their functional activity for cell therapy. Proc Natl Acad Sci USA 
2006;103:14537–41.

 [125] Kong D, Melo LG, Mangi AA, Zhang L, Lopez-Ilasaca M, 
Perrella MA, et  al. Enhanced inhibition of neointimal hyper-
plasia by genetically engineered endothelial progenitor cells. 
Circulation 2004;109:1769–75.

 [126] Cheng Y, Jiang S, Hu R, Lv L. Potential mechanism for endo-
thelial progenitor cell therapy in acute myocardial infarction: 
activation of VEGF- PI3K/Akt-eNOS pathway. Ann Clin Lab 
Sci 2013;43:395–401.

 [127] Wang X, Zeng C, Gong H, He H, Wang M, Hu Q, et  al. The 
influence of nitroglycerin on the proliferation of endothelial 
progenitor cells from peripheral blood of patients with coronary 
artery disease. Acta Biochim Biophys Sin (Shanghai) 2014;46: 
851–8.

 [128] Vasa M, Fichtlscherer S, Adler K, Aicher A, Martin H, Zeiher 
AM, et al. Increase in circulating endothelial progenitor cells by 
statin therapy in patients with stable coronary artery disease. 
Circulation 2001;103:2885–90.

 [129] Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, 
Tiemann M, et  al. HMG-CoA reductase inhibitors (statins) 
increase endothelial progenitor cells via the PI 3-kinase/Akt 
pathway. J Clin Invest 2001;108:391–7.

 [130] Walter DH, Rittig K, Bahlmann FH, Kirchmair R, Silver M, 
Murayama T, et al. Statin therapy accelerates reendothelializa-
tion: a novel effect involving mobilization and incorporation of 
bone marrow-derived endothelial progenitor cells. Circulation 
2002;105:3017–24.

 [131] Topper JN, Cai J, Falb D, Gimbrone Jr. MA. Identification of 
vascular endothelial genes differentially responsive to fluid 
mechanical stimuli: cyclooxygenase-2, manganese superoxide 
dismutase, and endothelial cell nitric oxide synthase are selec-
tively up-regulated by steady laminar shear stress. Proc Natl 
Acad Sci USA 1996;93:10417–22.

 [132] Hojo Y, Saito Y, Tanimoto T, Hoefen RJ, Baines CP, Yamamoto K, 
et al. Fluid shear stress attenuates hydrogen peroxide-induced 
c-Jun NH2-terminal kinase activation via a glutathione reduc-
tase-mediated mechanism. Circ Res 2002;91:712–8.

 [133] Sambuceti G, Morbelli S, Vanella L, Kusmic C, Marini C, 
Massollo M, et  al. Diabetes impairs the vascular recruitment 
of normal stem cells by oxidant damage, reversed by increases 
in pAMPK, heme oxygenase-1, and adiponectin. Stem Cells 
2009;27:399–407.

 [134] Lin HH, Chen YH, Yet SF, Chau LY. After vascular injury, heme 
oxygenase-1/carbon monoxide enhances re-endothelialization 
via promoting mobilization of circulating endothelial progeni-
tor cells. J Thromb Haemost 2009;7:1401–8.

 [135] Brunt KR, Wu J, Chen Z, Poeckel D, Dercho RA, Melo LG, 
et  al. Ex vivo Akt/HO-1 gene therapy to human endothelial 
progenitor cells enhances myocardial infarction recovery. Cell 
Transplant 2012;21:1443–61.

 [136] Issan Y, Hochhauser E, Kornowski R, Leshem-Lev D, Lev E, 
Sharoni R, et al. Endothelial progenitor cell function inversely 
correlates with long-term glucose control in diabetic patients: 
association with the attenuation of the heme oxygenase-adipo-
nectin axis. Can J Cardiol 2012;28:728–36.

 [137] Min TQ, Zhu CJ, Xiang WX, Hui ZJ, Peng SY. Improvement 
in endothelial progenitor cells from peripheral blood by 
ramipril therapy in patients with stable coronary artery disease. 
Cardiovasc Drugs Ther 2004;18:203–9.

 [138] Thum T, Fraccarollo D, Galuppo P, Tsikas D, Frantz S, Ertl 
G, et  al. Bone marrow molecular alterations after myocardial 
infarction: Impact on endothelial progenitor cells. Cardiovasc 
Res 2006;70:50–60.

 [139] Huang PH, Chen YH, Tsai HY, Chen JS, Wu TC, Lin FY, et  al. 
Intake of red wine increases the number and functional capacity of 

http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref106
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref106
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref107
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref107
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref107
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref107
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref107
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref108
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref108
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref108
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref108
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref109
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref109
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref109
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref110
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref110
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref111
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref111
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref111
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref111
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref112
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref112
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref113
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref113
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref114
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref114
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref114
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref114
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref115
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref115
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref115
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref116
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref116
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref116
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref117
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref117
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref117
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref117
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref117
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref118
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref118
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref118
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref118
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref119
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref119
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref119
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref119
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref119
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref120
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref120
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref120
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref120
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref120
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref121
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref122
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref122
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref122
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref122
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref123
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref123
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref123
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref123
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref123
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref124
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref124
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref124
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref124
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref125
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref125
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref125
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref125
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref126
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref126
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref126
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref126
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref126
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref127
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref127
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref127
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref127
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref128
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref128
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref128
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref128
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref129
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref129
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref129
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref129
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref129
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref130
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref131
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref131
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref131
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref131
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref132
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref132
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref132
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref132
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref132
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref133
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref133
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref133
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref133
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref134
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref134
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref134
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref134
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref135
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref135
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref135
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref135
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref135
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref136
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref136
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref136
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref136
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref137
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref137
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref137
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref137
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref138
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref138


TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

1. EndoThElial Biology: ThE RolE of CiRCulaTing EndoThElial CElls and EndoThElial PRogEniToR CElls14

circulating endothelial progenitor cells by enhancing nitric oxide 
bioavailability. Arterioscler Thromb Vasc Biol 2010;30:869–77.

 [140] Balestrieri ML, Schiano C, Felice F, Casamassimi A, Balestrieri 
A, Milone L, et al. Effect of low doses of red wine and pure res-
veratrol on circulating endothelial progenitor cells. J Biochem 
2008;143:179–86.

 [141] McClung JA, Kruger AL, Ferraris A, Vanella L, Tsenovoy P, Weiss 
MB, et al. Usefulness of clopidogrel to protect against diabetes-
induced vascular damage. Am J Cardiol 2010;105:1014–8.

 [142] Bonello L, Harhouri K, Sabatier F, Camoin-Jau L, Arnaud L, 
Baumstarck-Barrau K, et  al. Level of adenosine diphosphate 
receptor P2Y12 blockade during percutaneous coronary inter-
vention predicts the extent of endothelial injury, assessed by 
circulating endothelial cell measurement. J Am Coll Cardiol 
2010;56:1024–31.

 [143] Willoughby SR, Luu LJ, Cameron JD, Nelson AJ, Schultz CD, 
Worthley SG, et al. Clopidogrel improves microvascular endo-
thelial function in subjects with stable coronary artery disease. 
Heart Lung Circ 2014;23:534–41.

 [144] Mezentsev A, Seta F, Dunn MW, Ono N, Falck JR, Laniado-
Schwartzman M. Eicosanoid regulation of vascular endothelial 
growth factor expression and angiogenesis in microvessel endo-
thelial cells. J Biol Chem 2002;277:18670–6.

 [145] Guo AM, Scicli G, Sheng J, Falck JC, Edwards PA, Scicli AG. 
20-HETE can act as a nonhypoxic regulator of HIF-1alpha in 
human microvascular endothelial cells. Am J Physiol Heart Circ 
Physiol 2009;297:H602–13.

 [146] Cheng J, Wu CC, Gotlinger KH, Zhang F, Falck JR, 
Narsimhaswamy D, et al. 20-Hydroxy-5,8,11,14-eicosatetraenoic 
acid mediates endothelial dysfunction via IkappaB kinase-
dependent endothelial nitric-oxide synthase uncoupling.  
J Pharmacol Exp Ther 2010;332:57–65.

 [147] Walenta KL, Bettink S, Böhm M, Friedrich EB. Differential che-
mokine receptor expression regulates functional specialization 
of endothelial progenitor cell subpopulations. Basic Res Cardiol 
2011;106:299–305.

 [148] Hercule HC, Schunck WH, Gross V, Seringer J, Leung FP, 
Weldon SM, et  al. Interaction between P450 eicosanoids and 
nitric oxide in the control of arterial tone in mice. Arterioscler 
Thromb Vasc Biol 2009;29:54–60.

 [149] Foubert P, Matrone G, Souttou B, Leré-Déan C, Barateau V, 
Plouët J, et al. Coadministration of endothelial and smooth mus-
cle progenitor cells enhances the efficiency of proangiogenic 
cell-based therapy. Circ Res 2008;103:751–60.

 [150] Katare R, Riu F, Mitchell K, Gubernator M, Campagnolo P, 
Cui Y, et al. Transplantation of human pericyte progenitor cells 
improves the repair of infarcted heart through activation of 
an angiogenic program involving micro-RNA-132. Circ Res 
2011;109:894–906.

 [151] Han JK, Chang SH, Cho HJ, Choi SB, Ahn HS, Lee J, et  al. 
Direct conversion of adult skin fibroblasts to endothelial cells 
by defined factors. Circulation 2014;130:1168–78.

http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref138
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref138
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref139
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref139
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref139
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref139
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref140
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref140
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref140
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref141
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref142
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref142
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref142
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref142
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref143
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref143
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref143
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref143
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref144
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref144
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref144
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref144
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref145
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref145
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref145
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref145
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref145
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref146
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref146
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref146
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref146
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref147
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref147
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref147
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref147
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref148
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref148
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref148
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref148
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref149
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref149
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref149
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref149
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref149
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref150
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref150
http://refhub.elsevier.com/B978-0-12-802385-3.00001-2/sbref150


15
Translational Research in Coronary Artery Disease.
DOI: © 2012 Elsevier Inc. All rights reserved.2016http://dx.doi.org/10.1016/B978-0-12-802385-3.00002-4

2

INTRODUCTION

Unlike cardiac and skeletal muscle cells, which are 
terminally differentiated, vascular smooth muscle cells 
(VSMCs) remain plastic and can modulate their pheno-
type in response to environmental stimuli by regulating 
expression of SM-specific genes. The principle function 
of VSMCs in normal blood vessels of adult animals and 
humans is contraction and regulation of blood vessel 
diameter, blood pressure, and blood flow distribution. 
They are characterized by a quiescent and contractile 
phenotype [1]. However, in the setting of coronary artery 
disease (CAD), including atherosclerosis, neointima for-
mation, restenosis after angioplasty, and in aberrant arte-
riogenesis, in response to signals from growth factors, 
cytokines, the extracellular matrix (ECM), cell–cell inter-
actions, and mechanical forces, VSMCs can become pro-
liferative, migratory, and synthetic. This altered VSMC 
phenotype is also characteristically found in conditions 
which are risk factors for CAD such as obesity, diabetes, 
hypertension, and metabolic syndrome [2].

The contractile VSMC phenotype is characterized by 
low proliferation and migration rates, expression of high 
levels of the co-transcription factor (TF) myocardin and 
SM-specific contractile proteins: SM myosin heavy chain 
(SM-MHC), SM-α-actin, calponin, caldesmin, SM22α 
(transgelin), and smoothelin. In contrast, the VSMC 
synthetic phenotype exhibits increased proliferation, 
migration, increased synthesis of ECM proteins, ECM-
degrading proteases and growth factors, and decreased 
expression of the SM-specific contractile proteins [1,3]. 
Synthetic VSMCs also have impaired ability to respond 
to contractile stimuli, thus altering their ability to main-
tain vessel tone [4].
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Regulation of VSM Phenotype

VSMC phenotype is determined by integration of signals 
from the local environment, including mechanical forces, 
neurohormonal influences, cell and cell–ECM interactions, 
and circulating growth factors and cytokines. These signals 
converge on the central regulation of VSMC phenotype 
which occurs through binding of serum response factor 
(SRF) to a CArG (CC(A/T)6GG)) box in the promoter region 
of genes encoding SM-specific proteins [5]. SRF expression 
is increased by factors that are known to stimulate the con-
tractile phenotype, such as transforming growth factor β 
(TGF-β) [6]. By a positive feedback loop, SRF also increases 
its own expression [7]. However, SRF is found in many cell 
types and the presence of SRF alone cannot account for 
SM-specific gene transcription. Also, the promoters of most 
SM genes have multiple binding sites for SRF.

Myocardin, Elk-1, and KLF4

This specificity is accomplished through the associa-
tion of SRF with myocardin [8]. Myocardin, a co-activa-
tor of SRF, is a master regulator of SM gene expression 
and can greatly increase SRF binding to the correct 
CArG box in the promoters of SM-specific genes [9]. 
Complexes of myocardin and SRF stimulate the tran-
scription of SM-specific genes, while displacement of 
myocardin from SRF results in diminished transcription 
of these genes and a subsequent loss of the contractile 
phenotype. Thus, regulation of SM phenotype is cen-
trally dependent on the interaction of SRF with other 
TFs, co-activators, and inhibitors.

Of particular significance in the context of CAD are 
the co-activators and inhibitors regulated by signaling 
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pathways of growth factors and cytokines which can 
direct VSMC away from the normal contractile and 
toward the pathological synthetic phenotype. Platelet-
derived growth factor (PDGF), released in abundance 
from platelets which accumulate at sites of vascular injury, 
has been shown to promote multiple aspects of the syn-
thetic phenotype including the reduction of markers of 
the contractile phenotype, the increase of features of the 
synthetic phenotype, and the increase of VSMC prolifera-
tion and migration [10,11]. Growth factors typically trigger 
the synthetic phenotype by activating Ras signaling that 
leads to extracellular signal recognition kinase (ERK)1/ 
2-dependent phosphorylation of a TF, Elk-1. Elk-1 is a 
member of the E twenty-six (ETS) family of TFs, which, 
when phosphorylated, stimulates VSMC proliferation 
[12] and competes for a common SRF binding site to dis-
place myocardin and myocardin-like TFs from SRF, thus 
preventing transcription of SM-specific genes [13,14].

The TF Kruppel-like factors (KLFs) 4 and 5 have 
also been shown to promote the synthetic phenotype 
when upregulated by PDGF signaling by both decreas-
ing myocardin expression and blocking the interaction 
between SRF and myocardin [15]. Like phospho-Elk1, 
KLF 4/5 compete with myocardin for binding on SRF 
[16]. If myocardin is displaced from SRF, SRF will not 
bind to the CArG box, and the SM-specific contractile 
proteins will not be transcribed. The activity of KLF 
4/5 is contingent on posttranslational modifications that 
appear to be differentially regulated by the initiating 
pathway [17]. KLF4 is the more physiologically impor-
tant regulator of VSMC phenotype. It is not expressed 
in contractile VSMCs in normal blood vessels, but is 
rapidly induced in synthetic VSMCs following vas-
cular injury [18]. In addition to displacing myocardin 
from SRF, KLF4-mediated transcriptional silencing of 
SM-specific genes is also facilitated by reduced histone 
4 (H4) acetylation mediated by recruitment of histone 
diacetylases (HDACs) 2 and 5, which leads to complete 
loss of SRF binding to the CArG box [19,20].

Histone 3 and 4 (H3 and H4) acetylation and dimeth-
ylation of lysines 4 and 79 on H3 are also necessary for 
SRF–myocardin binding to the CArG box. In CAD, PDGF 
and oxidized phospholipids prevent H3 and H4 acety-
lation reducing transcription of SM-specific contractile 
proteins and increasing synthetic VSMC content [5].

Signal Transduction Pathways Involved in VSM 
Phenotype Regulation

Many signal transduction pathways participate in the 
regulation of VSMC phenotype in different physiologi-
cal and pathological settings; however, several signal-
ing pathways have been identified as key mediators of 
VSMC phenotype switching between the contractile and 
synthetic under a variety of circumstances.

Growth factor and cytokine receptors are the most 
proximal transducers of signals initiated by PDGF, FGF, 
EGF, TGF-β, TNF-α, IL-1, IL-6 and IL-8, growth factors, 
and pro-inflammatory cytokines, which play the most 
critical roles in driving the VSMC phenotype switch 
toward the synthetic and proliferative phenotype. 
Growth factor receptors are classical tyrosine kinase 
receptors, while cytokine receptors are tyrosine kinase 
associated receptors. In addition to growth factors and 
cytokines, classical vasoconstrictors, including angio-
tensin II (Ang II), endothelin (ET-1), and thromboxane 
A2 (TXA2), activate their respective G-protein-coupled 
receptors (GPCRs) and downstream signaling, leading 
to protein kinase C (PKC) activation.

Downstream from both the growth factor receptors 
and GPCRs, activation of two parallel and synergistic 
signaling pathways leads to transcription and translation 
of genes involved in VSMC phenotype switching, as well 
as their proliferation, migration, and VSMC-dependent 
ECM synthesis. These are the ERK1/2 mitogen-activated 
protein kinase (MAPK) and the phosphatidylinositol 
3-kinase (PI3-kinase)-Akt (protein kinase B) pathways. 
While activation of the ERK1/2 MAPK pathway results 
in transcription of genes involved in cell cycle regulation 
and some aspects of phenotype switching to the synthetic 
phenotype (as discussed earlier), activation of the PI3-
kianse-Akt pathway regulates protein synthesis, exit of 
VSMCs from the G0 phase and re-entry into the cell cycle, 
increased VSMC survival, proliferation, and migration, 
and other aspects of phenotype switching. Combined acti-
vation of these two pathways accounts for all aspects of 
the proliferative, synthetic VSMC phenotype. However, 
another important mediator of increased ECM and pro-
tease, specifically matrix metalloproteinase (MMP), syn-
thesis is the Smad2/3 pathway which is activated by 
TGF-β via its tyrosine kinase associated receptor. Thus 
TGF-β, although it promotes SM-specific contractile pro-
tein expression and thereby promotes the maintenance 
of the contractile phenotype, also promotes an aspect of 
the synthetic VSMC phenotype as it relates to increased 
ECM and MMP synthesis. Inflammatory cytokines gen-
erally amplify growth factor signaling and vice versa. 
Knockdown of IL-1 and an IL-1 receptor antagonist, for 
example, abolishes PDGF-induced VSMC DNA synthe-
sis, MCP-1 synthesis, and proliferation. PDGF, FGF, and 
EGF, in turn, increase IL-1 production [21].

Protein kinase G (PKG) has emerged as one of the most 
important signaling intermediates which maintains the 
contractile VSMC phenotype. Its high expression in con-
tractile VSMCs is maintained by high nitric oxide (NO) 
levels. Its expression quickly decreases in response to low 
NO, increased oxidative stress, treatment with growth fac-
tors, like PDGF and FGF, or pro-inflammatory cytokines, 
like IL-1 and TNF-α, in cultured VSMCs. PKG expres-
sion also decreases in response to vascular injury or 
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in atherosclerosis in vivo. Loss of PKG correlates with 
decreased expression of SM-specific contractile proteins 
and increased VSMC proliferation [22]. Overexpression 
of PKG reduces neointima formation [23]. Inflammatory 
cytokines downregulate PKG by activating protein 
kinase A (PKA) signaling in VSMCs [23].

MicroRNA Regulation of VSM Phenotype

MicroRNAs (miRs) are short (~22 nucleotide) non-
coding RNA molecules that play important regulatory 
roles by targeting mRNAs either for cleavage or trans-
lational repression. miRs have emerged as components 
of a complex regulatory network that “fine-tunes” gene 
expression. Studies of the pathogenesis of cardiovas-
cular diseases have demonstrated that deregulation of 
miRs contributes to disease processes, and they have 
thus become promising therapeutic targets [24]. Several 
miRs have been conclusively shown to regulate the phe-
notype of VSMCs in vivo: miR-145, miR-221, and miR-21.

miR-145
miR-145 is a member of the miR-143/145 cluster. 

miRs-143/145 are transcribed as a bicistronic unit with 
common regulatory elements. They are encoded within 
the genes that code for the SM-specific contractile pro-
teins, are under the transcriptional control of myocardin, 
and are therefore highly enriched in SMCs, with negli-
gible expression in other cell types. Knockout of miR-143 
and miR-145 in a mouse model showed these miRs to be 
clustered in the SM gene compartment [25]. They have 
been shown to regulate the phenotype of VSMCs [16,26]. 
miR-143 targets include mRNAs encoding the PDGF 

receptor [27] and Elk-1 [16]. miR-145 targets include 
KLF4 [16] and KLF5 [28].

miR-145 has been shown to promote the contractile 
phenotype by repressing factors that promote prolif-
eration as well as stabilizing factors that promote the 
contractile phenotype [16]. Also, miR-145 alone has 
been shown to be sufficient to stimulate the differentia-
tion of multipotent neural crest cells into VSMCs [29]. 
Upregulation of miR-145 has been shown to be sufficient 
to induce expression of SM marker genes. Likewise miR-
145 inhibition is sufficient to downregulate expression 
of these markers [28]. These studies strongly suggest 
that miR-145 alone can regulate VSMC phenotype, and 
further that miR-145 is the critical regulator of the VSMC 
contractile phenotype (Figure 2.1).

miR-145 is highly expressed in the vascular wall of 
normal, healthy blood vessels, but its expression in the 
vascular wall and VSMCs isolated from vessels of obese, 
diabetic, or metabolic syndrome animals or patients, 
from patients with established CAD, and in the neo-
intima of restenotic arteries is low [30]. Studies have 
shown that miRs can be released into the bloodstream. 
A significant reduction in miR-145 was found in the 
serum of patients with CAD versus normal patients 
[31]. Thus, low miR-145 expression also correlates with 
synthetic VSMC phenotype in CAD and conditions asso-
ciated with elevated risk for CAD in humans.

miR-21
miR-21 promotes VSMC proliferation and inhibits 

apoptosis by downregulating phosphatase and tensin 
homologue (PTEN), and thus upregulating the PI3-kinase 
and Akt signaling as well as promoting mitochondrial 

SRFSRF

Myocardin

CArG SM-specific
genes

SRFSRF

Contractile
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Synthetic
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miR-145

SM-specific
genes
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FIGURE 2.1 miR-145 is a necessary and sufficient determinant of VSMC phenotype regulation. Co-activator, myocardin, competes with 
the repressor, KLF4, for SRF binding. If the relative abundance of KLF4 is lower in the cell and myocardin binds SRF, SRF will bind to the CArG 
box and SM-specific genes will be transcribed; if the relative abundance of KLF4 is higher and KLF4 binds SRF, SRF will not bind to the CArG 
box and SM-specific genes will not be transcribed. miR-145 directly regulates the abundance of KLF4 by binding to its mRNA and targeting it 
for degradation, so that in VSMCs where miR-145 levels are high, KLF4 levels will be low and VSMC phenotype will be contractile, whereas if 
miR-145 levels are low, KLF4 levels will be high and VSMC phenotype will be synthetic.
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anti-apoptotic signaling through Bcl-2 [30]. It is highly 
expressed in neointimal lesions [30].

miR-221
Inhibition of miR-221 prevents PDGF-induced VSMC 

proliferation and migration, while its overexpres-
sion increases basal VSMC proliferation and decreases 
expression of SM-specific contractile proteins [11,30]. Its 
effects on proliferation are mediated by repression of 
the cyclin-dependent kinase inhibitor p27Kip [11]. The 
precise mechanism by which miR-221 regulates VSMC 
contractile protein expression is unknown, but miR-221 
overexpression is accompanied by dramatic reduction 
in myocardin expression [11]. Like miR-21, it is highly 
expressed in neointimal lesions after balloon angioplasty, 
where synthetic VSMCs are abundant [11,30].

Other miRs, specifically miR-1, miR-24, miR-26a, and 
miR-146a, have been implicated in the negative regula-
tion of the contractile VSMC phenotype; however results 
supporting their involvement are confined to isolated 
studies and the mechanisms of their action have not yet 
been worked out [11].

ATHEROSCLEROSIS

Atherosclerosis is responsible for more than 40% of 
all deaths in the United States [5]. The initiating event 
in the development of atherosclerosis is endothelial dys-
function characterized by decreased production of NO, 
increased permeability to small lipoproteins (LDL and 
vLDL), growth factors and blood cells, and increased 
expression of endothelial adhesion molecules (VCAM-1, 
ICAM-1, P- and E-selectin). This facilitates adhesion of 
platelets, monocytes, and T-cells, coupled with monocyte 
migration into the intima and their consequent activation, 
proliferation, and differentiation into macrophages. All 
of this is facilitated by inflammatory interleukins MCP-1, 
IL-6, and IL-8. Activated macrophages then produce high 
amounts of reactive oxygen species (ROS), IL-1 and TNF-
α, which increase further leukocyte adhesion. Reaction of 
ROS with LDL forms oxidized LDL (ox-LDL), which can-
not be cleared by endothelial cells (ECs) and is ingested 
by macrophages to form foam cells. Foam cells, along 
with lipids and cellular debris, form the lipid core of the 
plaque over which forms the fibrous cap comprised of 
synthetic VSMCs and ECM, which walls the lesion off 
from the lumen. The lesion then grows at the shoulders by 
means of continuous leukocyte adhesion and entry and 
VSMC conversion to the synthetic phenotype, leading to 
migration from the media into the intima, and prolifera-
tion orchestrated by signaling cascades initiated by PDGF, 
ROS, and ILs [32].

The synthetic phenotype of VSMCs, causing their 
proliferation, migration, and apoptosis, plays a key 

role in all stages of atherosclerosis, from the transition 
of fatty streaks to atherosclerotic lesions, and from the 
formation of complex lesions with large lipid cores to 
plaque rupture. Up to 70% of the mass of an athero-
sclerotic lesion is estimated to be VSMC-derived [5]. 
VSMCs synthesize most of the ECM in complex lesions. 
The PDGF-mediated conversion of medial VSMCs to 
the synthetic phenotype and PDGF- and TNF-α-induced 
production of MMPs 2 and 9 to degrade the basement 
membrane facilitates further contact of VSMCx with 
atherogenic growth factors and cytokines (PDGF, fibro-
blast growth factor-2 (FGF-2), ET-1, IL-1, TGF-β, Ang II). 
They subsequently migrate into the intima, and their 
arrival on the scene marks the progression from mac-
rophage- and foam cell–dominated simple and slowly 
developing fatty streaks to complex and rapidly grow-
ing atherosclerotic lesions [32]. Although initially mac-
rophages produce the MMPs, growth factors, cytokines, 
and ROS responsible for VSMC migration, proliferation, 
and maintenance of the synthetic phenotype, the syn-
thetic VSMCs eventually become the major source of all 
of these factors in addition to the ECM components of 
the plaque itself [32].

PDGF promotes VSMC phenotype switch from the 
contractile to the synthetic. PDGF and oxidized phos-
pholipids together promote their migration and prolif-
eration, which enhances fibrous cap formation. TGF-β is 
the main culprit behind VSMC-mediated ECM synthe-
sis. IL-1 and TNF-α promote expression of ICAM-1 and 
secretion of IL-6 and MMPs from VSMCs which pro-
motes continual recruitment of leukocytes and mono-
cytes to the growing plaque. High levels of inorganic 
phosphate induce VSMCs’ ability to promote calcifica-
tion of the plaque [5]. Thus, VSMCs in atherosclerotic 
plaques become multifunctional cells with a plethora of 
phenotypes underlined by the basic loss of SM-specific 
contractile proteins and increased proliferative, migra-
tory, and synthetic capacity.

The main signaling pathways involved in the pro-
gression of atherosclerosis are therefore the classi-
cal growth factor–mediated pathways which regulate 
VSMC conversion to the synthetic phenotype, promot-
ing their proliferation and migration. Activation of the 
receptor tyrosine kinase PDGF and EGF-2 receptor, 
tyrosine kinase–associated cytokine receptors, and the 
Gq-protein-coupled Ang II and ET-1 receptors converges 
upon activation of the ERK1/2 MAP kinase and the 
PI3-kianse/Akt/PDK-1 pathways leading to VSMC 
conversion to the synthetic phenotype with resultant  
increased proliferation and migration [32]. Decreased 
NO production leads to decreased PKG activation which 
further promotes the synthetic VSMC phenotype [33], 
as described in more detail earlier in this chapter. KLF4 
is increased in human atherosclerotic plaques, while 
myocardin is decreased providing another indication of 
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the synthetic VSMC phenotype on the mechanistic level 
[5,34]. It has also been shown that LDL cholesterol load-
ing of VSMCs converts them to macrophage-like cells 
via downregulation of miR-143/145 and myocardin [35].

Transition to unstable plaque and plaque rupture is 
the most undesirable outcome of atherosclerosis lead-
ing to acute coronary events, i.e., myocardial infarction. 
The salient features of unstable, rupture-prone plaques 
are large necrotic, lipid cores with thin fibrous caps and 
a high apoptotic index. Apoptotic VSMCs are evident 
in advanced human plaques [32]. Two major apoptotic 
pathways operate in VSMCs: (i) the “death receptor” 
pathway, of which the prototypical member is the Fas 
receptor of the TNF death receptor family, the activation 
of which leads to Caspase-8 and downstream effector 
Caspases-3, 6, and 7 activation, and (ii) the mitochon-
drial apoptotic pathway regulated by Bcl-2-Bad–Bax 
interaction which determines cytochrome c release from 
the inner mitochondrial membrane and subsequent 
Caspase-9 activation, which leads to effector Caspase-3 
activation [32]. Within the setting of atherosclerosis, 
TNF-α and IL-1 increase surface death receptor expres-
sion on VSMCs [32]. Also, while miR-21, a major pro-
survival miR, is generally associated with the synthetic 
VSMC phenotype, miR-21 is actually downregulated in 
patients with advanced CAD and atherosclerosis [36], 
suggesting a decreased propensity for cell survival 
under these conditions.

RESTENOSIS

Approximately 1.4 million people in the United States 
undergo percutaneous coronary intervention (PCI) 
annually [37]. With bare metal stents, 20–30% of these 
patients experience post-PCI complications due to reste-
nosis, with a fivefold higher incidence in patients with 
diabetes or metabolic syndrome [38].

PCI elicits a vascular injury response initiated by 
the removal of the endothelial layer and stretching of the 
VSM layer of the vessel wall. Restenosis is a consequence 
of the healing process, which begins immediately after 
the injury and occurs in two phases: (i) neointima forma-
tion, and (ii) constrictive remodeling of the vessel wall. 
Once the protective endothelial layer has been removed, 
the medial VSMCs and the underlying ECM are exposed 
to the circulating cells and growth factors. Thrombin is 
a circulating coagulation protein with serine protease 
activity which cleaves fibrinogen to insoluble strands 
of fibrin. This recruits platelets to the site of injury and 
activates them. Platelets are a rich source of various cyto-
kines, chemokines, and growth factors, including PDGF, 
TGFβ, pro-inflammatory interleukins-1, 6, and 8, and 
TX A2. These are potent “dedifferentiation” factors for 
VSMCs, which promote the VSMC phenotypic switch 

from the contractile to the synthetic phenotype. Once 
converted, the VSMCs themselves will secrete additional 
PDGF and ILs. Additionally, the bordering, activated 
ECs will also begin to secrete growth factors, such as 
PDGF and FGF-2 [39–42].

The synthetic, highly proliferative, and migratory 
VSMCs will begin to mend the wounded area by regener-
ating cells to replace the damaged ECs. High VSMC pro-
liferation rates are evident for up to 2 weeks postinjury in 
rodent animal models [43,44]. The VSMCs produce and 
secrete extracellular proteases to actively degrade the 
surrounding ECM, thus allowing the cells to cross the  
internal elastic lamina and migrate into the lumen of 
the vessel, creating the neointima. VSMCs are the most 
prominent cell type forming the neointima, but there is 
still debate as to whether they originate primarily from 
the underlying medial VSMCs, or if myofibroblasts and 
circulating SM progenitor cells contribute to this popula-
tion [41,45,46]. Current dogma suggests that the majority 
of cells are derived from preexisting VSMCs that have 
undergone the phenotypic switch, but recent evidence 
suggests that vascular progenitor cells from circulating 
blood when exposed to PDGF-BB can differentiate into 
VSMCs characterized by SM-specific marker expression 
(SM-MHC and calponin) [47]. These progenitor cells are 
recruited to the site of injury and thought to display 
a phenotype similar to synthetic VSMCs. Whether this 
population is capable of fully differentiating into a func-
tional VSMC is still poorly understood given the diffi-
culty of identifying and tracking such cells in vivo and 
in response to injury. Nevertheless, vascular progeni-
tor cells are mobilized following injury and potentially 
contribute to the pathology associated with neointima 
formation [45–47].

The neointima continues to expand due to excessive 
matrix synthesis and secretion by the synthetic VSMCs, 
marking the beginning of the second stage of neointima 
formation: constrictive inward remodeling [48]. Once the 
endothelial layer has been reestablished, the prolifera-
tion and migration of VSMCs stops due to lack of VSMC 
access to PDGF and other growth factors and cytokines. 
At this time, the VSMCs begin to re-express SM-specific 
contractile proteins and assume characteristics of the 
contractile phenotype, although the cells may not fully 
respond and function as they did prior to the injury [49]. 
By 4 weeks postinjury, in part due to excessive ECM 
deposition and degradation of the elastic components of 
the vessel wall by proteases synthesized by the VSMCs, 
and in part due to re-expression of VSMC contractile 
proteins over the much expanded surface area, the elas-
tic properties of the vessel wall are altered. This contrib-
utes to further constriction of the lumen diameter in the 
second phase of restenosis.

The signaling pathways involved in the development 
of neointima are primarily the PDGF-induced signaling 
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pathways which induce VSMC migration and prolifera-
tion, previously described in detail earlier in this chap-
ter. They include the ERK1/2 MAPK kinase pathway, 
which is instrumental in VSMC proliferation, and the 
PI3-kinase/Akt pathway, which leads to VSMC pheno-
type switch and migration [38].

Overexpression of miR-145 in rats results in a reduc-
tion of neointimal formation resulting from acute 
vascular injury [16,30]. Since the neointima is highly 
enriched for synthetic VSMCs and characterized by lack 
of contractile VSMCs, these findings provide the first 
evidence that miR-145 can regulate VSMC phenotype 
in vivo. The ability to form neointima following vas-
cular insult is also abrogated in miR-145−/− knockout 
animals [50]. Thus, the miR-145-KLF4-myocardin-SRF 
pathway is the major regulator of VSMC phenotype 
in restenosis in vivo. miR-21 and miR-221 are also 
highly expressed in neointimal lesions and their down-
regulation prevents restenosis after balloon angioplasty 
[11,30].

Current Challenges

With the use of drug-eluting stents (DESs), reste-
nosis has been significantly reduced. The mechanical 
structure of the stent itself prevents constrictive remod-
eling and the drug coating of mammalian target of 
rapamycin (mTOR) inhibitors (sirolimus or paclitaxel 
in first-generation DESs and zotoralimus or everoli-
mus in second-generation DESs) effectively prevents 
VSMC proliferation, migration, and neointima forma-
tion. By 2005, 90% of all PCIs were performed using 
DESs. However, in-stent thrombosis became a lethal  
complication occurring in 6.3% of patients (with a five-
fold higher incidence in patients with diabetes or meta-
bolic syndrome) despite anti-platelet therapy [38,51].  
This is due to the fact that re-endothelialization is a 
necessary component of successful vascular repair, and  
mTOR is a signaling intermediate immediately down-
stream of Akt, the activation of which is required for both 
VSMC and EC proliferation and migration. Therefore, 
while DESs effectively inhibit VSMC proliferation and 
migration, they also inhibit re-endothelialization and 
promote on-going vascular injury at the stent site [51]. 
Currently, there are no solutions to this quandary which 
have been approved for clinical use. However, a sig-
naling pathway involving protein kinase A-dependent 
activation of the regulatory subunit of PI3-kinase, p85α, 
has been identified as a possible target because of dif-
ferential downstream effects in VSMCs versus ECs. Its 
inhibition represses VSMC but not EC migration and 
proliferation and, in a rodent model of balloon angio-
plasty, decreased neointima formation while allowing 
for re-endothelialization [52].

ARTERIOGENESIS

Arteriogenesis, also known as collateral growth, is an 
adaptive response to transient, repetitive coronary artery 
occlusion such as occurs in stable angina pectoris [53] and 
has been associated with lower incidence and severity 
of myocardial infarction [54,55]. It has been shown that 
collateral development is impaired in patients suffer-
ing from type II diabetes and the metabolic syndrome 
[53,56,57].

In contrast to angiogenesis, defined as de novo vessel 
(capillary tube) formation, arteriogenesis is defined by 
enlargement of small arterioles, with very low or no 
blood flow, to larger conducting arteries. This process 
begins with endothelial activation, increased expression 
of VCAM-1 and ICAM-1 and increased endothelial per-
meability, all of which allow for adhesion of inflamma-
tory cells, mostly monocytes. Next VSMCs switch to the 
synthetic and proliferative phenotype and migrate across 
the internal elastic lamina and the basement membrane 
into the lumen of the preexisting vessel in an inward 
remodeling process akin to neointima formation follow-
ing vascular injury. This is followed by reestablishment 
of the internal elastic lamina and the basement mem-
brane as well as the endothelium, and outward remod-
eling in which cells migrate across the external elastic 
lamina into the adventitia and the surrounding myocar-
dium, thus allowing for vessel expansion and significant 
increases in blood flow. The final phase of remodeling 
is characterized by the VSMC return to the contractile, 
nonproliferative phenotype, cessation of ECM remodel-
ing, and pruning of smaller vessels that had originally 
taken part in the remodeling but eventually are phased 
out secondary to competitive flow [58,59]. Thus, arterio-
geneis is a complex, multi-phase, and temporally care-
fully regulated process, which requires EC and VSMC 
phenotype switching, proliferation, and migration, as 
well as ECM remodeling.

The precise relationship between VSMC phenotype 
and coronary arteriogenesis has been established only 
recently. It has been demonstrated that a 10-fold increase 
in SM-specific contractile proteins, SM-MHC and SM-α-
actin, correlates with correlates with excessive VSMC 
proliferation and successful arteriogenesis in response 
to coronary artery occlusion in normal, healthy animals, 
whereas no such increase was observed in metabolic 
syndrome animals in which coronary arteriogenesis is 
impaired [60]. Myocardin and miR-145 expression cor-
relates directly, while KLF4 and miR-21 expression cor-
relates inversely with SM-contractile protein expression 
and collateral artery formation [60]. Moreover, miR-145 
delivery to metabolic syndrome animals decreases KLF4 
expression, and restores the contractile VSMC pheno-
type and collateral growth. Inhibition of miR-21 achieves 
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similar, although more modest results [60]. Conversely, 
downregulation of miR-145 in normal animals decreases 
arteriogenesis via conversion of coronary VSMCs to the 
synthetic phenotype [60] (Figure 2.2).

CONCLUSIONS

It is clear that regulation of VSMC phenotype plays 
a critical role in CAD. Even more telling are studies 
showing that the effectiveness of several drugs, which 
are standard therapy for both primary and secondary 
prevention of CAD, in part depends on their ability 
to convert the aberrant, synthetic VSMC phenotype to 
the normal, contractile VSMC phenotype. Insulin has 
long been known to be required for maintenance of the 
contractile VSMC phenotype [61]. Synthetic VSMCs 
express angiotensin converting enzyme and produce 
Ang II [62], and recent data have shown that ACE inhibi-
tors and angiotensin type I receptor blockers allow for 
miR-143/145 reexpression and conversion of synthetic 
VSMCs to contractile VSMCs [63]. Several statins have 
been shown to affect key signaling pathways involved 
in VSMC phenotype modulation and to attenuate neo-
intima formation following angioplasty in animal and 
human studies [64,65].
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FIGURE 2.2 Positive and negative regulators of the contractile 
versus synthetic VSMC phenotype. Factors which promote the con-
tractile VSMC phenotype: intact, healthy endothelium, laminar flow, 
NO, TGF-β, PKG, miR-145/143. Factors which promote the synthetic 
VSMC phenotype: endothelial dysfunction, turbulent flow, growth 
factors (PDGF, FGF, EGF), inflammatory cytokines (IL-1, IL-6, IL-8, 
TNF-α), Ang II, ET-1, TXA2, ROS, ox-LDL, ERK1/2 MAPK, PI3-kinase-
Akt, miR-21, miR-221. Factors which promote the synthetic VSMC 
phenotype are elevated in CAD in risk factors associated with CAD.
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Atherosclerotic coronary artery disease (CAD) is a 
major cause of morbidity and mortality worldwide. 
Recent advances in cellular and molecular mechanisms 
of atherosclerosis have led to major changes in the 
therapy of CAD. These advances include knowledge of 
endothelial dysfunction, macrophage/foam cell forma-
tion, and lipid deposition as key events in the formation 
of coronary atherosclerotic plaque. Further, knowledge 
on the mechanism of acute coronary events, that is, rup-
ture or erosion of the atherosclerotic plaque followed by 
clot formation resulting in cessation of blood flow, has 
led to the development of potent anti-platelet therapies 
for use in acute coronary syndromes (ACSs).

There is much interest in inflammation in the arterial 
wall accompanying atherosclerosis. There is also much 
interest in the role of immune system that can protect the 
arteries from developing atherosclerosis and also induce 
injury be activating inflammatory cascade. Inflammation 
is a well-orchestrated natural protective mechanism in 
the body that occurs in response to injurious stimuli, but 
when excessive or uncontrolled can also induce or enhance 
injury. In this chapter, we review the role of inflammation 
and immunity in CAD, the current status of inflammatory 
biomarkers, and potential novel therapies in CAD.

INFLAMMATION AND CAD—
MOLECULAR MECHANISMS

The pathogenesis of atherosclerotic CAD has transi-
tioned from being a physical narrowing of the coronary 
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vasculature to a dynamic process with multiple regula-
tors. Inflammation has been recognized to be the cor-
nerstone in the initiation, progression, and rupture of an 
atherosclerotic plaque.

Figure 3.1 shows various sources of inflammatory 
mediators that play a variable role in different stages of 
atherogenesis. The inflammatory signals shown in this 
figure have formed the basis of their quantitation as 
index of atherosclerosis and related events. This figure 
also shows the progression of atherosclerosis from its 
very beginning to culmination of acute events.

Inflammation in Plaque Initiation

The earliest atherosclerotic lesion is a fatty streak that 
develops at a young age. Endothelial injury/activation 
induced by various traditional cardiovascular risk factors, 
such as hypertension, smoking, and hypercholesterolemia, 
leads to expression of endothelial adhesion molecules 
(ICAM-1, VCAM-1) that causes leukocyte adhesion. LDL 
cholesterol following oxidative modification (ox-LDL) is 
taken up by lectin-like oxidized lipoprotein-1 (LOX-1) on 
endothelial cells; this perhaps the most important inciting 
event for vascular inflammation. LOX-1 is activated by 
ox-LDL, angiotensin II, advanced glycation end-products, 
and shear stress. LOX-1 activation initiates a cascade of 
events that creates a state of oxidative stress, smooth mus-
cle cells migration and proliferation, and fibroblast growth 
and proliferation. These events perpetuate the atheroscle-
rotic process (Figure 3.2). Adhesion of leukocytes leads to 



FIGURE 3.1 Panel (A) shows different steps in atherogenesis from its initiation to development of acute events when plaque rupture or erosin 
induces an occlusive clot formation resulting cessation of blood flow. Panel (B) shows inflammatory markers and their sources.

FIGURE 3.2 Role of inflammation and immunity in plaque formation. LOX-1 and other scavenger receptors have an important role in plaque 
formation by activating a number of critical steps which lead to foam cell formation and smooth muscle cell proliferation and migration. Both 
innate and adaptive immunity participate in atherogenesis via activation of immune cells. Therapies directed at different steps shown in red 
boxes are in trial phase.
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activation of a series of inflammatory cascades. Monocytes 
undergo transendothelial migration in response to 
increased concentrations of monocyte chemoattractant 
protein-1 and transform into macrophages. Uptake of 
ox-LDL by macrophages via scavenger receptors such 
as CD36, MSR1, and LOX-1 transforms them into foam 
cells, initiating the process of atherosclerosis. Gene dele-
tion of VCAM-1, MCP-1, and other leukocyte adhesion 
molecules has been shown to attenuate atherosclerosis in 
mice models of atherosclerosis, despite similar cholesterol 
and lipoprotein profiles, demonstrating the vital role of 
inflammation in the initiation of an atheroma [1,2].

Inflammation in Plaque Progression

A fibroproliferative response mediated by various 
inflammatory mediators aids in the transformation 
of a fatty streak into a fibrous atherosclerotic plaque. 
T-lymphocytes that are recruited into the plaque site 
release pro-inflammatory cytokines like interferon-γ 
(IFN-γ) and tumor necrosis factor alpha (TNFα) that per-
petuate the inflammatory response. Fibrogenic stimuli 
like the transforming growth factor-beta (TGF-β1) lead to 
proliferation of fibroblasts and secretion of collagens that 
form the fibrous cap of the atherosclerotic plaque [3].

As mentioned above, LOX-1, one of the scavenger 
receptors for ox-LDL, plays a crucial role in signaling 
pathways involved in the process of oxidative stress and 
vascular inflammation [4,5]. LOX-1 itself acts as a potent 
pro-oxidant and pro-inflammatory molecule. Sawamura’s 
group showed that LOX-1 antibody attenuated the inflam-
matory response to lipopolysaccharide in rats [6]. Mehta 
et  al. [7,8] demonstrated that deletion of LOX-1 gene 
reduced atherosclerosis in LDLr null mice fed an athero-
genic diet, confirming the role of LOX-1 in atherogenesis. 
LOX-1 is also upregulated in the heart following ischemia 
and reperfusion injury and is associated with markers 
of inflammation and oxidative stress. Prior administra-
tion of LOX-1 antibody or LOX-1 gene deletion reduced 
inflammation, oxidative stress and infarct size in experi-
mental myocardial ischemia [9]. LOX-1 is also implicated 
in myocardial collagen deposition following myocardial 
ischemia leading to cardiac remodeling and scar forma-
tion [10]. Human studies have demonstrated that LOX-1 
is released into circulation during acute myocardial isch-
emia [11]. Circulating LOX-1 particles in the blood (sLOX-
1) may arise from activated platelets, endothelial cells, or 
other components of atheroma. In fact, measurement of 
sLOX-1 levels has been proposed as a marker of myocar-
dial ischemia as discussed in subsequent sections.

Inflammation in Plaque Rupture

Most acute coronary ischemic events arise because 
of an anatomic disruption (rupture) or surface erosion 

of the atherosclerotic plaque. Cytokines and matrix 
metalloproteinases released by activated macrophages 
lead to disruption of collagen synthesis that makes the 
fibrous capsule weak and prone to rupture. Local inflam-
matory cells also produce tissue factor which activates 
the extrinsic coagulation pathway that leads to acute 
thrombosis [12]. In addition, plaque rupture and erosion 
lead to local platelet activation and accumulation result-
ing in cessation of blood flow and onset of ACS [13]. 
Incorporation of leukocytes into the thrombus enlarges 
thrombus formation [14].

CLINICAL ASSOCIATIONS OF 
INFLAMMATION AND CAD

Inflammatory Diseases and CAD

The relationship between chronic inflammatory con-
ditions such as rheumatoid arthritis and systemic lupus 
erythematous and CAD has been appreciated. Degree of 
systemic inflammation as measured by disease severity 
in patients with rheumatoid arthritis generally corre-
lates with cardiovascular risk [15]. Large epidemiologi-
cal studies of rheumatoid arthritis patients in Europe 
and the United States showed a significantly increased 
risk of incident myocardial infarction [16]. Similar asso-
ciations with other chronic inflammatory conditions like 
psoriasis and atherosclerosis have been reported, sup-
porting the concept of a role for inflammation in CAD 
[17]. Of note, expression of numerous pro-inflammatory 
cytokines is common to the pathogenesis of both athero-
sclerosis and other chronic inflammatory diseases.

Infections and CAD

Chronic infections are associated with an increased 
risk of CAD. Various pathogens such as Chlamydia 
pneumoniae, Porphyromonas gingivalis, Helicobacter pylori, 
Influenza A, Hepatitis C virus, Cytomegalovirus, and Human 
immunodeficiency virus have been shown in epidemiolog-
ical studies to increase the risk of incident CAD [18–20]. 
Chronic inflammation induced by infections seems to be 
the main pathogenic link in this association. Infections 
lead to an increase in circulating inflammatory cyto-
kines and acute phase reactants that can accelerate 
atherosclerosis.

Another potential mechanism of infections being 
pro-atherosclerotic is molecular mimicry. Some bacte-
rial pathogens exhibit cross-reactivity to antigens, such 
as ox-LDL and heat shock proteins which are potent 
pro-atherogenic stimuli.

Despite extensive epidemiological association, multi-
ple trials evaluating anti-infective therapies have yielded 
disappointing results. For example, if eradication of 
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Chlamydia with azithromycin therapy would reduce 
CAD events has been studied in large clinical trials 
[21–23]. These trials showed no benefit of antibiotics in 
secondary prevention of CAD. Whether chronic infec-
tions cause or are mere associations with CAD is still a 
matter of debate. However, this association underlines 
the importance of systemic inflammation in CAD.

IMAGING THE INFLAMMATION IN CAD

The ability to visualize, interpret, and quantify the 
degree of systemic inflammation in patients with CAD 
is of great interest, as it allows translating preclinical 
data into meaningful clinical outcomes. Ultra-small 
superparamagnetic iron oxide (USPIO) nanoparticles 
have been shown to localize in atherosclerotic plaques 
and in macrophages in infarct areas in mice [24]. Alam 
et  al. demonstrated increased uptake of USPIO in the 
infarcted and remote areas of the heart and systemic 
reticuloendothelial system as detected by cardiac mag-
netic resonance (CMR) imaging in patients following 
an acute myocardial infarction [25]. Positron emission 
tomography (PET) is another imaging modality of inter-
est in detecting inflammation. 18F-fluorodeoxyglucose 
(FDG) used for PET accumulates in metabolically active 
tissue. Vascular PET imaging has been shown to corre-
late with atherosclerotic plaque burden in patients with 
carotid disease [26]. However, the use of PET imaging of 
the myocardium is hindered by the fact that even non-
infarcted remote myocardium relies on glycolysis and 
would have a high FDG intake. Superimposing PET data 
with CMR could potentially overcome this limitation and 
increase clinical utility. Other imaging modalities such as 
fluorine-19 perfluorocarbon CMR [27], calcium imaging 
[28], and leucocyte receptor imaging [29] are currently 
being investigated. These approaches could help objec-
tively measure the degree of inflammatory response, 
identify subsets of inflammatory cells that drive injury 
and repair, and can potentially open up avenues for new 
targeted therapies in the treatment of CAD.

IMMUNITY AND CAD

The immune system has been designed as the pri-
mary protective response of the body against internal 
and external toxic agents. Most immune responses are 
protective via induction of inflammation. Thus, it is not 
surprising to envision the role immune system and medi-
ators play not just in the pathogenesis but also in protec-
tion against atherosclerotic CAD. The immune system is 
broadly composed of innate and adaptive immune mech-
anisms. Here, we review the current evidence supporting 
the role of various aspects of the immune system in CAD.

Figure 3.2 provides an overview of the role of immune 
activation in atherogenesis.

Innate Immunity and CAD

Innate immune system forms the first line of defense 
of the body. The innate response is nonspecific, imme-
diate, and is mediated through monocytes that trans-
form into macrophages, dendritic cells, natural killer 
(NK) cells, and mast cells. Toll-like receptors on macro-
phages recognize danger-associated molecular patterns 
(DAMPs) on various endogenous antigens. Cholesterol, 
ox-LDL, and heat shock proteins are the major DAMPs 
recognized by the innate immune system in the patho-
genesis of atherosclerosis.

Genetic modification of the innate immune system has 
been shown to reduce plaque burden and systemic inflam-
matory markers in animal models of atherosclerosis. For 
instance, deletion of macrophage colony-stimulating fac-
tor leads to decreased atherosclerosis in mice with severe 
hypercholesterolemia [30]. Similar studies with selective 
depletion of NK cells and mast cells appear to reduce 
atherosclerotic plaque burden in animal models [31,32]. 
Though considered as part of the innate system, dendritic 
cells actually serve as the connecting link between the 
innate and adaptive immune responses in atherosclerosis. 
The unique ability of dendritic cells to function as antigen-
presenting cells allows them to ingest pro-atherosclerotic 
stimuli such as ox-LDL. In addition, plasmacytoid den-
dritic cells, a subset of dendritic cells, found in human 
atherosclerotic plaque have also been shown to elicit a 
specific T-cell-mediated response, implicating their role 
in adaptive immunity as well [33]. Though activation of 
the innate immune system appears to be pro-atherogenic, 
recent research led to identification of subsets of innate 
immune system that have atheroprotective properties. 
Studies in murine models of atherosclerosis led to the 
identification of two subsets of monocytes, termed M1 
and M2 monocytes based on the expression of LY6C. 
Monocytes with high expression of LY6C (M1 subset) 
transform into M1 macrophages as a part of the immune-
inflammatory response to atherogenic stimuli, such as 
ox-LDL, that eventually leads to plaque formation. On 
the other hand, M2 monocytes (low LY6C expression) 
induce a protective response to endothelial injury and 
enhance tissue repair [34]. Factors influencing these dif-
ferentiation pathways are still under investigation and 
could potentially turn into therapeutic targets.

Adaptive Immunity and CAD

The adaptive immune response is a complex, robust, 
delayed, and specific response of the immune sys-
tem mediated by B and T lymphocytes. T cells recog-
nize antigens presented by the antigen-presenting cells 
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(macrophages and dendritic cells) via the major histocom-
patibility complex and differentiate into CD4+ and CD8+ 
T cells. CD8+ T-cell activation leads to mediators that 
cause a direct cytotoxic effect, whereas proliferation of 
CD4+ T cells leads to downstream activation of cytokines 
and B lymphocytes and result in the generation of spe-
cific antibodies, which have effector and memory func-
tions. Research in animal models led to the identification 
of subsets in the adaptive immune response, some with 
atherogenic and others with atheroprotective properties.

B lymphocytes have a dual effect on atherosclerosis. 
Previous studies showed that surgical B-cell depletion 
by splenectomy led to rapid progression of atheroscle-
rosis in mice, and B-cell transfer reduced plaque burden, 
suggesting B cells to be atheroprotective [35]. However, 
pharmacologically (anti CD20 antibody) mediated B-cell 
depletion in fact led to a reduction of atherosclerosis 
in hypercholesterolemic mice, initiating the concept of 
differential B-cell activity and recognition of two B-cell 
subsets, B1 and B2 lymphocytes [36]. Further research 
has identified B1 lymphocytes (isolated from pleural and 
peritoneal cavities) to have atheroprotective properties 
and B2 lymphocytes (derived from bone marrow and 
follicles) to be atherogenic [37]. A third subset of regu-
latory B cells has also been identified, the function of 
which is not clearly known.

T lymphocytes constitute a major component of the 
adaptive immune response to atherosclerosis. As dis-
cussed above, T cells differentiate into CD4+ and CD8+ 
cells in response to an antigen. CD4+ T cells were ini-
tially thought to be pro-atherogenic based on initial 
experiments which demonstrated that adoptive transfer 
of CD4+ T cells accentuates atherosclerosis in Apo-E-
deficient mice [38]. A subset of CD4+ T cells that selec-
tively express the transcription marker FoxP3, called 
regulatory CD4+ T cells, were later identified. Selective 
depletion of these cells led to accelerated atherosclerosis 
in mice, implicating a potential protective role against 
atherogenesis [39].

To attribute the differential effect of CD4+ T cells 
on atherogenesis to variations in cytokine production 
would be oversimplication of a very complex process. 
Similar to CD4+ T cells, CD8+ T cells also get activated 
in response to atherogenic antigens such as modified 
LDL. However, subsets of CD8+ T cells that are CD25 
positive function as suppressor T cells and exhibit ath-
eroprotective properties [40]. The effect of subsets of  
T cells in mediating atherosclerotic cardiovascular dis-
ease has been demonstrated in humans as well. In a long-
term prospective cohort study, low levels of regulatory 
CD4 T cells (CD4+/FoxP3+) and high levels of CD8+ 
T cells were associated with a significantly higher inci-
dence of CAD events over a 14-year follow-up [41,42].

Thus, the adaptive immune response to athero-
sclerosis is robust, complex, selective, and intriguing. 

Identification of further subsets of immune cells and 
new immune mediators has enhanced our understand-
ing of atherogenesis and at the same time raised further 
questions.

INFLAMMATORY BIOMARKERS AND 
CAD

A host of inflammatory biomarkers of CAD have 
been identified and more are being described every day. 
However, the predictive power of these biomarkers has 
been of limited value. It is of note that traditional CAD 
risk factors, such as lipids and lipoproteins, predict accu-
rately the presence of CAD only to a small extent which, 
again, suggests a marked degree of variation among 
patients.

Here, we summarize recent developments in this area 
and attempt to relate these biomarkers to underlying 
pathophysiologic mechanisms. Organ and biologic sys-
tems from which they originate suggest that the bio-
markers that reflect integrated pathobiologic alterations 
are likely to be more informative.

As shown in Figure 3.1, these markers originate from 
different organ systems and are released to a variable 
extent in different stages of the disease process.

Interest in CAD biomarkers is driven by the need for 
early indicators of drug efficacy in the clinic and the 
emerging need for targeted drug treatment of differ-
ent patient populations. In general, two distinct types 
of biomarkers are sought during drug development, (i) 
the so-called target engagement biomarkers, designed 
to inform as to whether a therapy alters (engages) the 
molecular target under investigation, and (ii) the effi-
cacy biomarkers, designed to inform as to whether  
target engagement results in changes relevant to dis-
ease phenotypes. Interest in CAD predictive biomarkers 
is further fueled by the recent biomarker qualification 
process, encouraged by regulatory authorities, to enable 
early clinical investigations of promising therapeutics.

The concept of disease biomarkers of CAD is not 
novel and indeed white blood cell counts, serum cho-
lesterol and LDL-cholesterol levels have been used for 
decades. Initial focus on non-specific inflammatory bio-
markers related to acute phase reactants such as fibrin-
ogen, erythrocyte sedimentation rate, and C-reactive 
protein (CRP) showed that these biomarkers can predict 
future CAD. However, these relationships appear weak 
because of the lack of disease specificity and their vari-
ability in the acute versus chronic disease. Additionally, 
such biomarkers predict CAD to a small extent leav-
ing more than 50% of CAD residual risk undetected 
[43]. Whether more recently described biomarkers, such 
as metric of the ability of patient derived high-density 
lipoproteins to efflux cholesterol from cells ex-vivo, will 
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improve prediction of CAD remains to be further evalu-
ated [44].

Biomarkers that are specific to the immuno-inflam-
matory and oxidative pathways of CAD are also being 
investigated. It was recently shown that the ratio of 
oxidized phospholipids to the major protein constitu-
ent of LDL, apolipoprotein B (oxPL/apoB), and various 
enzymes involved in lipoprotein oxidation (LpPLA2, 
sPLA2, MPO) are strongly associated with future CAD 
events [45]. Similarly, circulating levels of a soluble por-
tion of the ox-LDL scavenger receptor LOX-1 (sLOX-1) 
have been found to predict CAD events [46].

A recent PubMed bibliographic analysis of emerg-
ing CAD biomarkers identified at least 53 biomarkers 
relevant to inflammation. These biomarkers can be clas-
sified in different families according to their distinct 
pathophysiologic underpinnings (Table 3.1). However, 
the overall conclusion was that individual inflamma-
tory biomarkers have low predictive power [47]. Since 
inflammatory genes act in an interactive manner with 
inflammatory signaling cascades ultimately orchestrat-
ing disease associated risk, identification of key inflam-
matory nodes is not always obvious. A recent network 
analysis of all inflammatory genes implicated in various 
inflammatory diseases identified a network with five key 
hub genes, IL6, VEGF-A, IL-1β, TNFα, and PTGS2, with 
IL-6 as the central molecule constituting a super-hub of 
the entire network [48]. Although such network analyses 
might present an incomplete picture, it does provide a 
framework to systematize and prioritize the large array 
of inflammatory biomarkers relevant to CAD. Recent 
clinical and genetic Mendelian randomization data also 
point to IL-6 as key “upstream” biomarker for inflam-
mation in CAD [49]. An additional group of evolving 
biomarkers, the circulating miRNAs, should also be 
mentioned. The role of miRNAs in regulating multiple 
target mRNAs could also reflect integrated responses 
across multiple organ systems and tissues. In fact, cir-
culating levels of several miRNAs have been associated 
with CAD [50].

The fact that CAD is a complex immuno-inflamma-
tory disease involving multiple organ systems limits the 
predictive power of individual biomarkers. Dynamic 
biomarker changes through the clinical spectrum of 
CAD, confounding influences of medications, lack of 
standardization of measurement protocols, and low 
concordance among different studies suggest that more 
work is needed in this area. Alternative biomarkers that 
integrate these individual responses into one of a few 
consistent readouts maybe more informative than indi-
vidual biomarkers or even collections of such biomark-
ers into, what is referred to, as biomarker signatures. 
An ideal biomarker could be a combination of selected 
markers that could include the status of diverse organ 
systems such as liver (acute phase response), kidney 

(tubular reabsorption), bone marrow (HSPC produc-
tion), and, of course, the vasculature itself and relevant 
biological systems (Figure 3.1).

ANTI-INFLAMMATORY  
THERAPIES IN CAD

Although the presence of inflammation in the ini-
tiation and progression of CAD has been established 
beyond doubt, translation of this into clinical practice 

TABLE 3.1 Inflammatory Biomarkers in CAD: origin and 
Clinical relevance

CVD biomarker Clinical relevance

Acute-phase response proteins
C-reactive protein (CRP)
Pentraxin 3 (PTX3)
Homocystein
Amyloid A
Fibrinogen

Although their predictive power 
varies, these biomarkers are 
used to predict atherogenesis, 
atherosclerosis, unstable angina, 
acute MI, ACS, heart failure, 
and myocardial injury. These 
biomarkers can be used for 
cardiovascular risk assessment, 
screening for primary prevention, 
diagnosis and prognosis of CAD, 
and MI recurrence.

Blood cells
Erythrocyte sedimentation  
rate (ESR)
Monocytes
CD40 ligand
Leukocytes
Neutrophils

These biomarkers are useful for 
CAD diagnosis, and predict to 
different degrees STEMI, LVEF, 
infarct size, myocardial injury, 
microvascular obstruction, poor 
functional outcomes, and MI 
recurrence.

Plaque instability
Myeloperoxidase (MPO)
Myeloid-related protein  
8/14 (MRP-8/14)
Pregnancy associated  
plasma protein A (PAPP-A)
sLox-1

These biomarkers can be useful for 
predicting in-hospital mortality, 
MI recurrence, death, and for 
diagnosis of STEMI and NSTEMI.

Lipid metabolism
Lp-PLA2
lysoPC
Galectin 3

These biomarkers predict 
atherosclerosis, ACS, ischemic 
stroke, HF, and CAD severity. 
These biomarkers can be used for 
CAD diagnosis and prognosis.

Cytokines
IL-6
IL-10
IL-13
IL-17
IL-18
IL-27
IL-33
sST2 (soluble IL-33 receptor)
IL-1 receptor antagonist  
(IL-1Ra)
TGF-β

In general, these biomarkers 
provide a read-out as to the 
overall inflammation load and, 
therefore, inform as to the 
propensity and speed for CAD 
progression and cardiac damage. 
For example, ST2 was shown 
to be independently associated 
with long-term MACE and 
IL-1Ra levels in the emergency 
department correlated directly 
with CK and CK-MB levels and 
inversely with LVEF.
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has been of great debate. A global so-called pleiotro-
pic anti-inflammatory effect of aspirin and statins may 
partly be responsible for their beneficial effect in patients 
with CAD. However, there is growing interest in specific 
inflammatory pathways as therapeutic targets. Here we 
review some of the recent trials with agents that specifi-
cally targeted these signals. Figure 3.2 shows the precise 
steps which were modulated by these agents.

Two large-scale randomized trials, STABILITY and 
SOLID-TIMI 52, studied the effect of the Lp-PLA2 inhibi-
tor darapladib in patients with chronic stable angina 
in addition to optimal medical therapy. There was no 
reduction in the composite of cardiovascular death, 
MI, and urgent coronary revascularization in both  
studies [51,52]. Randomized trial of another inhibitor of 
Lp-PLA2 varespladib on atherogenic lipoprotein sub-
classes in 135 statin-treated patients with CAD showed 
a modest reduction in total LDL particle concentration 
(7%) and small LDL particle concentration (11%) without 
any change in plasma levels of ox-LDL and hs-CRP [53]. 
The study was stopped because of adverse side-effect 
profile in varespladib-treated patients [54]. A major ran-
domized double-blind trial was conducted with suc-
cinobucol, a potent anti-oxidant, in 6144 patients with 
ACS. Succinobucol therapy showed no benefit on the 
primary end point (composite of first occurrence of 
cardiovascular death, resuscitated cardiac arrest, myo-
cardial infarction, stroke, unstable angina, or coronary 
revascularization) [55].

Use of the TNFα inhibitor therapy in patients with 
rheumatoid arthritis has been associated with a reduced 
risk of future cardiovascular events, raising interest for 
potential benefit in CAD [56]. A recent meta-analysis 
showed some benefit of methotrexate therapy in patients 
with CAD [57]. There are studies showing benefit of 
allopurinol, a xanthine oxidase inhibitor, in patients with 
CAD [58]. The potential benefits of colchicine, an anti-
inflammatory therapy used for gout, were studied in 
the prospective LoDoCo trial of 532 patients with stable 
CAD and a median follow-up of 3 years. Colchicine use 
led to a significant reduction in the occurrence of a com-
posite end point (ACS, out-of-hospital cardiac arrest, or 
non-cardioembolic ischemic stroke), but was associated 
with adverse side-effect profile resulting in withdrawal 
of a large number of patients [59]. Trials of monoclonal 
antibodies (MAbs) against P-selectin like inclacumab 
[60] and leukotriene inhibitors [61] have yielded mixed 
results in patients with ACS.

MAbs to interleukins have shown clinical benefit 
in autoimmune disorders like rheumatoid arthritis. 
Canakinumab (trade name Ilaris) is a human MAb 
targeted at interleukin-1β that is being investigated 
currently in the CANTOS trial (Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study) in patients 
with stable CAD and a pro-inflammatory state (elevated 

CRP) [62]. The LATITUDE trial designed to study the 
effect of Losmapimod, an inhibitor of p38-mitogen-acti-
vated protein kinase, in patients with ACS is currently in 
the enrollment phase [63]. Results of other anti-inflam-
matory trials for CAD are currently awaited with cau-
tious optimism.

IMMUNE THERAPIES IN CAD

The understanding of complex immune mecha-
nisms involved in atherogenesis opens doors to vari-
ous immune targets that can be potentially modified 
to induce atheroprotection. Potential strategies such as 
B-cell depletion, cytokine inhibition, regulatory T-cell 
proliferation, and immunization are being currently 
studied. Clinical evidence supporting immune suppres-
sion as a treatment for atherosclerosis is based on stud-
ies done on autoimmune disorders. A meta-analysis of 
the trials studying the effect of TNFα inhibitors in the 
management of rheumatoid arthritis has shown a trend 
toward cardiovascular protection [56]. Similarly, B-cell 
depletion with agents such as anti-CD20 antibodies is 
currently approved for the treatment of various immune 
disorders. The effect of these therapies on atherosclerotic 
CAD would be of great clinical interest. An antibody 
against B-cell-activating factor, which plays an impor-
tant role in B-cell homeostasis, is being investigated.

Immunization appears to be an attractive therapeutic 
strategy based on the success of immunization strategies 
in decreasing the global burden of infectious disease. 
Both passive and active immunization techniques have 
been under investigation over the past two decades. 
Induction of immune tolerance by administration of 
small doses of auto-antigens such as ox-LDL, Apo B-100, 
and hsp60 has been shown to attenuate atherosclerosis 
in mice. This protective effect was at least in part sec-
ondary to a shift in immune response that leads to an 
increased production of regulatory CD4+ T cells [64,65].

Passive immunization with administration of anti-
bodies directed at ox-LDL has also been shown to reduce 
atherosclerosis in mice. The identification of autoanti-
bodies to ox-LDL triggered interest in generating syn-
thetic antibodies that could provide therapeutic benefit. 
Witztum’s group cloned a panel of IgM mAbs, termed 
“EO” antibodies that bind to both the protein and lipid 
components of ox-LDL [66]. Horkko et  al. [67] later 
showed that administration of a specific antibody E06 
that has affinity to the phosphorylcholine moiety inhib-
its uptake of ox-LDL by scavenger receptors on macro-
phages. These antibodies exhibit structural and immune 
resemblance to anti-Streptococcal antibodies that bind 
the phosphorylcholine moiety on the bacterial cell wall. 
This was confirmed by Binder et  al. [68] who showed 
that immunization of LDLR−/− mice with heat killed 
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Streptococcus pneumoniae led to an increased produc-
tion of ox-LDL specific (E06) antibodies and attenuated 
atherosclerosis. Another MAb termed IK17-Fab which 
binds to modified (oxidized and malonaldehyde) LDL, 
but not native-LDL and blocks the uptake of ox-LDL 
by macrophages was studied in atherosclerotic murine 
models by Tsimikas et al. [69]. Both passive transfer of 
IK17-Fab via intraperitoneal injection and active induc-
tion through gene transfer via a viral vector led to inhi-
bition of ox-LDL uptake and decreased atherosclerosis. 
However, translating the benefit of passive immunization 
to clinical practice remains a challenge. A recent phase 2,  
randomized trial (NCT01258907, GLACIER trial) of a 
monoclonal anti-ox-LDL antibody (MLDL1278A, aka 
BI-204) in patients with stable CAD failed to meet the 
primary end point of reducing vascular inflammation 
as measured by FDG-PET. Selecting a patient population 
with low levels of vascular inflammation and inadequa-
cies of imaging techniques are postulated as the reasons 
for the negative outcome. Larger studies that include 
appropriate patients with increased vascular inflam-
mation, such as those with ACS, and improvement in 
imaging specificity can further our quest of an antibody 
against atherosclerosis.

Vaccine Against Atherosclerosis

The search of a vaccine that can protect against ath-
erosclerosis would be considered the Holy Grail in the 
prevention of CAD. As with active immunization in 
other disease states, the first step was the identification 
of a suitable antigen.

As discussed earlier, various infectious agents, such as 
Chlamydia, Hepatitis C, and Porphyromonas, have been iso-
lated in atherosclerotic plaques. Witztum and colleagues 
demonstrated molecular mimicry between the ox-LDL 
molecule and the cell wall of S. pneumoniae. However, 
the lack of a definite causal relationship between infec-
tions and atherosclerosis and the failure of previous anti-
biotic trials question the efficacy of a vaccine developed 
against exogenous antigens.

Among endogenous antigens, native or modified-
LDL would be an obvious primary choice. Murine stud-
ies with native-LDL, ox-LDL, and malonaldehyde-LDL 
have consistently shown atheroprotective effect [70]. 
However, the large size and complex structure with mul-
tiple antigenic epitopes makes LDL unsuitable for vac-
cination. Rigorous efforts by multiple research groups 
led to the isolation of a peptide sequence of the Apo 
B-100 moiety of the LDL molecule called p210 that has 
immunogenic potential [71]. A candidate vaccine, CVX-
210H (Cardiovax®, Princeton, NJ), combining the p210 
sequence with human serum albumin is currently being 
developed. Studies of this vaccine in mice have been 
shown to induce a shift in T-cell response and induce 

atheroprotection [72]. Other vaccine strategies using 
hsp65 [73] and dendritic cells [74] are currently under 
investigation. A vaccine that would attenuate atheroscle-
rosis is far from being a reality at this point. It is however 
and exciting field of research that has the potential to 
have a huge global impact on health care.

CONCLUSIONS

Here we have discussed the pathogenesis of athero-
sclerosis, especially the contributory role of inflamma-
tion in atherogenesis. This concept has evolved based on 
the identification of accumulation of inflammatory cells 
from the beginning of plaque formation to the devel-
opment of flow restricting disorders resulting in acute 
myocardial infarction and stroke. Based on this informa-
tion, a number of trials with anti-inflammatory drugs 
have been conducted in a variety of patients with CAD. 
Although clinical trials up till now have not shown sig-
nificant benefit, it is likely that newer therapies based 
on new knowledge might reveal benefit of inflammatory 
signal-targeted drug therapy. Of note, measurement of 
inflammatory signals in blood as biomarkers also has 
not proven as effective as previously thought because 
of multiple sources of inflammatory signals which are 
released with wide variability at different stages of ath-
erosclerosis. Recent studies also suggest that both innate 
and adaptive immunity play role in the development of 
atherosclerosis. This knowledge may yield development 
of vaccines and immunomodulatory therapies against 
atherosclerosis.
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The worldwide prevalence of obesity has nearly 
doubled since 1980. More than 42 million children under 
the age of 5 years were overweight in 2013 according 
to the World Health Organization’s 2014 global status 
report on noncommunicable diseases. In 2014, 11% of 
men and 15% of women aged 18 years and older were 
obese. It is predicted that 3 billion adults are either over-
weight or obese in 2015 [1] . Obesity increases the risk 
of developing insulin resistance, type 2 diabetes, dyslip-
idemia, hypertension, and atherosclerosis, and the coex-
istence of these diseases has been termed the metabolic 
syndrome. Once regarded as a relatively inert storage 
depot for fat, the adipose tissue is now recognized as 
an important endocrine organ that releases a host of 
biologically active hormones and cytokines collectively 
referred to as adipokines. Adiponectin, an adipokine, 
has emerged as a major player in the pathogenesis of 
obesity, insulin resistance, and metabolic syndrome. 
Emerging evidence also indicates the association of 
obesity and insulin resistance with a state of low-grade 
chronic inflammation of the adipose tissue as a result of 
incessant activation of the native immune system which 
plays a major role in the pathogenesis of obesity-related 
metabolic complications.

In this chapter, we will review the mechanisms under-
lying obesity and discuss the role of heme oxygenase 
and adiponectin in obesity, insulin resistance, and the 
metabolic syndrome, as well as their relation to the gen-
esis of atherosclerotic heart disease.

C H A P T E R 
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ROLE OF OXIDATIVE STRESS AND 
INFLAMMATION IN OBESITY

Although epidemiological studies have described 
the association between inflammation and obesity for 
decades, the underlying molecular mechanisms have 
only begun to unravel since the dawn of the twenty-
first century. Increased oxidative stress in the setting of 
obesity is now known to play a key role in the initiation 
of metabolic changes within the adipose tissue.

Reactive oxygen species (ROS) are unstable molecules 
with potent oxidative effects on cellular proteins, lipids, 
and DNA, resulting in impaired cellular function. ROS are 
produced by the electron transport system in mitochon-
drial respiration and are increased in conditions associ-
ated with enhanced oxidation of energy substrate such as 
glucose and free-fatty acids (FFAs). Increased FFA oxida-
tion in obesity results in mitochondrial overproduction 
of ROS. Increased release of FFA from adipose tissue also 
activates nicotinamide adenine dinucleotide phosphate-
oxidase (NADPH oxidase), an enzyme that converts 
molecular oxygen to its superoxide radical. Furukawa 
et al. found increased mRNA expression of NADPH oxi-
dase in adipose tissue of obese mice [2]. Similarly, lipid 
peroxide levels and hydrogen peroxide generation were 
found to be elevated in adipose tissue [2]. Obese mice 
were noted to have increased oxidative stress levels com-
pared to control mice. The extent of fat accumulation has 
been correlated with markers of systemic oxidative stress 
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in several human studies [3,4]. Obesity is also associ-
ated with a decrease in antioxidant enzymes including 
catalase and glutathione [2,5,6], thus enhancing oxidative 
stress in the adipose tissue of obese subjects.

ROS have been shown to increase monocyte chemoat-
tractant protein-1 (MCP-1) expression in adipocytes [2]. 
MCP-1 is a chemoattractant that attracts and triggers 
monocyte and macrophage migration into the adipocytes. 
The adipose tissue is thus infiltrated by macrophages that 
trigger inflammatory events in obesity. A shift of the pool 
of macrophages from the alternatively activated M2-type 
to the classically activated M1-type promotes the secre-
tion of predominantly proinflammatory cytokines in 
obese subjects. Cytokines, including tumor necrosis fac-
tor α (TNFα), interleukin-1 (IL-1), interleukin-6 (IL-6), 
nuclear factor kappa-B (NF-κB), and c-Jun N-terminal 
kinase (JNK), released from these activated macrophages 
mediate inflammation in adipose tissue [7–11]. In addi-
tion, transient infiltration of neutrophils and T cells may 
also contribute to the development of inflammation in 
adipose tissue [12,13]. There is growing evidence to sug-
gest that oxidative stress in obesity contributes to the 
establishment of a vicious cycle that promotes elevated 
oxidative/inflammatory activities in the adipose tissue 
with a continuum of tissue injury leading to more severe 
cardiometabolic complications including insulin resis-
tance, diabetes, and ultimately atherosclerosis.

CYTOPROTECTIVE HEME OXYGENASE/
ADIPONECTIN AXIS

Heme oxygenase (HO) induction has proven to be a 
potential therapeutic strategy that modulates both the 
oxidative stress and the inflammatory aspects of obesity. 
HO is important in attenuating the overall production 
of ROS through its ability to degrade heme, to produce 
carbon monoxide (CO), biliverdin, and bilirubin, and to 
release free iron [14]. CO and bilirubin are known to 
suppress apoptosis, necrosis, inflammation, and oxida-
tive stress [15–18], while the iron formed enhances the 
synthesis of the antioxidant, ferritin [19]. While HO-2 is 
expressed constitutively, HO-1 is inducible in response to 
oxidative stress. Inducers of HO-1 have also been reported 
to cause a robust increase in serum adiponectin levels in 
diabetic rats [20]. A temporal relationship between HO-1 
and adiponectin has been studied. L’Abbate et  al. [21] 
reported that induction of HO-1 decreased superoxide 
and ROS generation, resulting in a parallel increase in the 
serum levels of adiponectin. Induction of HO-1 has been 
shown to slow weight gain and decrease levels of TNF, 
IL-6, and IL-8 [22–24].

L-4F, an apolipoprotein A1 mimetic peptide and a 
potent HO-1 inducer, decreases visceral and subcuta-
neous fat content with limited weight gain, decreases 
plasma IL-1b and IL-6 levels, increases adiponectin 

levels, and increases insulin sensitivity and glucose tol-
erance in a mouse model of obesity and diabetes (ob/
ob mice). This has further been demonstrated to result 
in decreased glucose and insulin levels both in mouse 
bone marrow and human bone marrow–derived mes-
enchymal stem cell cultures [25].

Increased HO-1 expression increases Akt and adenos-
ine monophosphate activated protein kinase (AMPK) 
phosphorylation [26]. Phosphorylated Akt (pAkt) and 
phosphorylated AMPK (pAMPK) function as fuel sensors 
in the regulation of energy balance. Impaired pAMPK and 
pAkt signaling has been implicated in insulin resistance 
and endothelial dysfunction. HO-1 induction mediates 
activation of pAMPK and pAkt, increases glucose trans-
port, fatty acid oxidation, mitochondrial function, and NO 
bioavailability, and improves vascular function [27–30].

Burgess et  al. demonstrated that HO-1 induction 
in adipocyte stem cells not only ameliorates obesity-
associated metabolic consequences, including hyperten-
sion independent of body weight, but also improves 
glucose tolerance in both male and female obese mice 
[31]. These novel findings underscore the importance of 
HO-1 as a potential therapeutic target in the treatment 
of metabolic disorders including insulin resistance in 
obese populations.

ADIPONECTIN

Adiponectin is the most abundant adipokine in the 
human plasma and accounts for nearly 0.01% of the total 
plasma protein. The concentration of circulating adipo-
nectin in plasma is between 2 and 30 μg/mL, which is 
greater than that for most hormones and inflammatory 
cytokines. Adiponectin is largely secreted by adipocytes, 
although it can also be secreted by the hepatocytes, car-
diomyocytes, skeletal muscle, colon, salivary gland, 
placenta, and hypophysis at lower concentrations [32]. 
Adiponectin levels show ethnic and gender differences. 
Levels are higher in Caucasians than in Indo-Asians [33] 
and higher in women than in men [34]. Importantly, the 
serum level of adiponectin is significantly reduced in 
obese or type 2 diabetic patients [35–37].

STRUCTURE AND SECRETION OF 
ADIPONECTIN

Reported for the first time by Scherer et  al. in 1995 
[38], adiponectin is a product of the APM1 (adipose most 
abundant gene transcript 1) gene located on the chromo-
some 3q27. It is a 30 kDa protein composed of 244 amino 
acids with a C-terminal globular domain and a collagen-
like N-terminal domain [39]. Adiponectin is structurally 
related to proteins of the complement system (C1q) [40] 
and tumor necrosis factor alpha (TNFα) [41] (Figure 4.1).
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The basic building block of adiponectin is a tightly 
associated trimer, which is formed by association between 
three monomers at the globular domains. Adiponectin is 
found in low-molecular-weight (e.g., trimer and hex-
amer) and high-molecular-weight (HMW) forms (e.g., 
dodecamers and octadecamers) in human serum [42]. 
HMW adiponectin formation requires an intermolecu-
lar disulfide bond between cysteine residues that are 
located in the hypervariable region. A model for assem-
bly of adiponectin complexes is shown in Figure 4.2.

Full-length adiponectin undergoes proteolytic cleav-
age to form globular adiponectin, which has increased 
binding in myocytes and skeletal muscle membranes, but 
reduced binding in hepatocytes and liver membranes.

ADIPONECTIN RECEPTORS: 
STRUCTURE AND FUNCTION

The metabolic actions of adiponectin are mediated 
by receptors known as adiponectin receptors 1 and 2 
(AdipoR1 and AdipoR2) that were identified by expres-
sion cloning in 2003. These receptors have seven trans-
membrane portions, but are functionally different from 

the G-protein-coupled receptors, particularly because 
they have opposite polarity (i.e., internal N-terminus 
and external C-terminus) [43]. AdipoR1 is abundantly 
expressed in liver, skeletal muscle, macrophages, and 
the hypothalamus, while AdipoR2 is expressed in liver, 
white adipose tissue, and the vasculature.

AdipoR1 and AdipoR2 double knockout mice have 
been shown to be glucose intolerant and hyperinsulin-
emic, indicating that AdipoR1 and AdipoR2 help to reg-
ulate normal glucose metabolism and insulin sensitivity 
[44]. Liver AdipoR1 is involved in activating AMPK, 
while AdipoR2 is involved in activation of peroxisome 
proliferator-activated receptor alpha (PPARα), leading 
to increased insulin sensitivity. Full-length adiponectin 
stimulates the phosphorylation and subsequent acti-
vation of AMPK in both skeletal muscle and the liver, 
compared to globular adiponectin which only exerts its 
effect in skeletal muscle [45]. Adiponectin, via AdipoR2, 
activates and increases the expression of PPARα ligands 
increasing the rate of β oxidation which is a major path-
way for lipid metabolism.

In addition to AMPK activation, adiponectin induces 
carboxylase acetyl-coenzyme A phosphorylation, glucose 
uptake, nitric oxide (NO) synthesis, lactate production in 
myocytes, and reduced liver production of molecules 
involved in gluconeogenesis. Adiponectin also appears 
to regulate more diverse and complex pathways, such 
as ceramide and sphingosine1-phosphate (S1P) down-
stream from AdipoR1 and AdipoR2 [45–49].

AdipoR1 increases the action of a number of genes 
including those coding for NF-κB, TNFα, IL-1, and IL-4 
[50]. AdipoR1 activation decreases vascular cell adhe-
sion molecule 1 (VCAM1), intercellular adhesion mol-
ecule 1 (ICAM1), and IL-18 levels, all of which promote 
inflammation. AdipoR1 also activates P38 mitogen-
activated protein kinase (p38MAPK) which is involved 

FIGURE 4.1 Structure of single-chain globular domain adiponectin 
(sc-gAd). (A) Base region of mouse gAd structure. One gAd monomer 
is shown with blue for the N-terminus of the sequence which transits 
to red for the C-terminus. The other two gAd monomers are shown in 
single color with blue and red to denote the N- and C-termini, respec-
tively. (B) Domain organization of human adiponectin. For sc-gAd, the 
three globular domains (A, B, and C) are shown in magenta, yellow, 
and cyan, respectively. Source: Reprinted from Ref. [39], with permission 
from Elsevier.

FIGURE 4.2 Model for assembly of adiponectin into complexes 
of up to 18 monomers. Three monomers form a trimer through the 
globular domain, and trimers associate through interactions within 
the collagenous domain. Four to six trimers associate noncovalently 
through their collagenous domains to form a high-molecular-weight 
complex. Source: Reprinted from Ref. [42], with permission from Elsevier.
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in transcriptional machinery. The action of phosphati-
dylinositol-4,5-bisphosphate 3-kinase (PI3K) is indi-
rectly regulated by AdipoR1. PI3K acts on heat shock 
protein 90 (HSP90) which increases the action of endo-
thelial nitric oxide synthase (eNOS). AdipoR2 activates 
the APPL1 gene which upregulates AMPK1 which again 
upregulates eNOS [50,51] and increases the production 
of NO. Elevated AMPK also increases the action of phos-
phoenolpyruvate carboxykinase (PEPCK) ultimately 
increasing gluconeogenesis. APPL1 transcription also 
upregulates Akt which increases the glucose transporter 
type 4 (Glut4) translocation ultimately increasing glu-
cose uptake in the cell [52].

T-cadherin, a membrane-associated adiponectin-
binding protein localized in vascular smooth muscle cells 
and endothelial cells, seems to be another receptor for 
adiponectin activity [53]. T-cadherin localizes adiponec-
tin to the vascular endothelium. T-cadherin deficiency 
prevents the ability of adiponectin to promote cellular 
migration and proliferation [54]. T-cadherin protects 
against stress-induced pathological cardiac remodeling 
by activating adiponectin’s cardioprotective functions 
(Figures 4.3 and 4.4) [55].

FIGURE 4.3 Functional analysis of adiponectin receptors. Source: 
Reprinted from [49], with permission from Elsevier.

FIGURE 4.4 Actions of adiponectin on different target tissues. EC, endothelial cell; EPCs, endothelial progenitor cells; VSMCs, vascular 
smooth muscle cells. Source: Adapted with permission from Ref. [52].
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ADIPONECTIN IN OBESITY

Although adiponectin is secreted only from adipose 
tissue, its plasma levels are paradoxically lower in obe-
sity. This is in contrast to most other adipokines, whose 
levels increase in obesity in proportion to the increased 
total body fat mass. In a similar fashion, adiponectin 
levels increase with calorie restriction or weight reduc-
tion by gastric partition surgery [56]. There is a strong 
inverse correlation between plasma levels of adiponectin 
and measures of adiposity, including body mass index 
(BMI) and total fat mass [57]. Besides total fat mass, 
intra-abdominal fat is an independent negative predic-
tor of plasma adiponectin [58]. In both lean and obese 
individuals, adiponectin levels in intra-abdominal fat 
are much lower than in subcutaneous fat.

ADIPONECTIN AS AN INSULIN-
SENSITIZING HORMONE

The role of adiponectin as a key regulator of insulin 
sensitivity was first described by Fruebis et al. in 2001 
when injection of a fragment of C-terminal globular 
adiponectin into mice decreased plasma glucose levels 
by increasing fatty acid oxidation in skeletal muscles 
[59]. Several studies subsequently confirmed this finding 
using different forms of recombinant adiponectin. Both 
full-length or globular adiponectin significantly improve 
insulin resistance and lipid profiles in mouse models of 
diabetes and obesity [60,61]. An approximately threefold 
elevation of native adiponectin in a transgenic mouse 
model significantly increases lipid clearance and lipo-
protein lipase activity and enhances insulin-mediated 
suppression of hepatic glucose production, thereby 
improving insulin sensitivity [62,63]. Adiponectin 
knockout mice exhibit severe insulin resistance and 
dyslipidemia on a high-fat diet, despite having normal 
glucose tolerance when fed with regular chow. Mild 
insulin resistance is noted in heterozygous adiponectin 
knockout mice and moderate insulin resistance is noted 
in homozygous adiponectin knockout mice even when 
fed with regular chow.

Mechanistically, the insulin-sensitizing effect of adi-
ponectin appears to be secondary to its direct actions on 
skeletal muscle and the liver through the activation of 
AMPK and PPAR [64]. Excessive triglyceride (TG) accu-
mulation has been proposed to be a major causative fac-
tor of insulin resistance in skeletal muscle [65]. Activation 
of AMPK in skeletal muscle by adiponectin causes 
increased expression of proteins involved in fatty acid 
transport, fatty acid oxidation (such as acyl-coenzyme 
A oxidase), and energy dissipation (such as uncoupling 
protein-2), resulting in enhanced fatty acid oxidation, 
energy dissipation, and reduced TG accumulation. In 

the liver, stimulation of AMPK decreases the expression 
of gluconeogenic enzymes, such as PEPCK and glucose-
6-phosphatase, which may account for its glucose-low-
ering effect in vivo [49,62]. In addition, adiponectin acts 
in an autocrine manner on adipocytes to antagonize the 
inhibitory effect of TNFα on insulin-stimulated glucose 
uptake [66] and blocks the release of insulin resistance-
inducing factors from adipocytes [67].

Human studies have shown that low plasma adi-
ponectin concentration precedes a decrease in insulin 
sensitivity [68]. Plasma adiponectin levels are inversely 
related to basal and insulin-stimulated hepatic glucose 
production [69], supporting the role of adiponectin 
as an endogenous insulin sensitizer in humans. 
Hypoadiponectinemia is more closely associated with 
the degree of insulin resistance and hyperinsulinemia 
than with the degree of glucose intolerance and adi-
posity. Case-controlled studies show that subjects with 
low concentrations of adiponectin are more likely to 
develop type 2 diabetes than those with high concen-
trations [70,71].

Data from human genetic studies further support the 
causative role of hypoadiponectinemia in the develop-
ment of insulin resistance and type 2 diabetes [72–75]. 
The gene coding for adiponectin is located on human 
chromosome 3q27, a known diabetes susceptibility 
region, suggesting the association of adiponectin with 
the development of diabetes [76]. Single-nucleotide 
polymorphisms (SNPs) at positions 45, 276, and in both 
the proximal promoter region and exon 3 of the adipo-
nectin gene have been found to be closely associated 
with insulin resistance and type 2 diabetes in several eth-
nic groups. SNP276 is directly linked with lower plasma 
adiponectin levels, enhancing the risk of type 2 diabetes 
and insulin resistance [72]. While more adiponectin gene 
SNPs have been found to cause hypoadiponectinemia 
and diabetes [73,74,77], healthy levels of adiponectin 
were associated with decreased risk of diabetes in a sys-
tematic analysis of 13 prospective studies [78].

ADIPONECTIN AND ATHEROSCLEROSIS

Adiponectin has been found to have multiple direct 
antiatherogenic properties [79,80]. While overexpression 
of adiponectin inhibits atherosclerotic lesion formation 
in transgenic mouse models, adiponectin deficiency 
is associated with severe neointimal thickening and 
increased vascular smooth muscle cell proliferation 
in mechanically injured arteries [81–83]. Adiponectin 
improves endothelium-dependent vasodilation by 
enhancing eNOS activity to increase NO production [84]. 
Adiponectin restrains plaque formation and atheroscle-
rosis by inhibiting the expression of adhesion molecules 
and inflammatory cytokines including IL-8, ICAM-1, 
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VCAM-1, and E-selectin, thus suppressing endothelial 
and smooth muscle cell proliferation and reducing cho-
lesterol uptake via inhibition of class A scavenger recep-
tor expression (Figure 4.5) [86–91].

The protective anti-atherogenic actions of adiponec-
tin have been validated in multiple clinical studies. Low 
serum adiponectin has been suggested as an independent 
indicator of the extent of coronary plaque burden [92,93]. 
Similarly, high plasma levels of adiponectin are associ-
ated with a significantly decreased risk of myocardial 
infarction in a large case control study in which 18,225 
male participants were followed over a 6-year period [94].

ADIPONECTIN AND HYPERTENSION

Low serum adiponectin levels are an independent risk 
factor for essential hypertension [95,96]. Hypertensive 
individuals have significantly lower concentrations 
of plasma adiponectin compared with normotensive 
healthy subjects [97]. In mouse models of obesity,  
adenovirus-mediated delivery of adiponectin was asso-
ciated with a significant decrease in blood pressure [98], 
suggesting that hypoadiponectinemia is also a con-
tributing factor for the development of obesity-related 
hypertension.

ADIPONECTIN AND DYSLIPIDEMIA

Adiponectin appears to play an important role in the 
pathogenesis of dyslipidemia by affecting HDL and LDL 
metabolism. In clinical studies, low levels of plasma adipo-
nectin have been associated with decreased serum HDL-C 

level, reduced lipoprotein lipase enzyme activity, smaller 
LDL size, and increased levels of apolipoprotein (Apo) 
B-100 [99–103]. Adiponectin upregulates ApoA1 protein 
secretion suggesting that adiponectin may increase HDL 
assembly in the liver [104]. Adiponectin knockout mice 
have reduced plasma and hepatic levels of ApoA1 protein 
when compared with wild-type mice [105].

ADIPONECTIN AND THE METABOLIC 
SYNDROME

Metabolic syndrome is not merely a single disease but 
a collection of pathological conditions (i.e., abdominal 
obesity, insulin resistance, dyslipidemia, hyperglycemia, 
and hypertension) that increase the risk of developing 
diabetes and cardiovascular diseases. Low adiponectin 
levels directly correlate with the development of met-
abolic syndrome after adjusting for age, sex, and BMI 
[106,107]. In a study of Japanese adults, an increase in 
the number of metabolic syndrome components was 
associated with decreasing adiponectin levels [108]. 
Hypoadiponectinemia also appears to be a predictor for 
the future development of metabolic syndrome in obese 
individuals [109,110].

CURRENT AND FUTURE THERAPEUTIC 
TARGETS

As discussed above, data from clinical studies identify 
hypoadiponectinemia as a potential causative agent in 
the development of a wide spectrum of obesity-related 
metabolic and cardiovascular disorders. Adiponectin 

FIGURE 4.5 Protective action of adiponectin in the initiation and progression of atherosclerosis. TNFα, tumor necrosis factor α; NO, nitric 
oxide; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intracellular adhesion molecule-1; IHB-EGF, heparin-binding epidermal growth 
factor-like growth factor. Source: Reprinted from Ref. [85], with permission from Elsevier.
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holds great promise as a potential therapeutic agent for 
the treatment of insulin resistance, type 2 diabetes, and 
related atherosclerotic complications. Lifestyle measures 
including weight loss and aerobic exercise have been 
shown to increase adiponectin levels [111]. Adiponectin 
replenishment therapy has not yet been realized, as bio-
logically active recombinant adiponectin proteins are 
inherently unstable and difficult to synthesize [112]. 
Certain drug classes such as thiazolidinediones and 
sulfonylureas, angiotensin receptor blockers, angioten-
sin-converting enzyme inhibitors, nicotinic acid, and 
omega-3 polyunsaturated fatty acids exert beneficial 
effects on insulin resistance, in part by increasing plasma 
adiponectin levels [113,114].

Two agents have been identified as possible pharma-
cologic mediators of adiponectin metabolism. AdipoRon, 
an oral AdipoR agonist, activates AMPK and PPARα 
pathways in muscle and liver, resulting in improvement 
of insulin resistance and glucose intolerance in mice on 
a high-fat diet [115], and attenuates post-ischemic myo-
cardial injury in a mouse model [116]. Another potential 
mediator is CTRP9, an adiponectin paralog, which, in a 
mouse model, undergoes proteolytic cleavage to gener-
ate gCTRP9, the dominant circulatory and actively car-
dioprotective isoform, which in turn activates cardiac 
survival kinases, including AMPK, Akt, and eNOS [117].

Further research as well as potential AdipoRon human 
trials will better delineate the potential of adiponectin to 
both prevent atherosclerotic disease as well as enhance 
survival following coronary injury.
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INTRODUCTION

The heart is an essential organ which plays a role in 
supplying blood carrying oxygen and nutrients during 
fetal and postnatal life. It carries an intrinsic property 
of regeneration and replacement of lost cardiomyocytes 
to maintain physiological balance throughout human 
life.

There has been a significant increase in the prevalence 
of cardiovascular risk factors in the United States includ-
ing type II diabetes mellitus and obesity in recent years 
from which coronary artery disease has emerged as a 
major health concern. Ischemic heart disease continues 
to be a main cause of morbidity and mortality in the 
United States.

Myocardial ischemia results from an imbalance 
between the myocardial oxygen supply and the myo-
cardial oxygen demand. Coronary artery disease is the 
main cause of myocardial ischemia. Myocardial infarc-
tion leads to loss of cardiomyocytes. Cell death varies 
according to the therapy given, the site and severity of 
the coronary artery obstruction, and the time to inter-
vention. There are multiple therapies available for myo-
cardial infarction, but none of these therapies have been 
shown to reverse the loss of cardiac cells. Quantification 
of extent of myocardial ischemia can be done by using 
a number of imaging modalities, which include cardiac 
magnetic resonance imaging, computed tomography 
angiography, and positron imaging tomography [1]. 
Occasionally, the ischemic event results in significant 
loss of cardiomyocytes which leads to a sequence of 
events, including fibrosis, scar formation, thinning of 
the ventricular wall, remodeling of viable cells in the 
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ventricle, and eventually the development of congestive 
heart failure.

Since the last century, remarkable progress has been 
made in the treatment of acute myocardial infarction, 
including pharmacological interventions, percutaneous 
coronary intervention, and coronary artery bypass graft 
surgery. In the acute setting, percutaneous coronary inter-
vention with use of bare-metal stents or drug-eluting  
stents or coronary artery bypass graft surgery helps to 
restore coronary blood flow in the occluded coronary 
artery and helps to improve the prognosis. However, 
a significant number of patients still develop conges-
tive heart failure. Ischemic heart disease continues to 
be a major cause of congestive heart failure. Even in the 
presence of these successful treatments, ischemic heart 
failure or cardiomyopathy is a common chronic con-
sequence of myocardial infarction and carries a poor 
overall prognosis. After cell death, mechanisms of cell 
repair are initiated.

Interventions available in the current era, including 
pharmacological therapy (beta-blockers, angiotensin-
converting enzyme inhibitors, and aldosterone antag-
onists), implantable cardioverter-defibrillators, and 
mechanical assist devices such as bridge to transplant 
or destination therapy help in the management of the 
decompensated heart failure state but do not help to 
restore the lost cardiac function from an ischemic event. 
Heart transplantation is an option by which we can 
replace the damaged heart, but selected patients are can-
didates for the therapy, and the present paucity of organs 
available limits its widespread use. Furthermore, rejec-
tion complications and close surveillance are drawbacks 
for this therapy. Survival of transplanted patients has 
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improved with improvement in the immunosuppressive 
therapy used to prevent rejection complications.

Inability of the above therapies to help in cardiac 
repair has led researchers to explore the field of stem cells 
with an aim to replace the damaged myocardium result-
ing from myocardial ischemia. Stem cell-based therapy 
for ischemic heart disease has turned into an evolving 
and dynamic area of research in the last few years. Initial 
studies were performed using bone marrow mononu-
clear cells and were found to be effective in cardiac repair. 
One of the first nonrandomized trials performed using 
bone marrow stem cells showed improvement in over-
all cardiac function after transplanting them in infarcted 
myocardium. In more recent trials, mesenchymal and 
cardiac stem cells are being used. Recent meta-analysis 
have shown that stem cell therapy results in improve-
ment of left ventricular ejection fraction by 3–4% [2–5].

Cardiomyocytes were initially thought to be termi-
nally differentiated cells with no regeneration properties 
in postnatal life [6]. Recent studies have shown that after 
an ischemic injury to the myocardium, the circulating 
bone marrow derived or locally present cells migrate 
around the infarcted area and differentiate into cardio-
myocytes. However, the rate of differentiation is slow to 
overcome the extent of damage or loss of function from 
myocardial cell death [7,8]. Another theory for genera-
tion of new heart cells is that the preexisiting cardiomyo-
cytes enter into a mitotic cell cycle and differentiate into 
cardiomyocytes during normal aging and postmyocar-
dial infarction [9]. Cardiomyocytes turn over at a rate of 
1% at age 25, decreasing to 0.45% by age 75, reflecting 
less than 50% of cells being replaced during a life span 
[10]. Another group reported a much higher turnover up 
to eight times during the human life span [11].

Cell-based therapy is based on the concept of using 
embryonic or adult stem cells. Cell transplantation has 
been receiving attention due to its simplified way of 
using and a good safety profile. However, even with 
multiple trials in this field, a specific strategy has not 
been established yet.

MECHANISM OF ACTION

The mechanism of action of stems cells in improving 
cardiac function and helping with repair is still contro-
versial. The type of stem cells involved in the process is 
also not well understood. This is part of the reason why 
large clinical randomized trials have not been designed 
and tested in patients. Initial experiments and trials 
were based on the thought that stem cells differentiate 
into cardiomyocytes. Intrinsic cardiac cells can also be 
induced by bone marrow stem cells to enter mitotic cell 
cycle and proliferate, helping improve cardiac function. 

They can induce neovascularization via endothelial 
progenitor cells and prevent cardiac remodeling. Other 
mechanisms described are release of cytokines by stem 
cells promoting cardiac repair or via cell fusion of stem 
cells with intrinsic cardiomyocytes [12,13].

The source of the cells is either from the recipient’s 
bone marrow or the stem cells are mobilized using a 
growth factor. The most common growth factor used 
is the granulocyte colony stimulating factor. The ini-
tial technique is a time consuming procedure in which 
cells are obtained from the bone marrow at site of pel-
vic bone and then separated from the rest of the cells 
before being infused in the recipient. In the latter method 
using growth factor, stem cells are obtained from a blood 
sample.

STEM CELL DELIVERY

Delivery of the stem cells is essential at the site of 
injury where they can help to restore the cardiac func-
tion. There have been multiple methods of cell deliv-
ery described in trials over the last decade. The most 
commonly used methods are intravenous infusion [14], 
intracoronary injection [15], and intramyocardial or 
direct epicardial injection [16].

Intravenous infusion appears to be the most simpli-
fied noninvasive procedure but very few of the stem 
cells actually reach the site of injury. Intracoronary 
delivery of the cells can be done by using a specialized 
catheter during coronary intervention using a stop flow 
technique. One of the studies described less than 4% of 
cells residing in the heart muscle after an intracoronary 
injection [17]. A meta-analysis showed that intracoro-
nary infusion is effective in patients with acute myocar-
dial infarction [18].

Direct injection in the ventricular wall can be used 
when patients have chronic ischemic heart disease and 
occluded coronary vessels prevent the delivery of cells 
to the target site. Intramyocardial injection can be done 
either using an angioplasty-like technique with elec-
tromechanical mapping (NOGA catheter technique) or 
during coronary artery bypass graft surgery [19]. It is 
expected that placing the cells at the site of myocardial 
injury will have the maximum benefit, but the inflamma-
tion provides an unfavorable environment to the stem 
cells to grow. Poor blood flow and vascular supply at 
the site of myocardial ischemic injury is another limiting 
factor in the cells reaching the target area.

It has been described that approximately 90% of the 
transplanted cells die due to the above described condi-
tions. Therefore, determining the dose of the stem cells 
is essential to achieve the goal of cardiac repair and 
improvement in function.
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TYPES OF STEM CELLS

Embryonic Stem Cells

Embryonic stem cells are totipotent cells as they can 
differentiate to any type of cell in the body. Ability to 
differentiate into cardiomyocytes, endothelial, and 
smooth muscle cells helps in repair of the damaged 
myocardium. In animal models, the cardiomyocytes 
derived from the embryonic stem cells help improve 
myocardial function [20]. In a mouse model, human 
embryonic stem cell-derived cardiomyocytes have 
been shown to improve overall heart function at 4 
weeks postmyocardial infarction, but no significant 
improvement was seen at 12 weeks after myocardial 
infarction.

There are multiple limitations in applying the concept 
of embryonic stem cells in humans. An ethical stigma is 
attached to it as harvesting of these cells involve access-
ing the embryo. Due to their pluripotent property, they 
can develop into teratomas, containing cells derived 
from all three germ layers. These teratomas can also 
develop in the heart. Another obstacle is immunologi-
cal incompatibility with the differentiated cells. Cells 
harvested from animals can be source of viruses which 
limits its application to humans. Currently, focus is on 
isolating the cardiac progenitor cell among these embry-
onic stem cells which can overcome a few of the limita-
tions described above.

Skeletal Myoblasts

Skeletal myoblasts were among one of the first cells 
injected into the injured myocardium. Skeletal myo-
blasts have characteristics similar to cardiomyocytes 
which favor their use. As they can be obtained from 
the host easily via muscle biopsies, there are no ethical 
issues or immunological problems. These cells have a 
higher proliferation rate and also are resistant to myo-
cardial ischemia. Their use in animal models has been 
shown to improve left ventricular function and prevent 
cardiac remodeling [21].

A limiting factor of their use is that skeletal myo-
blasts are unable to form intercalated discs with adjacent 
cardiomyocytes which result in arrhythmias, mostly 
sustained ventricular tachycardia. Because of these 
life-threatening arrhythmias, most of the study designs 
included implantation of a cardioverter-defibrillator or 
amiodarone therapy which limited its widespread test-
ing and application. In the myoblast autologous grafting 
in ischemic cardiomyopathy (MAGIC) trial, implanta-
tion of autologous skeletal myoblasts failed to improve 
heart function [22]. Most of the studies have used open 
heart surgery for implanting these cells.

Human Adult Bone Marrow-Derived Stem Cells

Adult bone marrow contains multiple stem cell popu-
lations. Jackson and coworkers showed regeneration of 
cardiomyocytes and endothelial cells in a mouse model 
in which a myocardial infarction was induced by ligat-
ing the coronary artery [23]. Orlic et al. also showed that 
injection of mouse bone marrow cells in the infarcted 
myocardium led to the formation of cardiomyocytes, 
endothelial cells, and smooth muscle cells [6].

Based on these animal studies, human adult bone 
marrow-derived stem cells have been studied in various 
trials. Bone marrow serves as a source for an intrinsic 
repair mechanism in the heart which is not enough to 
overcome the damage caused by myocardial ischemia. 
In clinical trials, myocardial cell delivery has been per-
formed using intracoronary infusion, an endomyocar-
dial approach, or during open heart surgery. Precursor 
cells with an ability to differentiate into cardiomyocyte 
or endothelial cells are present within the mononuclear 
fraction of the bone marrow cells. Therefore, bone mar-
row mononuclear cells have been used in multiple 
clinical trials. In the Transplantation of Progenitor Cells 
and Regeneration Enhancement in Acute Myocardial 
Infarction (TOPCARE-AMI) trial, intracoronary infusion 
of cells improved the left ventricular ejection fraction 
from 51% to 58%, [24]. In the intracoronary autologous 
bone marrow cell transfer after myocardial infarction 
(BOOST) trial, improvement of 6.7% in left ventricular 
ejection fraction was seen in the treatment group [25]. 
A few of the studies showed no improvement in heart 
function, but there was some benefit in reducing the 
myocardial scar.

Mesenchymal Stem Cells

Mesenchymal stem cells account for 0.001–0.01% of 
bone marrow cells and have a potential to differentiate 
into any cell of mesenchymal origin including muscle, 
bone, ligament, tendon, and adipose tissue. They can be 
harvested easily from the host bone marrow and do not 
cause any immunological problems. Mesenchymal stem 
cells can differentiate into cardiomyocytes and endothe-
lial cells; thereby help improve myocardial function and 
neovascularization. In animal models, improvement in 
heart function and regeneration of myocardium has been 
seen. Chen et al. showed a significant improvement in left 
ventricular function and reduction in myocardial infarct 
size after intracoronary injections of mesenchymal stem 
cells in patients after myocardial infarction [26].

Endothelial Progenitor Cells

Endothelial progenitor cells have been isolated both 
in blood and bone marrow. They can be attracted to 
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the site of myocardial infarction and can differentiate 
into blood vessels. Endothelial progenitor cells can reach 
the infarcted region within 48 h of intravenous injec-
tion. Due to their property of neovascularization, there 
is reduction in cardiomyocyte apoptosis, scar formation, 
and left ventricular remodeling along with improve-
ment in cardiac function. Erb et al. [27] mobilized these 
endothelial progenitor cells from the bone marrow and 
isolated them in the blood. After intracoronary infusion, 
improvement in cardiac function and reduction in size 
of the myocardial infarct was seen [27].

Adipose Tissue-Derived Stem Cells

Adipose tissue has an ability to differentiate into mus-
cle, bone, and cartilage. In animal models, adipose tissue 
has been shown to differentiate into cardiomyocytes and 
help in neovascularization [28]. There are limited data 
in humans so far regarding their use. The cells can be 
derived from liposuction aspirates.

In the adipose-derived regenerative cells in patients 
with ischemic cardiomyopathy (PRECISE) trial, after 
transplantation of adipose-derived regenerative cells, 
efficacy was measured by using echocardiography, 
magnetic resonance imaging, single-photon emission 
computed tomography, metabolic equivalents, and max-
imal oxygen consumption [29]. In the treatment group, 
improvements in left ventricular mass measured by 
magnetic resonance imaging and in a wall motion score 
index were seen [29]. Single-photon emission computed 
tomography also showed reduction in inducible myo-
cardial ischemia [29].

Cardiac Stem Cells

As described above, the heart was initially thought 
to be a postmitotic organ with no properties of differen-
tiation. However, recent studies have shown that heart 
muscle has a subpopulation of cells which can maintain 
a homeostatic environment by replacing the dying cells 
[30]. These cells are called cardiac stem cells. During an 
ischemic event, release of cytokines or other markers 
from the inflamed area can cause the differentiation of 
these resident stem cells into cardiomyocytes, smooth 
muscle, and endothelial cells. The number of the resi-
dent cardiac stem cells continues to decrease with age 
and at the time of an ischemic event; the turnover of the 
cells and role in cardiac repair is not significant enough 
to overcome the amount of damage to the myocardium.

c-kit+ cells are one of the most commonly used cardiac 
stem cells. Beltrami et al. described the isolation of these 
cells in adult rat hearts in 2003 [31]. These cells can be 
found to be present within the atria and ventricles of the 
heart. These cells have also been isolated in the human 
heart, and testing these cells in a mouse model showed 

differentiation of these cells into human cardiomyocytes, 
resulting in formation of vessels [32].

Sca-1+ progenitor cell is another subtype of cardiac 
stem cell which has been shown to differentiate into 
cardiomyocytes. These cells have been tested in the 
mouse model by intramyocardial injection and have 
been shown to differentiate into cardiomyocytes and 
blood vessels [33]. This study showed improvement in 
left ventricular ejection fraction and reduction in ven-
tricular remodeling at 3 months after myocardial infarc-
tion [33].

isl-1+ progenitor cells have been shown to differenti-
ate into endothelial cells, cardiomyocytes, and smooth 
muscle cells. Side population cells have gained impor-
tance as a distinct entity with the capability of differen-
tiating into cardiomyocytes, but they overlap with the 
Sca-1+ progenitor cells.

Cardiosphere-derived cells have a property to grow 
in self-adherent clusters and can differentiate into car-
diomyocytes. They have been shown to improve left 
ventricular function in mouse models [34].

Cardiac stem cell therapy has been applied to clinical 
trials. In the cardiac Stem Cells In Patients with Ischemic 
Cardiomyopathy (SCIPIO) trial, use of c-kit+ cells in 
patients after myocardial infarction led to improve-
ment in left ventricle ejection fraction by 8% [35]. In 
the CADUCEUS (CArdiosphere-Derived aUtologou 
stem CElls to reverse ventricUlar dySfunction) trial, 
cardiac stems cells were transplanted via an intracoro-
nary method in patient with acute myocardial infarction 
and reduced left ventricular ejection fraction. The treat-
ment arm showed reduction in scar formation and an 
increase in the heart muscle mass, but no difference in 
left ventricular ejection fraction was seen [36]. These tri-
als have shown a few encouraging results but still leave 
many questions unanswered. We are not up to a point 
yet where stem cell therapy can help to overcome the 
epidemic of ischemic heart disease and congestive heart 
failure, which the United States and other countries are 
facing.

CONCLUSIONS

Stem cell therapy presents a relatively recent excit-
ing new form of treatment for ischemic heart disease. 
Even though a number of randomized clinical trials have 
been performed, the exact clinical role and benefit of this 
therapy is still being defined. In addition, most of the 
studies are small to moderate size and differ in types 
of intervention as well as outcomes studied. Moving 
forward, we need large randomized, placebo-controlled 
clinical studies with uniform use of cell lines, delivery 
methods, and outcome measures to determine whether 
this form of therapy can be used in clinical practice.
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Vasculogenesis and angiogenesis are the fundamen-
tal processes by which new blood vessels are formed. 
Vasculogenesis is defined as the differentiation of 
endothelial precursor cells (EPCs), or angioblasts, into 
endothelial cells (ECs) and the de novo formation of a 
primitive vascular network [1]. Angiogenesis refers to 
the growth of new capillaries (new blood vessels that 
lack a fully developed tunica media) from preexisting 
blood vessels either via “sprouting” or “intussuscep-
tion” [2] (Figure 6.1).

In contradistinction to these two processes, arterio-
genesis involves remodeling of small arterioles, with 
very low or no blood flow, into larger conducting arter-
ies with a fully developed tunica media (see Chapter 2 
for details on arteriogenesis). Substantial progress has 
been made in our understanding of the cellular and 
molecular mechanisms underlying these processes of 
neovascularization. Preclinical studies in animal mod-
els have explored the potential use of various growth 
factors with or without progenitor cells to treat myo-
cardial ischemia with promising results. However, clini-
cal trials of therapeutic coronary angiogenesis for the 
treatment of ischemic heart disease have been largely 
disappointing [3,4]. As the field of therapeutic angio-
genesis evolves from preclinical investigations to clinical 
trials, new challenges have emerged [5]. Some of these 
include selection of appropriate patient populations for 
clinical studies, choice of therapeutic strategy (gene ver-
sus protein versus cell therapy), route of administration, 
and selection and assessment of therapeutic endpoints. 
A more in-depth understanding of the biology of vascu-
logenesis and angiogenesis may help overcome some of 
these existing challenges.
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VASCULOGENESIS

The cardiovascular system is the first functional organ 
system to develop in the embryo. The differentiation of 
EPCs or angioblasts from the mesoderm and the forma-
tion of a primitive vascular network from angioblasts are 
the two distinct steps during the onset of vascularization 
that together constitute embryologic “vasculogenesis” 
[1]. Blood islands are aggregates of cells that emerge from 
the splanchnopleuric mesoderm and are the earliest dis-
cernible vascular structures in the embryo [6]. EPCs are 
located at the periphery of the blood islands, whereas the 
cells in the center of the blood islands are termed hema-
topoietic stem cells. In addition to this spatial association, 
hematopoietic stem cells and EPCs share certain antigenic 
determinants, including vascular endothelial growth 
factor receptor-2 (VEGFR-2, also known as Flk-1 in mice 
and KDR in humans), angiopoietin-1 (Ang-1) receptor 
Tie-2, stem cell antigen-1 (Sca-1), and CD34. This has led 
to the assumption that EPCs and hematopoietic stem cells 
may derive from a common precursor called the heman-
gioblast [7]. Growth and fusion of multiple blood islands 
in the yolk sac of the embryo ultimately give rise to the 
primitive capillary network. After the onset of blood cir-
culation, this primitive capillary network differentiates 
into an arteriovenous vascular system [8].

Members of the fibroblast growth factor (FGF) family 
are potent inducers of the mesoderm [9]. Data from 
dominant-negative mutants and knock-out mice provide 
direct evidence that FGF-receptor tyrosine kinases and 
FGF-4 are required for the normal development of the 
posterior and lateral mesoderm, suggesting that the FGF/
FGF-receptor system is the crucial signal transduction 
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pathway for mesoderm induction in vivo [10,11]. Despite 
the crucial function of FGF-receptors in mesoderm induc-
tion, these receptors do not play a major role in the subse-
quent morphogenesis of the vascular system [12,13]. On 
the other hand, VEGF is an important regulator of vascu-
logenesis, a notion supported by the observation that the 
first molecule known to be expressed in a population of 
mesodermal cells giving rise to EPCs is VEGFR-2. VEGF 
secreted by the endoderm acts in a paracrine manner to 
support the differentiation of VEGFR-2-expressing meso-
dermal cells to angioblasts. Gene knock-out experiments 
have further established the pivotal role of VEGF, VEGFR-
2, and VEGFR-1 (also known as Flt-1) in embryonic vas-
culogenesis. Heterozygous mice lacking one copy of the 
VEGF gene die in utero with aberrant blood vessel for-
mation in the yolk sac and the embryo [14,15]. VEGFR-2 
(Flk-1)-deficient mice are both unable to form blood 
islands and unable to undergo vasculogenesis as a result 

of defects in angioblastic and hematopoietic lineages [16]. 
VEGFR-1 plays a role later, as mice lacking Flt-1 can pro-
duce angioblasts, but their assembly into functional blood 
vessels is impaired [17]. Cell adhesion molecules such as 
vascular endothelial cadherin (VE-cadherin, also known 
as cadherin 5 or CD144), platelet-endothelial cell adhe-
sion molecule-l (PECAM-1 or CD31), CD34, and fibronec-
tin and its receptor α5β1 integrin also play an important 
role in vasculogenesis [1,18]. Pathways that regulate 
coronary vasculogenesis are distinct from those govern-
ing vasculogenesis in the rest of the embryo and involve 
a complex array of growth factors, adhesion molecules, 
and signaling molecules expressed by the epicardium, the 
subepicardial mesenchyme, and the myocardium [19].

For many years, the prevailing dogma stated that vas-
culogenesis occurred only during embryonic develop-
ment. Recent evidence, however, has shown that EPCs 
contribute to new blood vessel growth not only in the 

FIGURE 6.1 Vasculogenesis and Angiogenesis. The differentiation of angioblasts, or endothelial precursor cells, from mesoderm and the 
formation of primitive vascular plexus from angioblasts are the two distinct steps during the onset of vascularization that together constitute 
vasculogenesis. Angiogenesis refers to the growth of new capillaries from preexisting blood vessels either via sprouting or intussusception. 
Source: Reprinted with permission from Macmillan Publishers Ltd; Ref. [173], copyright 2007.
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embryo but also in ischemic and malignant tissues in the 
adult, a concept termed “postnatal vasculogenesis” [20]. 
Asahara et al. [21] first isolated CD34-positive EPCs from 
human peripheral blood; once adherent, these putative 
EPCs were shown to differentiate into ECs in vitro. In ani-
mal models of hindlimb ischemia, heterologous, homolo-
gous, and autologous EPCs administered systemically 
were found to be incorporated into sites of active neovas-
cularization in ischemic muscles of the affected hindlimb 
providing the first evidence for postnatal vasculogenesis 
with important therapeutic implications [21]. Subsequent 
studies demonstrated a bone marrow origin of circulat-
ing EPCs responsible for postnatal vasculogenesis [22,23]. 
Further experimental studies showed that in addition to 
hindlimb ischemia, EPC-mediated postnatal vasculogen-
esis also contributes to endogenous neovascularization 
of developing tumors, wound healing, and myocardial 
ischemia, as well as physiological neovascularization [22].

ANGIOGENESIS

The term “angiogenesis” was first used in 1787 by 
British surgeon Dr John Hunter to describe blood vessels 
growing in the reindeer antler. However, it was the pio-
neering work of Dr Judah Folkman (who hypothesized 
that tumor growth is dependent upon angiogenesis) in 
the 1970s that paved the way for future discoveries in the 
field of angiogenesis. These studies have enhanced our 
current understanding of its biology, and have led to the 
development of novel antiangiogenic and proangiogenic 
therapies [24].

Sprouting Angiogenesis

The first description of sprouting angiogenesis 
was reported by Ausprunk and Folkman [25], which 
included the following stages: (i) degradation of base-
ment membrane, (ii) migration of ECs into the connec-
tive tissue, (iii) formation of a solid cord of ECs, (iv) 
lumen formation, and (v) anastomoses of contiguous 
tubular sprouts to form functional capillary loops, par-
allel with the synthesis of the new basement membrane 
and the recruitment of pericytes. Recent studies have 
provided further insights into fundamental aspects of 
sprouting angiogenesis that have led to a mechanistic 
model of vessel branching [26–29].

Basement Membrane Degradation
ECs and their neighboring mural cells (pericytes and 

vascular smooth muscle cells) share a common basement 
membrane composed of extracellular matrix (ECM) pro-
teins such as collagen IV and laminin. This basement 
membrane and the layer of mural cells prevent resident 
ECs from leaving their original position. At the onset 
of sprouting, proteolytic breakdown of the basement 

membrane and detachment of mural cells is required for 
ECs to be liberated. Basement membrane degradation is 
mediated by proteinases, including matrix metallopro-
teinases (MMPs) such as membrane type (MT)-MMP1, 
plasminogen activators such as urokinase plasminogen 
activator (uPA), heparanases, chymases, tryptases, and 
cathepsins [30,31]. Control of these proteinases is impor-
tant since excessive degradation of the ECM leaves too 
little support for the branch to sprout and can inhibit 
angiogenesis [32]. Activity of these proteinases is regu-
lated by their respective inhibitors such as tissue inhibitor 
of metalloproteinases (TIMPs) and plasminogen activa-
tor inhibitor-1 (PAI-1) [33,34]. Proteinases also facilitate 
EC sprouting by releasing matrix-bound angiogenic 
growth factors such as FGF, VEGF, and transforming 
growth factor-β (TGF-β), and by proteolytically activat-
ing angiogenic chemokines such as IL-1β [35]. On the 
other hand, proteinases also play a role in the termina-
tion of angiogenesis by liberating matrix-bound antian-
giogenic molecules such as thrombospondin-1 (TSP-1), 
canstatin, tumstatin, endostatin, and platelet factor-4 
(PF-4), and by inactivating angiogenic cytokines such as 
stromal cell-derived factor 1. The proangiogenic growth 
factor Ang-2 stimulates detachment of mural cells [36].

Endothelial Tip and Stalk Cells
The concept of “tip” and “stalk” cell in sprouting 

angiogenesis was first introduced by Gerhardt et  al. 
[37]. Tip and stalk cells have distinct morphologies and 
functional properties. The tip cell extends numerous 
filopodia that serve to guide the new vessel branch in 
a certain direction toward an angiogenic stimulus. Tip 
cells primarily migrate but proliferate only minimally, in 
contrast to stalk cells which do proliferate. Thus, tip cells 
are migratory and polarized, whereas stalk cells produce 
fewer filopodia, are more proliferative, form tubes and 
branches, and form the nascent vascular lumen cells [38]. 
The phenotypic specification of ECs as tip or stalk cells 
is extremely transient and reversible, depending on the 
balance between proangiogenic factors such as VEGF 
and jagged1 (JAG1), and suppressors of EC proliferation 
such as delta-like ligand 4 (DLL4)/Notch signaling [28].

Role of VEGF and VEGFRs

The first member and the master regulator of angio-
genesis, VEGF-A (also known as VEGF), was cloned in 
1989 [39]. Subsequently, four other members of the human 
VEGF family were identified—VEGF-B, VEGF-C (also 
called VEGF-2), VEGF-D, and placental growth factor 
(PlGF) [40–43]. VEGFs mediate their cellular effects through 
interaction with three tyrosine kinase receptors—VEGFR-1 
(Flt-1), VEGFR-2 (Flk-1/KDR), and VEGFR-3 (Flt-4) [44].

During sprouting angiogenesis, VEGF stimulates 
tip cell induction as well as the formation and exten-
sion of filopodia via VEGFR-2, which is abundant on 
filopodia [37]. Blockade of VEGFR-2 is associated with 
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sprouting defects [45]. The tip cells respond to VEGF 
only by guided migration; the proliferative response to 
VEGF occurs in the stalk cells. Whereas tip cell migration 
depends on the gradient of VEGF, proliferation is regu-
lated by its concentration [37]. VEGFR-3 is expressed in 
the embryonic vasculature but later becomes confined 
to the lymphatics. However, tip cells can reexpress 
VEGFR-3, and genetic targeting of VEGFR-3 or block-
ing of VEGFR-3 signaling with monoclonal antibodies 
results in decreased sprouting, vascular density, vessel 
branching, and EC proliferation [46]. VEGFR-1, on the 
other hand, is predominantly expressed in stalk cells, and 
is involved in sprout guidance and the limitation of tip 
cell formation [47]. VEGFR-1 expression is induced by 
Notch signaling which results in reduced VEGF availabil-
ity, thereby preventing tip cell outward migration. Loss 
of VEGFR-1 increases sprouting and vascularization [47].

Role of Notch and Notch Ligands

The differentiation of ECs into tip and stalk cells is 
controlled by the Notch pathway [28]. Notch-1, Notch-4, 
and three Notch ligands (JAG1, DLL1, and DLL4) are 
expressed in ECs and play an important role in arterial/
venous specification as well as the selection of tip/stalk 
phenotype during sprouting angiogenesis [48]. Notch-
1-deficient ECs adopt tip cell characteristics. Notch 
signaling activity is low in tip cells and high in stalk 
cells. Conversely, tip cells express higher levels of the 
Notch ligand, DLL4, as compared to stalk cells. A feed-
back loop exists between VEGF and Notch/DLL4 which 
regulates all of the VEGFRs. VEGF/VEGFR-2 enhances 
DLL4 expression in tip cells [45]. Thus, tip cells with low 
Notch activity have high VEGFR-2 and low VEGFR-1 
expression, which in turn results in higher levels of DLL4 
expression. DLL4-mediated activation of Notch in neigh-
boring ECs prevents them from becoming tip cells by 
downregulating VEGFR-2 and VEGFR-3, while upreg-
ulating VEGFR-1. Following VEGF exposure, all cells 
upregulate DLL4. However, ECs that express DLL4 more 
rapidly or at higher levels have a competitive advantage 
to become tip cells, as they activate Notch signaling in 
neighboring cells more effectively. In contrast to DLL4, 
the Notch ligand, JAG1, is expressed primarily by stalk 
cells. Stalk cell JAG-1 antagonizes DLL4 activity, thus 
reducing the induction of Notch signaling in the adjacent 
tip cell, hence maintaining its responsiveness to angio-
genic stimuli, causing it to migrate outwards. The inte-
grated feedback loop between VEGF and Notch helps to 
establish a stable pattern of tip and stalk cells [49].

Role of Semaphorins, Netrins, and Ephrins

Developing vessels use tip cells to guide sprouts 
properly; however, less is known about the molecu-
lar mechanisms or cues that control tip cell guidance. 
Among these are the semaphorins, which are secreted or 

membrane-bound guidance cues that interact with recep-
tor complexes, formed by neuropilins (NRPs) alone or 
the NRP/plexin family of proteins [50,51]. Serini et  al. 
[52] demonstrated that during vascular development and 
experimental angiogenesis, ECs express chemorepulsive 
signals of class 3 semaphorins (SEMA3 proteins) that local-
ize at nascent adhesive sites in spreading ECs. Disrupting 
endogenous SEMA3 function in ECs stimulates integrin-
mediated adhesion and migration to the ECM, whereas 
exogenous SEMA3 proteins antagonize integrin activa-
tion. SEMA3E-Plexin-D1 negatively regulates the activity 
of the VEGF-induced DLL4/Notch signaling pathway, 
which influences EC tip/stalk specification [53]. The class 
4 semaphorin SEMA4D induces EC migration and tubu-
logenesis in vitro and stimulates blood vessel formation 
in vivo through plexin-B1 receptors [54].

Netrins are secreted bifunctional guidance cues, which 
also bind to ECM components. Attraction and repulsion 
is mediated via binding to the DCC (deleted in colorectal 
cancer) and UNC (uncoordinated) 5 family of receptors 
respectively [55]. UNC5B expression is increased in tip 
cells and its inactivation results in enhanced sprouting, 
whereas Netrin1 prompts filopodia retraction of ECs, 
consistent with a suppressive function of netrins and 
UNC5B on vessel growth [56].

Ephrins and their Eph receptors are regulators of cell 
contact-dependent signaling [57]. Ephrins generate mostly 
repulsive signals. Ephrin-B2 is expressed in arterial ECs, 
whereas EphB4 is a marker of venous ECs. Both regulate 
vessel morphogenesis, and loss of ephrin-B2 or EphB4 leads 
to vascular remodeling defects [57]. Ephrin-B2-mediated 
reverse signaling also controls VEGFR internalization 
and tip cell behavior. ECs lacking Ephrin-B2 reverse sig-
naling are unable to internalize VEGFR-2 and VEGFR-3 
and cannot transmit VEGF signals properly, resulting in 
impaired filopodial extension and sprouting [58,59].

Lumen Formation and Perfusion
Formation of vascular lumen by ECs is a critical step 

in the angiogenic process that occurs during invasion 
and growth of the incipient vascular sprout. Two distinct 
mechanisms of lumen formation have been described. 
Observations in intersomitic vessels suggest that ECs 
form a lumen by coalescence of intracellular (pinocytic) 
vacuoles, which interconnect with similar vacuoles from 
neighboring ECs—a process termed “cell hollowing” [60]. 
On the other hand, recent studies in large axial vessels sug-
gest that ECs adjust their shape and rearrange their cell–
cell junctions to open up a lumen, a process called “cord 
hollowing” [61]. In this model, ECs first acquire a dis-
tinct phenotype characterized by an apico-basilar polarity 
and junction-mediated inhibition. EC polarization starts 
with the delivery to the apical (luminal) membrane of de-
adhesive negatively charged glycoproteins such as CD34 
and podocalyxin that confer a repulsive signal, opening 
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up the lumen [62]. VE-cadherin is required for localizing 
CD34-sialomucins to the endothelial cell–cell contact [63]. 
Subsequent changes in EC shape, driven by VEGF and 
Rho-associated protein kinase (ROCK), are required to 
expand the lumen [61,63]. Vascular lumen expansion is 
force-dependent and involves F-actin cytoskeleton and/
or blood flow. The onset of blood flow in the new lumen 
shapes and remodels vessel connections. Upon perfusion, 
oxygen and nutrient delivery decreases VEGF expression 
and inactivates endothelial oxygen sensors, thus shifting 
EC behavior toward a quiescent phenotype [29].

Network Formation
Network formation, or expansion of the complex, 

interconnected meshwork of crude capillary tubules, 
results from coalescence of sprouts or intussusceptive 
microvascular growth (IMG). Tip cells contact other 
tip cells to add new vessel circuits to the existing cap-
illary network. Tip cell filopodia interact to initiate 
VE-cadherin-containing junctions to consolidate the con-
nections. Macrophages may also facilitate sprout fusion 
by accumulating at sites of vessel anastomosis and inter-
acting with filopodia of neighboring tip cells [64]. IMG 
is described in detail in “Intussusceptive Angiogenesis” 
section.

Remodeling and Pruning
The initial capillary network generated as a result of 

vascular sprouting consists of a homogenous web of EC 
tubes and sacs. This plexus is created in excess and the 
final adjustment of vascular density involves the regres-
sion of unnecessary vessels through a process of vascular 
remodeling and pruning which creates a more differenti-
ated vascular network [38]. Remodeling determines the 
formation of large and small blood vessels, the association 
with mural cells, the establishment of directional flow, 
and the adjustment of vascular density to meet the nutri-
tional requirements of the tissue supplied. Remodeling 
involves the growth of new vessels and the regression of 
others as well as changes in the diameter of vessel lumens 
and vascular wall thickening. Remodeling is a complex 
phenomenon that involves various signaling molecules, 
one of which includes the interaction between the recep-
tor tyrosine kinase Tie-2 and its ligand Ang-1 [65,66]. 
Mice lacking Tie-2 and Ang-1 die during early embryonic 
life and show a persisting capillary plexus, suggestive of 
a defect in vascular remodeling and angiogenesis [66,67].

Pruning, defined as removal of ECs which form 
redundant channels, was first described by Ashton 
[68] in retinal vessels. In retinal blood vessels, oxygen 
supply is regarded as a key factor in pruning. Oxygen 
suppresses VEGF production and leads to regression 
of already formed blood vessels via EC apoptosis [69]. 
Thus, pruning is the consequence of apoptosis of ECs 
due to the toxic effect of a combination of high oxygen 

and low VEGF levels at the onset of blood flow through 
the newly formed vascular system [70]. In addition 
to EC apoptosis, “intussusceptive vascular pruning” 
also occurs under low VEGF conditions [71]. Another 
apoptosis-independent pruning, driven by EC migra-
tion or rearrangement, has also been described [72–74]. 
Regardless of the mechanism, only a subset of vessels is 
designated for pruning, and the selection of these vessels 
is highly regulated. However, the factors that target a 
particular vessel branch for pruning remain ill-defined. 
Low blood flow and decreased Notch/DLL4 signaling 
have been shown to play a role, and may be linked, as 
low blood flow can affect endothelial shear stress and 
lead to a decrease in Notch activation [73,75].

Vessel Maturation and Stabilization
Maturation of the nascent vasculature involves dif-

ferentiation and recruitment of mural cells, deposition of 
ECM, specialization of the vessel wall for structural sup-
port, and adaptation of vascular patterning to local tissue 
needs [76]. ECs also acquire tissue-specific differentiation 
adapted to meet local homeostatic demands [77].

Recruitment of mural cells is a fundamental feature 
of vessel maturation and is regulated by platelet-derived 
growth factor B (PDGFB)/PDGF receptor-β (PDGFR-β) 
signaling. PDGFB is secreted as a homodimer from the 
ECs of angiogenic sprouts where it serves as an attrac-
tant for comigrating pericytes, which in turn express 
PDGFR-β [78,79]. PDGFB also stimulates migration 
and proliferation of both vascular smooth muscle cells 
(VSMCs) and pericytes, and induces undifferentiated 
mesenchymal cells to differentiate into mural cells 
[80,81]. Inactivation of PDGFB or PDGF-β in mice leads 
to pericyte deficiency, vascular dysfunction, micro-aneu-
rysm formation, bleeding, and perinatal death [79].

The bioactive lipid sphingosine-1-phosphate (S1P) is 
also indispensable to vessel maturation. EC derived S1P 
acts on the G protein-couples receptors S1P1–5, formerly 
known as endothelial differentiation gene (Edg) recep-
tors, to regulate cytoskeletal, adhesive, and junctional 
changes that affect cell migration, proliferation, and 
survival [82,83]. S1P1–3 (Edg1, 5 and 3, respectively) are 
widely expressed. S1P4 (Edg6) expression is restricted 
to lymphoid tissue and the lung, while S1P5 (Edg8) is 
restricted to the central nervous system [84]. S1P signal-
ing in ECs is critical for proper trafficking of N-cadherin 
to cell adhesions between ECs and mural cells [85]. 
Disruption of S1P1 or loss of both S1P2 and S1P3 in mice 
causes defective coverage of VSMCs and pericytes [84].

Ang-1 produced by perivascular and mural cells, acts 
on its receptor Tie-2 expressed on ECs. Ultrastructural 
analysis suggests that Tie-2-knockout blood vessels lack 
mural cells [86]. Similarly, mice deficient in Ang-1 dem-
onstrate poor association between ECs and surround-
ing matrix and mesenchyme, suggesting that Ang-1 
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mediates adhesion between these components [67]. 
However, subsequent reports have challenged the direct 
role of Tie-2 in pericyte recruitment, and have suggested 
that the pericyte defects observed in Tie-2 and Ang-1 
knockouts may be secondary to EC apoptosis [87,88]. 
Mural cells also require ephrin-B2 for association around 
ECs, as mural cell-specific ephrin-B2 deficiency causes 
mural cell migration and vascular defects [57].

TGF-β signals via two distinct TGF-β type I receptors 
in vascular cells (activin receptor-like kinase ALK1 and 
ALK5) triggering discrete intracellular signaling path-
ways with opposing effects on proliferation, migration, 
and tube formation. Whereas the TGF-β/ALK5 pathway 
leads to inhibition of cell migration and proliferation, the 
TGF-β/ALK1 pathway induces mural cell migration and 
proliferation [89]. Endoglin, a type III TGF-β coreceptor 
specifically expressed in ECs, modulates ALK1 and ALK5 
signaling [90]. Loss of function of TGF-β1, TGF-β receptor 
type II, endoglin, or ALK1 in mice results in defective ves-
sel maturation due to impaired mural cell differentiation 
and development [91–94]. In humans, mutations in endo-
glin or ALK1 cause hereditary hemorrhagic telangiectasia 
type I and type II, respectively, an autosomal dominant 
disease characterized by arteriovenous malformations 
with abnormally remodeled vessel walls [95,96].

Notch3 signaling also regulates vessel maturation 
and is required for proper maturation of arterial vascu-
lar smooth muscle cell [97]. Mutations in human Notch3 
cause CADASIL (cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopa-
thy), a late-onset disorder causing stroke and vascular 
dementia [98].

Quiescence—Endothelial Phalanx Cells and 
Survival Signals

During the transition from active sprouting to qui-
escence, endothelial tip cells adopt a “phalanx” pheno-
type, resembling the phalanx formation of ancient Greek 
military soldiers [99] (Figures 6.2 and 6.3).

Quiescent ECs form a barrier between blood and 
surrounding tissues to control exchange of fluids and 
solutes and transmigration of immune cells. This bar-
rier function depends on the ability of ECs to regulate 
cell–cell adhesion between each other and neighboring 
cells. This involves several adhesion molecules, includ-
ing VE-cadherin and N-cadherin at adherens junctions, 
as well as occludins and members of the claudin and 
junctional adhesion molecule (JAM) family at tight junc-
tions [100]. VE-cadherin is an important component of 
EC junctions. VE-cadherin maintains EC quiescence 
through recruitment of phosphatases that dephos-
phorylate VEGFR-2, thus restraining VEGF signaling 
[101]. Activation of Tie-2 by Ang-1 protects vessels from 
VEGF-induced leakage by inhibiting VEGF’s ability to 
induce endocytosis of VE-cadherin.

Quiescent ECs must adopt survival properties to main-
tain the integrity of the vessel lining. Various signaling 
molecules are involved in EC survival. VEGF, produced 
by ECs as an intracrine factor, acts as a survival signal 
preventing EC apoptosis under nonpathological condi-
tions [102]. The survival function of VEGF depends on an 
interaction among VEGFR-2, β-catenin, and VE-cadherin 
[103]. FGF has also been implicated in maintaining vascu-
lar integrity due to its ability to anneal adherens junctions. 
Inhibition of FGF signaling results in dissociation of both 
adherens junctions and tight junctions, subsequent loss 
of ECs, and vessel disintegration [104]. Ang-1 also pro-
motes, whereas Ang-2 suppresses, EC survival and qui-
escence [36]. Several endothelial survival factors (VEGF, 
Ang1, and αvβ3) suppress p53, p21, p16, p27, and Bax. 
Concurrently, they activate the PI3-kinase/Akt, p42/44 
mitogen-activated protein kinase, Bcl-2, A1, and survivin 
survival pathways [105]. Blood flow is another impor-
tant survival signal for ECs as physiological shear stress 

FIGURE 6.2 Endothelial Tip, Stalk, and Phalanx cells. Sprouting 
angiogenesis is initiated in response to VEGF gradients by invading 
ECs, known as tip cells. The tip cells extend numerous filopodia that 
serve to guide the new vessel branch in a certain direction towards an 
angiogenic stimulus. During sprouting angiogenesis, VEGF stimulates 
tip cell induction as well as formation and extension of filopodia via 
VEGFR-2, which is abundant on filopodia. Tip cells are followed by 
a zone of proliferating and differentiating ECs, known as stalk cells. 
Below these stalk cells, phalanx cells are in intimate contact with peri-
cytes and smooth muscle cells (SMCs), which keep them in a protected, 
quiescent state. Tie receptors are expressed by stalk cells and phalanx 
cells. Angiopoietin 2 (ANG2) is abundantly expressed by angiogenic 
ECs. Stalk cells and phalanx cells might store ANG2 in Weibel–Palade 
bodies. Source: Reprinted with permission from Macmillan Publishers Ltd; 
Ref. [36], copyright 2009.
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FIGURE 6.3 Molecular Regulation of Sprouting Angiogenesis. (A) Initiation of sprouting angiogenesis requires degradation of the basement 
membrane, pericyte detachment, and loosening of EC junctions. Basement membrane degradation is mediated by proteinases, including MMPs. 
Tip cell induction is regulated by the VEGF/VEGFR-2 and Notch/DLL4/JAGGED1 signaling pathways. (B) Tip cells navigate in response to 
guidance signals (such as semaphorins, netrins, and ephrins) and adhere to the ECM, mediated by integrins, to migrate. Stalk cells prolifer-
ate, elongate, and form a lumen. VE-cadherin, CD34-sialomucins and VEGF mediate lumen formation via cord hollowing. Network formation 
results from coalescence of sprouts or intussusceptive microvascular growth. Vessel maturation and stabilization involves differentiation and 
recruitment of mural cells (regulated by PDGF-B, Ang-1, and Notch3) and deposition of ECM. (C) During the transition from active sprouting 
to quiescence, endothelial tip cells adopt a phalanx phenotype. Quiescence is also characterized by re-establishment of cell–cell junctions, depo-
sition of basement membrane, maturation of pericytes, and production of EC survival signals. Source: Reprinted with permission from Macmillan 
Publishers Ltd; Ref. [27], copyright 2011.
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reduces endothelial turnover and inhibits TNFα-mediated 
EC apoptosis. Shear stress also activates the transcrip-
tion factor Krüppel-like Factor 2 (KLF2), which promotes 
quiescence both by upregulating endothelial nitric oxide 
synthase (eNOS) and thrombomodulin, keeping vessels 
dilated, perfused, and free of clots, and by downregulating 
VEGFR-2, which prevents tip cell formation [106]. Other 
EC quiescence factors include bone morphogenic pro-
tein 9 (BMP9), cerebral cavernous malformation proteins 
(CCM1–3), and brain derived neurotrophic factor (BDNF).

Intussusceptive Angiogenesis

In 1986, while investigating the transformation of the 
capillary network in postnatal lungs of rats, Caduff et al. 
[107] observed that the lung capillary network could 
expand by insertion of new transcapillary tissue pillars. 
This concept represented a new mode of angiogenesis, 
distinct from capillary sprouting, and was named intus-
susceptive angiogenesis (IA) or IMG.

Formation of slender transcapillary tissue pillars is 
the key step in IA, and occurs in four distinct phases—
phase 1: direct cell contact of ECs located directly oppo-
site to each other in the capillary wall via protrusion of 
the walls into the vessel lumen, leading to the forma-
tion of an interendothelial transluminal bridge; phase 2: 
perforation of the endothelial bilayer and creation of 
a cylindrical tissue bridge extending across the lumen 
wrapped by ECs, with elements of interstitial tissue, 
mainly cytoplasmic extensions of myofibroblasts with 
their microfilaments inside the core of the cylinder; phase 
3: framing of the pillar by cytoplasmic processes of peri-
cytes alongside the lateral portions of the capillary walls; 
and phase 4: growth of the slender tissue pillar into a nor-
mal intercapillary mesh [108]. Some additional modes of 
transcapillary pillar formation such as by folding of the 
capillary wall, and capillary splitting and subsequent 
fusion have also been described [109,110].

The formation of transcapillary tissue pillars occurs 
not only in the capillary bed but also in small venules 
and arteries [111]. The morphological and functional 
outcomes differ according to the location, timing, and 
frequency of pillar formation. Disseminated pillar forma-
tion and enlargement within a capillary network results 
in capillary expansion. IMG has been demonstrated in 
the bone, retina, kidney, heart, and cerebral vasculature, 
as well as in tumor angiogenesis [112]. Pillars forming in 
parallel rows in capillary beds can merge and lead to the 
formation of small precapillary arteries and postcapillary 
veins, thereby contributing to the formation of the distal 
vascular trees, a process termed intussusceptive arbori-
zation (IAR) [113]. Lastly, when pillars appear at bifur-
cations of small feeding or collecting vessels, they lead 
to vascular remodeling and pruning, a process known 
as intussusceptive branching remodeling (IBR) [114,115].

Regulation of IA
In general, the mechanisms that are involved in the 

regulation of IA are poorly understood. However, there 
is sufficient evidence that flow alterations and hemo-
dynamic forces have a major influence in initiating the 
process of pillar formation [116]. Experiments using the 
chick chorioallantoic membrane (CAM) have demon-
strated an increase in IA in blood vessels in which the 
blood flow is enhanced by clamping one of the dichoto-
mous arterial branches [113]. It remains unclear whether 
induction of IA in response to flow alterations is medi-
ated by changes in hydrostatic pressure, shear stress, 
wall stress, or a combination of all these factors.

Besides blood flow and hemodynamic forces, IA is 
also regulated by molecular factors. Overexpression of 
VEGF is associated with sprouting angiogenesis and 
increased vascular permeability, whereas a drop in 
VEGF level or its withdrawal has been shown to induce 
vascular remodeling via IBR [71]. On the other hand, a 
few studies have shown that local application of VEGF 
induces IA in the chick CAM [117–119]. Response to 
VEGF (sprouting versus IA) may depend on the amount 
of VEGF expression, the release modality (slow ver-
sus rapid liberation), and/or differential expression 
of VEGFRs [120,121]. Besides VEGF, Tie-2, and Ang-1 
play an important role in IA. Targeted deletion of Tie-2 
expression in mice leads to deficient pillar formation 
[86]. On the other hand, overexpression of Ang-1, or of 
Ang-1 in combination with VEGF, leads to the formation 
of enlarged vessels with abundant small invaginations 
in the capillary plexus that are reminiscent of transcapil-
lary pillars encountered during IA [122,123]. FGF2 may 
also regulate IA by inducing PDGFB responsiveness in 
pericytes through upregulation of PDGF receptors [113]. 
Other potential regulators of IA include erythropoietin 
[124], monocyte chemotactic protein 1 [125], and ephrins 
and Eph-B receptors [126].

THERAPEUTIC VASCULOGENESIS/
ANGIOGENESIS FOR ISCHEMIC 

HEART DISEASE

Preclinical studies in animal models have explored 
the potential use of various angiogenic growth factors 
with or without progenitor cells to treat myocardial 
ischemia with promising results. Based on the current 
understanding of the molecular biology of angiogen-
esis and data from preclinical animal studies, several 
clinical trials have been performed to date in an effort to 
stimulate tissue vascularization (i.e., therapeutic angio-
genesis) in patients with myocardial ischemia resulting 
from CAD (Table 6.1). Most clinical trials have involved 
the introduction of either an angiogenic growth factor 
or its encoding DNA into the ischemic tissue either via 



TABLE 6.1 clinical Trials of Therapeutic Angiogenesis for coronary Artery disease using Angiogenic growth Factors

Reference Agent
Type of 
therapy

Route of 
administration Study design

N (Active/
Placebo) Patient characteristics Follow-up Outcome assessment

[127] FGF-1 Protein Intramyocardial 
during CABG

Phase I 20/20 3-vessel CAD with CABG (including 
LIMA to LAD)

12 weeks DSA (capillary 
angiogenesis)

[128] FGF-2 Protein Epicardial fat 
implantation 
during CABG

Phase I 8/0 Viable but ungraftable myocardium 3 months Angina, MPI

[129] FGF-2 Protein Epicardial fat 
implantation 
during CABG

Phase I 16/8 Viable but ungraftable myocardium 16 ± 6.8 
months

Angina, MPI, MRI

[130] FGF-2 Protein Intracoronary to 
left main

Phase I 17/8 Stable angina pectoris 1–28 days AE

[131] FGF-2 Protein Intracoronary or 
intravenous

Phase I 59/0 CAD not amenable to mechanical 
revascularization

1, 2, 6 
months

MPI

[132] FGF-2 Protein Intracoronary Phase I 52/0 CAD not amenable to mechanical 
revascularization

1, 2, 6 
months

ETT, MRI

[133] FGF-2 Protein Intracoronary or 
intravenous

Phase I 66/0 Severe CAD N/A PK/PD

[134] FGF-2 Protein Intracoronary Phase II (FIRST) 251/86 CAD not amenable to mechanical 
revascularization, inducible ischemia 
≥15% of LV, LVEF ≥ 30%

90, 180 days ETT, MPI, CCS angina 
class, SAQ, SF36

[135] Ad5-FGF4 Gene Intracoronary Phase I/II 
(AGENT)

60/19 Chronic stable angina pectoris (CCS 
class 2 or 3), single or multivessel CAD, 
at least one proximal major vessel with 
<70% stenosis

4, 12 weeks AE, ETT

[136] Ad5-FGF4 Gene Intracoronary Phase IIa 
(AGENT-2)

35/17 Chronic stable angina pectoris 
(CCS class 2–4), not a candidate for 
mechanical revascularization, single or 
multivessel CAD, at least one proximal 
major vessel with <70% stenosis, LVEF ≥ 
30%, LV RPDS > 9%

8 weeks SPECT MPI

[137] Ad5-FGF4 Gene Intracoronary Phase IIb/III 
(AGENT-3 and -4)

355/177 Same as AGENT-2 1, 3, 6, 12 
months

ETT, angina, QoL, 
coronary events or 
deaths

[138] 
(Inactive)

Ad5-FGF4 Gene Intracoronary Phase III (AWARE) – Women 18–75 years of age; similar 
criteria as AGENT-2

3, 6, 12 
months

ETT, SPECT MPI, 
angina frequency, 
NTG use, CCS angina 
class, SAQ

[139,140] Ad5-FGF4 Gene Modified 
intracoronary

Phase III (ASPIRE) Estimated 
50/50

Same as AGENT-2 2, 12 months SPECT MPI, angina 
frequency, NTG use, 
CCS angina class, SAQ

(Continued)
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[141] VEGF165/FGF-2 
plasmid

Gene Intramyocardial Phase II (VIF-CAD) 33/19 CCS class 3 or 4 angina, not a candidate 
for mechanical revascularization, 
significant ischemia on SPECT, LVEF 
> 35%

5, 12 months SPECT MPI, ETT, 
SF-36, SAQ

[142] phVEGF165 Gene Intramyocardial via 
minithoracotomy

Phase I 5/0 CCS class 3 or 4 angina refractory to 
all therapy, multivessel CAD, viable 
myocardium, LVEF ≥ 20%

30, 60 days SPECT MPI, 
Angiography, angina 
frequency, NTG use

[143,144] AdVEGF121 Gene Intramyocardial 
during CABG or via 
minithoracotomy

Phase I 31/0 CAD, reversible LV ischemia, 
LVEF ≥ 25%

30 days and 
6 months

Angiography, SPECT 
MPI, ETT

[145] phVEGF165 Gene Intramyocardial via 
minithoracotomy

Phase I 20/0 CCS class 3 or 4 angina, reversible 
ischemia, inoperable CAD

60, 90 days Angina, SPECT MPI, 
angiography

[146] rhVEGF Gene Intracoronary Phase I 14/0 CAD not amenable to mechanical 
revascularization

30, 60 days SPECT MPI

[147] VEGF-P/L Gene Intracoronary 
during PTCA

Phase I 10/5 Stable CAD 6 months Angiography

[148] phVEGF165 Gene Intramyocardial via 
minithoracotomy

Phase I 13/0 Refractory anginal CCS class 3 or 4, 
multivessel CAD, viable myocardium

60 days NOGA LV EMM, 
SPECT MPI, 
Angiography

[149] phVEGF-2 Gene Intramyocardial Phase I 3/3 Refractory anginal CCS class 3 or 4, 
multivessel CAD not amenable to 
mechanical revascularization, viable 
myocardium, LVEF ≥ 20%

90 days NOGA LV EMM, 
SPECT MPI

[150] phVEGF165 Gene Intramyocardial via 
minithoracotomy

Phase I 7/0 Refractory CCS class 3 or 4 angina, 
multivessel CAD not amenable to 
mechanical revascularization, > 10% LV 
ischemia, LVEF > 30%

1, 3, 6, 12 
months

SPECT MPI, Stress 
Echo with TVI, ETT, 
angiography

[151] phVEGF-2 Gene Intramyocardial Phase I/II 12/7 Same as [149] 2, 4, 8, 12 
weeks

CCS angina class, 
SAQ, ETT, LV EMM, 
SPECT MPI

[152] rhVEGF Gene Intracoronary + 
intravenous

Phase II (VIVA) 115/63 CAD not amenable to mechanical 
revascularization, viable myocardium, 
LVEF ≥ 25%

60, 120 days CCS angina class, 
SAQ, SF-36, DASI, 
ETT, MPI

[153] VEGF-Adv or 
VEGF-P/L

Gene Intracoronary 
during PCI

Phase II (KAT) 37/28/38 Stable angina CCS class 2 or 3 6 months Angiography, ETT, 
SPECT MPI

[154] VEGF-2 naked 
DNA

Gene Intramyocardial Phase I 30/0 CCS class 3 or 4 angina refractory to 
medical therapy, CAD not amenable to 
mechanical revascularization

1, 2, 3, 8, 12 
months

CCS angina class, 
ETT, MACE

 (continued)
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[155] phVEGF165 Gene Intramyocardial Phase I 22/0 Undergoing CABG (n=14) or not 
amenable to revascularization (n=8)

6 months EF, MPI, angiography, 
NTG use

[156] VEGF165 naked 
DNA versus DMR

Gene Intramyocardial Phase I 10/12/13 CCS class 3 angina, inoperable CAD, 
viable myocardium

3 months PET, ETT, CCS angina 
class, RAND-36, 
MFI-20

[157,158] phVEGF165 Gene Intramyocardial Phase II 
(EUROINJECT 
ONE)

40/40 Stable angina CCS class ≥ 3, inoperable 
CAD, inducible ischemia, at least one 
large epicardial vessel with < 70% 
stenosis, LVEF ≥ 40%

3 months SPECT MPI, NOGA 
LV EMM, CCS 
angina class, angina 
frequency, NTG use, 
SAQ, exercise capacity

[159] Ad-VEGF121 Gene Intramyocardial Phase II (REVASC) 32/35 CCS class 2–4 angina refractory to 
medical therapy, CAD not amenable to 
mechanical revascularization

12, 26 weeks ETT, SPECT MPI, CCS 
angina class, SAQ

[160] VEGF165+G-CSF 
versus VEGF165

Gene Intramyocardial Phase I/II 16/16/16 Stable angina CCS class ≥ 3, inoperable 
CAD, reversible ischemia

3 months SPECT MPI, CCS 
angina class, angina 
frequency, NTG 
use, SAQ, exercise 
capacity, LV volume

[161] AdVEGF121 Gene Intramyocardial Phase I 10/5 CAD not amenable to mechanical 
revascularization

12 months AE

[162] VEGF-Adv or 
VEGF-P/L

Gene Intracoronary 
during PCI

Phase II (KAT) 37/28/38 Stable angina CCS class 2 or 3 8 years AE, MACE

[163] VEGF165 naked 
DNA

Gene Intramyocardial Phase II/III 
(NORTHERN)

48/45 CCS class 3 or 4 angina refractory to 
medical therapy, reversible ischemia or 
viable myocardium, at least one large 
epicardial vessel with <70% stenosis, 
LVEF ≥ 20%

3, 6 months SPECT MPI, ETT, CCS 
angina class, SAQ, 
SF-36

[164] VEGF165 naked 
DNA

Gene Intramyocardial Phase I 13/0 Refractory angina or heart failure, 
inoperable CAD, LVEF > 25%

1, 3, 6 
months

SPECT MPI, ETT, 
Minnesota QoL 
questionnaire, 
CCS class, NYHA 
functional class

[165] AdGVVEGF 
121.10NH

Gene Intramyocardial Phase IIb (NOVA) 12/5 Severe CAD 12, 26, 52 
weeks

ETT, symptoms

[166] Plasmid VEGF165 Gene Intramyocardial Phase I 
(GENESIS-I)

10/0 CAD not amenable to mechanical 
revascularization

2 years CCS angina class, 
SPECT MPI, 
Stress Echo

[167] AdVEGF121 Gene Intramyocardial 
during CABG or via 
minithoracotomy

Phase I 31/0 CAD, reversible LV ischemia, 
LVEF ≥ 25%

5, 10 years Survival, CCS 
angina class, NYHA 
functional class

(Continued)
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[168] hVEGF165 Gene Intramyocardial via 
minithoracotomy

Phase II 
(THEANGIOGEN)

13/0 Refractory angina or heart failure, 
inoperable CAD, LVEF > 25%

3, 6, 12 
months

SPECT MPI, ETT, 
Minnesota QoL 
questionnaire, 
CCS class, NYHA 
functional class

[169] AdVEGF-D Gene Endocardial Phase I (KAT301) Estimated 
30 (4:1)

CCS class 2 or 3 angina refractory to 
medical therapy, inoperable CAD, 
reversible ischemia, LV wall > 8 mm on 
Echo (treatment area)

1 year Safety, MRI, PET, 
Echo, ETT, QoL

[170] pHGF Protein Intravenous Phase I 21/28 Sever 3-vessel CAD, LVEF ≥ 35% 2 weeks ETT, Echo

[171] Ad-HGF Gene Intracoronary Phase I 18/0 Severe 3-vessel CAD not amenable to 
revascularization

7, 21, 35 days Safety, AE

[172] HGF naked DNA Gene Intramyocardial 
during CABG

Phase I 9/0 Reversible ischemia ≥7% in the inferior 
wall not amenable to bypass due to 
narrow vessels

3, 6 months Echo, SPECT MPI, 
MRI

Ad, adenoviral; AE, adverse effects; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CCS, Canadian Classification System; DASI, Duke Activity Status Index; DSA, digital subtraction 
angiography; EF, ejection fraction; EMM, electromechanical mapping; ETT, exercise treadmill test; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; LV, left ventricle; MACE, major cardiac adverse 
events; MFI-20, Multidimensional Fatigue Inventory; MPI, myocardial perfusion imaging; MRI, magnetic resonance imaging; NTG, nitroglycerin; NYHA, New York Heart Association; P/L, plasmid; PCI, 
percutaneous coronary intervention; PET, positron emission tomography; PK/PD, pharmacokinetics/pharmacodynamics; PTCA, percutaneous transluminal coronary angioplasty; QoL, quality of life; SAQ, 
Seattle Angina Questionnaire; SF-36, 36-item Short Form Health Survey; SPECT, single-photon emission computed tomography; TVI, tissue velocity imaging; VEGF, vascular endothelial growth factor.
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intracoronary, intramyocardial, and/or intravenous 
routes. Another approach has been the administration 
of bone marrow-derived EPCs or mononuclear cells 
(MNCs) (reviewed in detail in Chapter 1). Unfortunately, 
results of clinical trials have been largely disappointing.

Most clinical trials have selected patients who have 
failed or are not candidates for revascularization. These 
individuals may represent failures of natural angio-
genic responses and may be more resistant to stimula-
tion of neovascularization [5]. The optimal therapy (gene 
versus protein versus cell), dosing schedule (single ver-
sus multiple doses), and delivery method (intracoronary 
versus intramyocardial versus intravenous) continue 
to pose additional challenges. Lastly, selection of trial 
end points and methods to evaluate these end points 
is crucial. Perfusion imaging is necessary for demon-
strating angiogenic efficacy and to document that the 
therapy does indeed enhance blood flow to the isch-
emic myocardium. Most clinical trials to date have uti-
lized single-photon emission computed tomography 
(SPECT) myocardial perfusion imaging (MPI). There is 
a paucity of clinical experience with positron emission 
tomography (PET) and magnetic resonance (MR) perfu-
sion imaging, which offer important advantages such as 
better image quality and spatial resolution (particularly 
with MR) and the ability to assess transmural flow gra-
dients, changes in subendocardial perfusion, and perfu-
sion reserve.

SUMMARY

Vasculogenesis and angiogenesis are the fundamental 
processes by which new blood vessels are formed. Both 
processes are regulated via an intricate network of often 
overlapping signaling pathways that involve pro- and 
antiangiogenic factors, ECM components, cell–cell adhe-
sion molecules, and apoptosis factors. Despite progress 
in understanding the molecular mechanisms of angio-
genesis, several challenges remain, which need to be 
overcome to successfully translate the positive results of 
preclinical studies of therapeutic coronary angiogenesis 
to clinical trials. A more in-depth understanding of the 
cellular and molecular biology of vasculogenesis and 
angiogenesis may help overcome some of the existing 
challenges and kindle renewed interest in developing 
novel strategies to revascularize ischemic tissues.
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INTRODUCTION

Dyslipidemia is a major contributor to the large 
burden of coronary heart disease (CHD) in the United 
States and around the world. A study of acute myo-
cardial infarction (MI) in 12,461 cases and 14,637 age- 
and sex-matched controls in 52 countries showed that 
the population-attributable risk was 54% from dyslip-
idemia as per the apolipoprotein B-100/apolipoprotein 
A1 ratio and 32% by the total cholesterol/high-density 
lipoprotein cholesterol (HDL-C) ratio [1]. Considering 
disability-adjusted life years attributable to ischemic 
heart disease, ~29% are attributable to elevated total 
cholesterol levels [2].

Using 2009–2012 National Health and Nutrition 
Examination Survey data, the American Heart 
Association (AHA) estimates that ~47% of adults have 
“ideal” untreated total cholesterol levels of <200 mg/
dL, a statistic that has not significantly changed over the 
past decade [3]. It is estimated that >100 million adult 
Americans have total cholesterol elevated to 200 mg/
dL or higher and 31 billion have levels of 240 mg/dL or 
higher [3].

While the potential value of primary prevention 
(preventing a first event) and primordial prevention 
(preventing risk factors) are becoming increasingly rec-
ognized [4], here we focus attention on secondary pre-
vention (i.e., individuals with established CHD). The 
AHA estimates that 635,000 people in the United States 
had a first hospitalization for MI or CHD death in 2011 
and about 300,000 had a recurrent event [3]. The latter 
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statistic highlights the substantial burden of residual 
risk despite available evidence-based therapies such as 
statins.

The number of US adults who may be eligible for 
consideration of statin therapy based on the 2013 ACC/
AHA cholesterol guidelines is estimated at 51 million 
(49%) [5]. It is not precisely known how many Americans 
are currently taking statins or lipid-lowering medica-
tions, but these medications are among the most com-
monly prescribed pharmaceuticals and use appears to 
be growing. Self-reported lipid-lowering medication use 
rose from 8% in 1999–2000 to 14% in 2005–2006 to 23% 
in 2007–2010 [3,6,7]. The Agency for Healthcare Research 
and Quality reported that annual spending on statins in 
the United States had increased to nearly $20 million by 
2005 [8].

The 2013 ACC/AHA cholesterol guidelines [9] iden-
tified four “statin benefit” groups wherein the benefits 
of therapy for atherosclerotic cardiovascular disease 
(ASCVD) risk reduction were generally found to out-
weigh potential adverse effects of therapy. The groups 
were: (i) people with clinical ASCVD, (ii) those with pri-
mary elevations of low-density lipoprotein cholesterol 
(LDL-C) ≥190 mg/dL, (iii) people aged 40–75 years with 
diabetes mellitus and LDL-C 70–189 mg/dL, and (iv) 
those without clinical ASCVD or diabetes with LDL-C 
70–189 mg/dL and estimated 10-year ASCVD risk ≥7.5%. 
In estimating 10-year ASCVD risk, traditional risk factors 
are used, including two lipid variables, total and HDL-C.

Some individuals are born with favorable genes 
that confer a lower LDL-C over one’s lifetime, which 
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compared to lipid-lowering intervention later in life, 
appears to confer a significantly greater cardiovascu-
lar risk reduction. Examples are individuals carrying 
mutations in proprotein convertase subtilisin/kexin 
type 9 (PCSK9) or Niemann–Pick C1-Like 1 (NPC1L1) 
protein, conferring decreased LDL-C levels from birth 
and reduced coronary risk [10,11]. The relative reduc-
tion in CHD risk for those with LDL-lowering poly-
morphisms has been quantified at 55% per 1 mmol/L 
(39 mg/dL) decrease in LDL-C, compared with ~20% 
for use of statins in clinical trials [12].

NONPHARMACOLOGIC  
MANAGEMENT OF LIPIDS

One of the mainstays of both primary and second-
ary prevention is lifestyle changes targeted to improve 
lipid profiles. In lower risk primary prevention, lifestyle 
changes are first line therapy to combat dyslipidemia. 
While therapeutic lifestyle changes are also the founda-
tion of therapy in both high-risk primary prevention 
patients and secondary prevention patients, pharmaco-
logical agents (typically statins) are also recommended 
as concurrent therapy.

Both exercise and weight loss can lower total cho-
lesterol, LDL-C, and triglycerides (TG) [13]. Lifestyle 
changes to promote improvements in the lipid pro-
file should incorporate a multifactorial approach that 
includes dietary modifications, regular physical activ-
ity, and achievement of a normal BMI (18–25 kg/m2). 
Regarding diet, both specific nutritional components 
(i.e., soluble viscous fiber, phytosterols, nuts, and soy 
protein) and general dietary patterns (Mediterranean-
style, DASH, low-fat, etc.), have been shown to reduce 
LDL-C and improve an atherogenic dyslipidemic profile.

Soluble fiber is found in plants that resist diges-
tion, mainly nonstarch polysaccharides but also some 
starches. Sources of soluble fiber include the pulp of 
fruits, legumes, oats/barley, vegetables like broccoli and 
carrots, and nuts (almonds). Diets enriched in fiber, par-
ticularly viscous fiber, can lower LDL-C [14]. A meta-
analysis of 67 controlled studies, found that soluble fiber 
in a practical dietary range (2–10 g/day) led to a small but 
statistically significant decrease in both total and LDL-C 
[15]. The LDL-C-lowering effect is dependent on fiber 
hydration, formation of a gel that may be fermented by 
bacteria which increases the viscosity of human digesta 
and binding bile acids and in turn reduces cholesterol 
(and sugar) absorption.

Phytosterols, which occur only in plants, have a 
structure similar to cholesterol and compete for absorp-
tion with dietary cholesterol in the gut. A meta-analysis 
found a dose-dependent LDL-C-lowering effect with 
increasing intake of phytosterols [16]. However, the 

cardiovascular benefits of phytosterols are still unclear. 
A rare disease called sitosterolemia, characterized by 
hyperabsorption and decreased biliary excretion of 
dietary sterols, is associated with elevated cholesterol 
levels and premature ASCVD. However, a systematic 
review and meta-analysis did not find any association 
between serum concentrations of plant sterols and risk 
of ASCVD in the general population [17].

Nuts are another food group with many properties 
associated with lipid-lowering effects such as soluble 
fiber, healthy oils, phytosterols, and satiating effects 
(for weight loss). A meta-analysis from 25 interven-
tional studies found that nut consumption improves 
blood lipid levels in a dose-related manner, particularly 
among subjects with higher LDL-C [18]. Replacing meat 
protein with soy protein in a moderately-high protein 
diet may also have favorable effects on total and LDL-C 
[19]. A meta-analysis showed that replacing animal pro-
tein with soy conferred significantly decreased serum 
concentrations of total cholesterol, LDL-C, and TG and 
nonsignificant slight increase in HDL-C [20]. Finally, a 
dietary portfolio that incorporates all of these compo-
nents (plant sterols, soy protein, viscous fibers, and nuts) 
may result in greater LDL-C reduction [21].

Dietary patterns associated with lower risk of ath-
erogenic dyslipidemia include ones generally lower 
in saturated fats, but enriched in fruits, vegetables, 
whole grains, with moderate intake of polyunsaturated 
and monounsaturated fats. In the landmark Seven 
Countries Study, higher intakes of dietary saturated 
fat intake significantly increased serum cholesterol and 
the risk of ASCVD, whereas countries that followed a 
Mediterranean-style diet had lower risk [22].

Epidemiology studies have shown that adherence 
to Mediterranean-style diet is associated with reduced 
mortality [23]. Furthermore, in the Lyon Diet Heart 
study (randomized clinical trial (RCT)), assignment to a 
Mediterranean-type diet in secondary prevention patients 
also reduced ASCVD events; although traditional risk 
factors such as high total cholesterol were still associ-
ated with increased risk of recurrent events, suggesting 
this dietary pattern did not alter the usual relationship 
between lipid risk factors and ASCVD recurrence [24].

In PREDIMED (PREvención con DIeta 
MEDiterránea), a RCT conducted among persons at 
high ASCVD risk, a Mediterranean diet supplemented 
with extra-virgin olive oil or nuts reduced the inci-
dence of major ASCVD events compared to a control 
diet [25]. Further analysis of PREDIMED found that 
the Mediterranean diets supplemented with nuts, but 
not the olive oil, reduced TG and small dense LDL—
toward a less atherogenic phenotype [26].

However, in attempting to follow a diet low in 
saturated fats as recommended by the AHA, unfor-
tunately many individuals end up replacing fats with 
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carbohydrates, particularly sugars and simple carbs, 
which can actually lead to a worse metabolic profile of 
insulin resistance, elevated TG, and low HDL-C. A RCT 
found that a low-glycemic diet compared to a low-fat 
diet lowered TG, raised HDL-C more, whereas LDL-C 
improved more on the low-fat diet [27]. A subsequent 
meta-analysis of 23 RCTs that compared the effects of a 
low-carbohydrate diet versus a low-fat diet found that 
persons on low-carbohydrate diets experience slightly 
lower decreases in total cholesterol and LDL-C, but a 
greater increase in HDL-C and greater decrease in TGs 
[28].

In 2013, the AHA/ACC Guidelines on Lifestyle 
Management to reduce cardiovascular risk [29] gave the 
following specific advice for patients who would benefit 
from LDL-C lowering:

1. Consume a dietary pattern that emphasizes intake 
fruits, vegetables, whole grains, including low-fat 
dairy products, poultry, fish, nuts, nontropical 
vegetable oils and limits intake of sodium, sweets, 
sweetened beverages, and red meats (Class I, Level 
of Evidence A)

2. Reduce intake of trans fats (Class I, Level of 
Evidence A)

3. Reduce intake of saturated fats (aim for 5–6% 
of calories from saturated fats) (Class I, Level of 
Evidence A)

4. Engage in aerobic physical activity 3–4 times a 
week, lasting on average 40 min per session, and 
involving moderate to vigorous physical activity 
(Class IIa, Level of Evidence A)

5. Achieve and maintain a healthy weight

Of note, the AHA/ACC guidelines did not recom-
mend an amount of dietary cholesterol, as there was 
insufficient evidence that lower dietary cholesterol low-
ers LDL-C. Furthermore, the AHA/ACC guidelines 
did not specifically endorse a Mediterranean style diet, 
but stated the above heart-healthy diet pattern can be 
achieved by following the DASH diet, the USDA food 
pattern, or the AHA diet.

LDL-C AND LDL-TARGETED 
THERAPEUTICS

Epidemiology of LDL-C, apoB, and  
Non-HDL-C with CAD Risk

Dating back to the Framingham Heart Study [30], a 
rich set of large population-based cohort studies from 
around the globe have consistently linked hyperlip-
idemia with risk of CHD. Low-density lipoproteins 
account for the majority of atherogenic lipoproteins (typ-
ically >75%) and severe elevations, as seen in familial 

hypercholesterolemia, are strongly linked with prema-
ture CHD even in the absence of other risk factors. About 
half of men with heterozygous familial hypercholester-
olemia develop coronary disease before age 50, as do 
~1/3 of women by age 60, while the homozygous form 
commonly leads to coronary events in the 1st or 2nd 
decade of life [31]. Combined with other important lines 
of evidence, such as animal studies, pathological studies, 
and clinical trials, the “LDL hypothesis” arose and has 
become one of the most widely studied and supported 
hypotheses in the history of medicine.

Other lipid parameters are closely related to LDL, 
but have the potential to capture different informa-
tion. For example, non-HDL-C is determined as total 
minus HDL-C and therefore is equivalent to Friedewald 
estimated LDL-C plus VLDL-C. It represents the total 
concentration of cholesterol contained in circulating ath-
erogenic lipoproteins. To determine the total particle con-
centration of atherogenic lipoproteins, apolipoprotein B 
(apoB) can be measured as there is a reliable relationship 
of one apoB per atherogenic lipoprotein particle.

In 2011, a meta-analysis compared risk estimates 
for LDL-C, non-HDL-C, and apoB in association with 
fatal or nonfatal ischemic cardiovascular events using 
data from all published epidemiological studies [32]. 
A random-effects model was used to summarize the 12 
studies including 233,455 individuals and 22,950 events. 
The standardized relative risk ratio (95% CI) was 1.25 
for LDL-C (1.18–1.33), 1.34 (1.24–1.44) for non-HDL-C, 
and 1.43 (1.35–1.51) for apoB. Head-to-head comparison 
indicated that apoB-related risk was 5.7% greater than 
non-HDL-C (P < 0.001) and 12.0% greater than LDL-C  
(P < 0.0001). A subsequent meta-analysis related changes 
in LDL-C, non-HDL-C, and apoB with the relative risk 
reduction from statin therapy in seven clinical trials. The 
mean CHD risk reduction (95% CI) per standard devia-
tion lowering in lipid parameter across these seven trials 
was 20.1% (15.6–24.3%) for LDL-C, 20.0% (15.2–24.7%) 
for non-HDL-C, and 24.4% (19.2–29.2%) for apoB [33].

Residual Risk

Despite ≥50% LDL-C-lowering with statins, and effi-
cacy of concurrent preventive therapies including aspi-
rin and antihypertensives, individuals with dyslipidemia 
and CHD remain at high-residual ASCVD risk [34]. From 
a lipid perspective, residual risk has been tied to the meta-
bolic syndrome, insulin resistance, and diabetes mellitus, 
which are associated with an atherogenic lipid pheno-
type not fully captured by LDL-C [35]. Therefore, there 
is much interest in novel nonstatin LDL-lowering agents.

Residual risk also reaches beyond lipid-related factors 
to the global risk factor profile. This was shown in an anal-
ysis of 9251 secondary prevention patients treated with 
atorvastatin [36]. Multivariable determinants of increased 
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residual risk included, beyond lipid-related factors, 
increased body mass index, smoking, hypertension, and 
diabetes mellitus. The multifactorial nature of residual 
risk highlights the need for comprehensive prevention.

Therapies

Bile acid sequestrants
Bile acid sequestrants (BAS) were available prior to 

statin therapy. They are felt to exert their effect by modify-
ing enterohepatic bile acid exchange, increasing expres-
sion of hepatic LDL receptors, and in turn reducing blood 
LDL-C concentrations by 5–30% in a dose dependent 
fashion. One attractive aspect of this drug class is that it 
appears to have no systemic absorption, thereby limiting 
the possibility of systemic adverse effects. Patients can 
develop gastrointestinal disturbances, although these 
commonly are self-limited. In addition, BAS may impair 
absorption of other medications.

Regarding efficacy, the landmark randomized clinical 
trial of BAS was the LRC-CPPT trial [37,38]. Compared 
with the placebo group, individuals allocated to BAS had 
a lower risk of MI and cardiovascular death. Subsequently, 
in the statin era, there has not been a trial testing the effect 
of BAS therapy added to statin monotherapy on ASCVD 
outcomes, nor is such a trial planned to our knowledge.

Statins
Statins, which inhibit HMG-CoA reductase, the rate 

limiting step in cholesterol synthesis, are thought to 
exert much of their LDL-C lowering effect by increasing 
hepatic availability of LDL receptors. The first statin, lov-
astatin, was approved by the FDA in 1987. Early statin 
trials consistently showed efficacy of moderate intensity 
regimens in higher risk primary and secondary preven-
tion populations, with later trials examining more inten-
sive versus less intensive statin regimens.

The Cholesterol Treatment Trialists landmark meta-
analysis in 2010 pooled patient-level data from 170,000 
participants included in randomized statin trials [39]. 
The proportional reduction in the annual rate of major 
cardiovascular events with statin therapy was just over 
a fifth for each 1.0 mmol/L (39 mg/dL) LDL-C reduc-
tion. Major cardiovascular events included coronary 
death, nonfatal MI, coronary revascularization, and 
ischemic stroke. The relative risk reduction in all-cause 
mortality was 10% per 1.0 mmol/L LDL-C lowering 
(RR 0.90, 95% CI: 0.87–0.93; P < 0.0001) primarily due 
to a decrease in cardiovascular death (RR 0.80, 99% CI: 
0.74–0.87; P < 0.0001). Effects were consistent in pri-
mary and secondary prevention and across other major 
clinical subgroups. The data did not indicate a lower 
limit of LDL-C below which benefit was no longer seen 
or excessive harms occurred.

Ezetimibe
Ezetimibe impedes LDL-C absorption through inhibi-

tion of NPC1L1 protein in the gastrointestinal epithelial 
brush border. The LDL-C lowering effect is ~20%, which 
is on the order of about three dose doublings of a statin. 
Adding ezetimibe to statin therapy is known to increase 
attainment of target LDL-C goals [40].

Although surrogate endpoint trials produced confus-
ing results, outcomes trials have shown efficacy of ezeti-
mibe in lowering ASCVD risk with effects proportional 
to statin therapy for the degree of LDL-C lowering. The 
SHARP (Study of Heart and Renal Protection) trial [41] 
was the first clinical trial using ezetimibe. It compared 
the combination of ezetimibe and statin therapy to 
placebo in chronic kidney disease patients, showing a 
reduction in ASCVD events. The reduction in events was 
proportional to the magnitude of LDL-C lowering sug-
gesting that the clinical benefit was not only explained 
by statin use but also from ezetimibe.

The clinical effect of ezetimibe added to statin therapy 
was then formally tested in the Improved Reduction 
of Outcomes: Vytorin Efficacy International Trial 
(IMPROVE-IT). This large international RCT compared 
ezetimibe with placebo in acute coronary syndrome patients 
taking a background of moderate intensity statin therapy 
(simvastatin) [42]. In intention-to-treat analyses, over a 
follow-up period of 6 years, the relative risk reduction in 
the primary composite cardiovascular endpoint was 6.4% 
(CI: 1.2–11.3%) with events occurring in 32.7% of patients 
in the statin-ezetimibe group and 34.7% of patients in the 
simvastatin group (P = 0.016). Therefore, the absolute risk 
difference was 2%, equating to a number needed to treat 
(NNT) of 50. Regarding safety, there were no significant 
differences between the study groups in cancer, muscle 
toxicity, or gallbladder-related events.

PCSK9 Inhibitors
The PCSK9 enzyme binds to the LDL receptor to 

promote its degradation and thus inhibitors of PCSK9 
increase availability of LDL receptors on hepatocytes 
and removal of LDL from the circulation [43]. Multiple 
monoclonal antibodies to PCSK9 are in development 
and are self-administered subcutaneously every 2–4 
weeks. In a meta-analysis of 24 clinical trials including 
10,159 participants, PCSK9 antibody therapy reduced 
LDL-C levels by a mean of 47% (95% CI: 25–70%) [44]. 
Large pivotal trials powered for hard clinical outcomes 
are ongoing, but early outcome data suggests an ~50% 
reduction in the rate of MI and all-cause mortality, with-
out an increase in serious adverse events [44].

LDL Apheresis
LDL or lipoprotein apheresis can be indicated in 

patients with severe familial hypercholesterolemia 
when medications are insufficient in reducing LDL-C 
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[45]. Performed every 2 weeks, it can reduce the time 
averaged LDL-C by 60% and there is also a reduction in 
Lp(a). Apheresis is also associated with a reduction in 
inflammatory markers and blood viscosity, and a reduc-
tion in the rate of cardiovascular events.

Niacin
Niacin is thought to inhibit lipoprotein synthesis and 

therefore yield a modest lowering of LDL-C of ~15%. 
Therefore, it could be considered for additional LDL-C 
lowering in high-risk patients who are unable to toler-
ate the maximum recommended statin therapy or have 
an inadequate initial response. This particular situation, 
however, has not been formally tested in clinical trials.

Other Novel LDL-Lowering Therapies
Among novel agents to lower LDL-C, PCKS9 inhibi-

tors, as described above, appear to have the greatest 
potential. Table 7.1 summarizes three other novel agents, 
two of which have already achieved restricted regulatory 
approval for patients with familial hypercholesterolemia.

HDL-C AND HDL-TARGETED 
THERAPEUTICS

HDL Overview

HDL is the smallest class of the major serum lipo-
proteins and is distinguished from the other classes due 
to the presence of apolipoprotein A (apoA) rather than 
apoB as the primary surface protein. Compared with 
apoB-containing lipoproteins, HDL is significantly more 
complicated in structure and function [50]. The role of 
HDL in reverse-cholesterol transport through the ability 
to accept cholesterol from peripheral macrophages has 
been the principle function of interest. However, HDL 
also has well-characterized anti-inflammatory, antioxi-
dative, and antithrombotic capabilities [50].

HDL-C levels are classically inversely related to 
ASCVD risk. A complicating matter is the extensive 
interaction of HDL with other lipoproteins in serum, 
principally through the cholesteryl ester transfer protein 
(CETP). Low levels of HDL-C may simply be a marker 
of the atherogenic lipid phenotype (small, dense LDL; 
increased TGs) rather than a direct mediator of ASCVD.

HDL Epidemiology

In the mid-twentieth century, seminal work by 
Gofman et  al. from the prospective Livermore study 
based in California demonstrated an inverse association 
between HDL-C levels and ischemic heart disease [51]. 
This finding was later confirmed in several prospec-
tive studies of both primary and secondary prevention 
populations [52–55]. HDL-C has consistently qualified 
as an independent, inverse measure of risk for incident 
ASCVD in risk calculators such as the Framingham 
Risk Score, Reynold’s Risk Score, and 2013 ACC/AHA 
Pooled Cohorts ASCVD risk estimator [56–58].

However, sufficient data to verify a causal role for 
HDL-C in ASCVD risk are lacking and instead suggest 
that HDL-C levels may only be an ASCVD risk marker. 
In patients with prior ASCVD who are treated with high-
dose statin therapy, there is conflicting evidence over the 
ability of HDL-C levels to predict residual risk [59–61]. In 
Mendelian randomization studies, genetically elevated 
levels of HDL-C from birth did not translate to reduced 
CHD risk [62,63]. Most critically, there has been a failure 
to demonstrate ASCVD risk reduction by interventions 
that increase HDL-C [64–67].

HDL Therapeutics

In addition to lifestyle modifications, several nonstatin 
therapies have been considered for their ability to increase 
HDL-C, including niacin, CETP inhibitors, and fibrates. 

TABLE 7.1 other novel LDL-C-Lowering Therapies

Class of therapy Agent name
Route of  
administration FDA regulatory status LDL-C lowering results

Antisense oligonucleotide 
inhibitors of apolipoprotein B

Mipomersen Subcutaneous Approved for restricted use 
(through REMS program)

~20–30% LDL-C lowering over 
6–26 weeks in HoFH/HeFH 
patients [46,47]

Microsomal triglyceride  
transfer protein inhibitors

Lomitapide Oral Approved for restricted use 
(through REMS program)

~40–50% LDL-C lowering over 
26–78 weeks in HoFH patients [48]

Thyromimetics Eprotiromone Oral Not approved ~20–30% LDL-C lowering over 12 
weeks in statin treated patients 
[49]

FDA, Food and Drug Administration; REMS, risk evaluation and mitigation strategies; HoFH, homozygous familial hypercholesterolemia; HeFH, heterozygous 
familial hypercholesterolemia.



TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

7. LipiDs in Coronary HEarT DisEasE: From EpiDEmioLogy To THErapEuTiCs 72

Thus far, despite substantial increases in HDL-C, none 
of these pharmacotherapies (Table 7.2) have reduced 
adverse cardiovascular outcomes when routinely added 
to statin therapy. Furthermore, most pharmacotherapies 
affect both LDL-C and HDL-C with ensuing difficulties 
in isolating any possible HDL-C related risk reduction.

Niacin
Niacin, which raises HDL-C up to 30% while also 

lowering LDL-C and TGs, has historically been the 
most commonly used medication to address HDL-C in 
clinical practice. In the prestatin era, modest reductions 
in recurrent MIs were seen with niacin therapy over 6 
years in the Coronary Drug Project, which translated to 
a substantial 6% absolute reduction in 15-year mortality 
[70,71]. While not specifically tested, these reductions in 
risk were more likely related to effects on apoB contain-
ing lipoproteins rather than changes in HDL-C levels. 
The isolated effect of niacin on HDL-C was tested in two 
large randomized trials of niacin formulations.

In the Atherothrombosis Intervention in Metabolic 
Syndrome with Low HDL/High TG: Impact on Global 
Health Outcomes (AIM-HIGH) trial, investigators 

tested the addition of extended-release niacin to inten-
sive statin therapy with or without ezetimibe to achieve 
equivalent LDL-C levels in both arms for a reduction in 
CHD deaths, MI, strokes, and revascularization in more 
than 3400 participants [64]. Both the placebo and niacin 
study arms achieved LDL-C <70 mg/dL, while the nia-
cin arm had an increase in HDL-C from 35 to 42 mg/dL 
(20% increase) compared to no change in the placebo 
arm. Despite these significant changes in HDL-C on top 
of well-controlled LDL-C levels, the trial was stopped 
early due to futility, with a hazard ratio of 1.02 (95% CI: 
0.87–1.21; P = 0.80) for the niacin arm. Critics suggested 
that the study was small, should not have been halted 
early, and that the findings warranted confirmation.

The AIM-HIGH findings were validated by the Heart 
Protection Study 2–Treatment of HDL to Reduce the 
Incidence of Vascular Events (HPS2-THRIVE) [65]. More 
than 25,000 participants with well-controlled LDL-C lev-
els (mean 63 ± 17 mg/dL) and average HDL-C levels 
(44 ± 11 mg/dL) were randomized to placebo versus 
extended release niacin combined with laropiprant, an 
agent designed to reduce flushing side effects. After 
a median follow-up of nearly 4 years, compared with 

TABLE 7.2 Clinical Trials of Key Therapies Targeting HDL-C Levels on Background statin Therapy

Study name Participants Drug Results

NIACIN PREPARATIONS (AVERAGE 15–30% INCREASE IN HDL-C)

AIM-HIGH [64] 3414 participants with established 
cardiovascular disease and low 
HDL-C followed for CHD death, MI, 
stroke, or revascularization

Niacin/Simvastatin 
versus Placebo/
Simvastatin

Niacin led to 20% increase in HDL-C, 
significant reductions in LDL-C and TGs,  
but no difference in ASCVD events over 
2 years (HR 1.02; 95% CI: 0.87–1.21)

HPS2-THRIVE [65] 25,673 participants with vascular 
disease followed for CHD death, MI, 
stroke, or revascularization

Niacin/Laropiprant 
versus matching placebo

Niacin led to 15% increase in HDL-C, 
significant reduction in LDL-C, but no 
difference in ASCVD events over 3.9 years  
(HR 0.96; 95% CI: 0.90–1.03)

CETP INHIBITORS (AVERAGE 30–140% INCREASE IN HDL-C)

ILLUMINATE [66] 15,067 participants with high 
cardiovascular risk followed 
for CHD death, MI, stroke, or 
hospitalization for unstable angina

Torcetrapib/Atorvastatin 
versus Placebo/
Atorvastatin

Torcetrapib led to 75% increase in HDL-C and 
25% decrease in LDL-C, but increased ASCVD 
events (HR 1.25; 95% CI: 1.09–1.44) and 
mortality (HR 1.58; 95% CI: 1.14–2.19) over  
1.5 years

Dal-OUTCOMES [67] 15,871 participants with recent acute 
coronary syndrome followed for 
CHD death, MI, stroke, unstable 
angina or resuscitated cardiac arrest

Dalcetrapib/Statin 
versus Placebo/Statin

Dalcetrapib led to 40% increase in HDL-C,  
no change in LDL-C, and no difference in  
ASCVD events over 2.5 years (HR 1.04; 95%  
CI: 0.93–1.16)

REVEAL [68] 30,624 participants with high 
cardiovascular risk followed 
for CHD death, MI, or coronary 
revascularization

Anacetrapib/Statin 
versus Placebo/Statin

In prior studies, anacetrapib has led to 140% 
increases in HDL-C and significant LDL-C 
reductions. Outcomes study ongoing with 
anticipated completion in 2017

ACCELERATE [69] 12,000 participants with high 
cardiovascular risk followed for CVD 
death, MI, stroke, unstable angina or 
revascularization

Evacetrapib/Statin 
versus Placebo/Statin

In prior studies, evacetrapib has led to 130% 
increases in HDL-C and significant LDL-C 
reductions. Outcomes study ongoing with 
anticipated completion in 2016
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placebo, the niacin/laropiprant arm had an LDL-C that 
was 10 mg/dL lower and an HDL-C that was 6 mg/dL 
higher. Despite these significant differences, there were 
no differences in cardiovascular events with niacin hav-
ing a hazard ratio of 0.96 (95% CI: 0.90–1.03; P = 0.29).

In the presence of well-controlled LDL-C levels in 
statin-treated patients, there appears to be no added ben-
efit of niacin therapy to improve cardiovascular risk, 
despite significant 15–20% increases in HDL-C levels. 
It should be noted that niacin may still have a role in 
patients who have not achieved the aggressive LDL-C 
levels <70 mg/dL on statin ± ezetimibe seen in AIM-
HIGH and HPS2-THRIVE [72].

CETP Inhibitors
CETP is responsible for transferring cholesteryl esters 

from HDL to LDL or VLDL particles in exchange for TGs. 
Inhibition of CETP in an animal model reduced progres-
sion of atherosclerosis [73]. Subsequent phase II and III 
studies of four CETP inhibitors have generated excite-
ment over impressive increases in HDL-C by as much 
as 130%, while also lowering LDL-C by as much as 40% 
[74]. Nevertheless, thus far, two trials of CETP inhibitors 
on cardiovascular outcomes have disappointed [66,67].

In the Investigation of Lipid Level Management 
to Understand its Impact in Atherosclerotic Events 
(ILLUMINATE) trial of 15,000 participants at high 
ASCVD risk, the CETP inhibitor torcetrapib led to a 
72% increase in HDL-C and 25% decrease in LDL-C 
compared with placebo when added to statin therapy 
[66]. However, the study was terminated early due to 
an increase in blood pressure, cardiovascular events and 
all-cause mortality in the torcetrapib arm. The adverse 
outcomes were attributed to an off-target effect on aldo-
sterone concentrations, yet there remained concern over 
an adverse effect of CETP inhibition [75].

Dalcetrapib was the next CETP inhibitor tested in a 
large-scale clinical trial and was eagerly anticipated due 
to the absence of the off-target effects seen with torce-
trapib. Notably, in contrast to other CETP inhibitors, 
dalcetrapib has much more modest effects on HDL-C 
and no effect on LDL-C. The dal-OUTCOMES trial in 
over 15,000 post-ACS participants tested the effects of 
dalcetrapib versus placebo when added to statin ther-
apy on cardiovascular outcomes [67]. Dalcetrapib led 
to 40% increase in HDL-C and no change in LDL-C. 
However, the trial was stopped prematurely at a pre-
specified interim analysis due to a lack of efficacy with 
a HR of 1.04 for dalcetrapib (95% CI: 0.93–1.16; P = 0.52). 
Ongoing pivotal trials of anacetrapib and evacetrapib 
aim to definitively answer whether CETP inhibition can 
improve cardiovascular outcomes [68,69]. Assuming 
there are no off-target effects similar to torcetrapib, each 
of these therapies yield substantially greater changes 
in HDL-C and LDL-C levels than dalcetrapib, leaving 

some hope for benefit [76,77]. In total, the evidence thus 
far raises the question of whether increasing HDL-C is 
beneficial through this mechanism.

Other Potential Therapies
Omega-3 fatty acids have been proposed as potential 

agents to reduce the risk of cardiovascular disease due 
predominantly through reduction in TGs as well as a 
very small potential effect on HDL-C levels. Fibrates 
have also been tested in populations with low HDL-C 
levels with the hopes of improving cardiovascular out-
comes. In the prestatin era VA-HIT trial, gemfibrozil 
led to a 6% increase in HDL-C [78]. After a median of  
5 years of follow-up, there was a 22% relative reduction 
in risk of MI or CHD death among the gemfibrozil group 
(95% CI: 7–35%; P = 0.006). In a post-hoc analysis, the 
benefit achieved with gemfibrozil was predicted by the 
achieved HDL-C more so than changes in other lipids 
[79]. In the statin era, fibrates have not reduced ASCVD 
risk, though some post-hoc data suggest there is a ben-
efit in the low HDL-C, high TG group [80].

Other novel therapies directed at HDL are in devel-
opment. Recombinant apoA1-Milano infusions showed 
early promise in reducing atherosclerotic burden; how-
ever, later phase trials have not been reported with this 
compound [81]. Additional approaches include autolo-
gous delipidated HDL infusions, liver X receptor (LXR) 
agonists, niacin receptor agonists, lecithin:cholesterol 
acyltransferase (LCAT) activators, and peroxisome pro-
liferator-activated receptors (PPARs) agonists among 
others [82,83].

HDL Function

HDL function is becoming an increasingly important 
focus of HDL-related risk. Cholesterol-efflux capacity 
measures the ability of HDL particles to extract choles-
terol from macrophages, similar to the in vivo function 
of HDL in reverse cholesterol transport when remov-
ing cholesterol from plaque. In a multivariable adjusted 
case-control analysis, investigators found an approxi-
mately 25% decreased odds of CHD (HR 0.75; 95% 
CI: 0.63–0.90; P = 0.002) for every standard deviation 
increase in efflux capacity, after adjustment for HDL-C 
levels [84]. Importantly, HDL-C levels were the strongest 
predictor of efflux capacity, but only explained approxi-
mately 25% of the variation in efflux capacity.

In a prospective study of nearly 3000 participants 
from the Dallas Heart Study, efflux capacity was mod-
erately correlated with HDL-C levels (Spearman correla-
tion 0.52, P < 0.05) [85]. Efflux capacity at baseline was a 
strong predictor of events in multivariable analysis such 
that the highest quartile of efflux capacity carried a 67% 
decreased risk of ASCVD events over a median of 9.4 
years (HR 0.33; 95% CI: 0.19–0.55) after adjustment for 
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HDL-C levels. Inclusion of cholesterol efflux capacity 
significantly improved measures of discrimination and 
risk reclassification as well.

These studies of HDL function may explain why 
HDL-C levels are markers of risk given the correlations 
of HDL-C with efflux capacity. These studies also sug-
gest that changing HDL-C through mechanisms such 
as CETP inhibition would not necessarily improve the 
efflux capacity of HDL and therefore would not decrease 
ASCVD. Niacin also does not affect cholesterol efflux 
capacity, despite increasing HDL-C significantly [86].

In light of the disappointing results of clinical trials 
aimed at raising HDL-C in the statin era and considering 
the promising emerging evidence of HDL’s diverse func-
tionality, there has been a paradigm shift from an “HDL-
Cholesterol” hypothesis to an “HDL-function” approach 
[87]. Future therapies targeting HDL to address cardio-
vascular risk should likely focus on improving HDL func-
tion, or the ability to remove cholesterol from plaque, 
rather than solely increasing lipid levels within HDL.

TRIGLYCERIDES

Overview

TGs, a type of blood fat, serve the purpose of storing 
fat and excess calories in the body. Elevated TGs are fre-
quently found in patients with type 2 diabetes, metabolic 
syndrome, or insulin resistance and associated with 
fatty liver disease (hepatosteatosis). Additionally, there 
are genetic syndromes that manifest with hypertriglyc-
eridemia, including mixed or familial combined hyper-
lipidemia (FCHL), type III dysbetalipoproteinemia, and 
familial hypertriglyceridemia (FHTG) [88].

Virtually all plasma lipoproteins contain TGs, but the 
three main types of TG-rich lipoproteins associated with 
elevated levels of TGs include chylomicrons, VLDL, and 
IDL. Measurement of non-HDL-C, apoB, or both, may be 
useful in patients with elevated TGs levels. If TG levels 
are ≥150 mg/dL, Friedewald estimation of LDL-C com-
monly estimates LDL-C as <70 mg/dL despite directly 
measured levels ≥70 mg/dL, suggesting alternate mea-
sures are warranted [89].

Epidemiology

Hypertriglyceridemia (fasting TG levels ≥150 mg/
dL, nonfasting of >200 mg/dL) is common among U.S. 
adults with an estimated prevalence of 33% [90]. Among 
these, approximately 1.7% (~3.4 million Americans) have 
severe hypertriglyceridemia (levels 500–2000 mg/dL), 
placing them at risk for pancreatitis [91]. Surprisingly, 
despite the epidemic of obesity and diabetes, TG lev-
els have been decreasing over time during the years 

of 2001–2012 [92], perhaps in part to increasing use of 
statins.

It has been a long-standing controversy whether 
hypertriglyceridemia is an independent risk factor for 
ASCVD, as elevated TG often presents in a triad of ath-
erogenic dyslipidemia that includes low HDL-C and ele-
vated small dense LDL. Early epidemiologic evidence 
did not suggest a causal role of TG for CHD [93]. Some 
studies did not find TG to be an independent risk for 
CHD when total and HDL-C were taken into account 
[94] but it was a potent risk factor when occurring in 
conjunction with a high LDL-C/HDL-C ratio [95,96].

More recent data contrasts with this. Pooled data from 
29 prospective studies including over 200,000 patients 
identified elevated TG as a risk factor for incident CHD 
[97]. A dose response relationship has been noted with 
a 13% and 12% increased risk of ASCVD and all-cause 
mortality respectively per 1 mmol/L increase in TGs [98]. 
Elevated TG has been shown to be a stronger risk factor 
for CHD in women compared to men [99]. Furthermore, 
TG levels >150 mg/dL are associated with increased 
CHD risk in high-risk patients even when the LDL-C is 
<70 mg/dL on statin therapy [100–102].

Strengthening this argument, Mendelian random-
ization studies do suggest that hypertriglyceridemia, 
or an elevation in TG-rich lipoproteins, is a causal fac-
tor in ASCVD [103]. Genes encoding apolipoprotein C3 
(APO3C) are strongly associated with plasma TG levels. 
The APOC3 protein is present on the apoB-containing 

TABLE 7.3 Factors associated with Elevated Triglycerides

Diseases that may 
elevated TG

Diet/Lifestyle 
that may 
elevate TG

Drugs that may elevate 
TG

Chronic kidney disease

Nephrotic syndrome

Diabetes mellitus
Metabolic syndrome
HIV infection

Autoimmune disorders
Hypothyroidism

Pregnancy

Polycystic ovary 
syndrome
Menopause transition

Positive energy 
balance
High glycemic 
load
Excess alcohol
Weight gain

Oral estrogens

Tamoxifen

Raloxifene
Retinoids
Immunosuppressive drugs 
(cyclosporine, sirolimus)
Interferon
Beta-blockers (especially 
nonbeta 1-selective)
Atypical antipsychotic 
drugs (fluperlapine, 
clozapine, and olanzapine)
Protease inhibitors

Thiazide diuretics
Glucocorticoids
Rosiglitazone
Bile acid sequestrants
L-asparaginase
Cyclophosphamide

Source: Adapted from National Lipid Association materials.
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TG-rich particles of chylomicrons and VLDL and func-
tions as an inhibitor of lipoprotein lipase (LPL)-mediated 
lipolysis and facilitates hepatic VLDL secretion. Carriers 
of mutations disrupting APOC3 function have lower life-
time TG levels and ASCVD risk [104,105].

Treatment (Lifestyle and Pharmacotherapy)

Many factors including chronic diseases, diet/life-
style changes, and medications may elevate TG lev-
els (Table 7.3). Often these factors are modifiable and 
should be addressed when evaluating the patient with 
elevated TGs. Lifestyle changes promote lower TG 
levels including improving dietary nutrition (reducing 
intake of sugars and simple carbohydrates, increasing 
fiber and omega-3 fatty acids), reducing alcohol intake, 
regular exercise, weight loss, and quitting smoking 
[106]. A Mediterranean-style diet pattern was associ-
ated with lower TG levels in the Framingham Heart 
Study [107].

Several classes of lipid-lowering medications (with 
the exception of BAS) can lower TG levels by varying 
degrees. Reductions in TG can be seen with statins of 
7–30%, ezetimibe 9%, niacin 20–50%, fibrates 20–50%, 
and omega-3 fatty acids 19–44%. TG reduction with 
statins, particularly higher intensity statins, is even 
greater in patients with hypertriglyceridemia (20–50%).

Historically, fibrates are the most common class of 
medications studied to lower TGs. RCTs with hard clini-
cal outcomes evaluating fibrates are reviewed in Table 
7.4. While the Helsinki Heart Study [110] of primary pre-
vention patients and the VA-HIT [78] study of secondary 
prevention patients in the prestatin era did find reduc-
tion in ASCVD events with fibrate therapy, other studies 
have not found an overall benefit, especially on top of 
statin therapy. Despite this, subgroups of patients may 
benefit from fibrate therapy. For example, the ACCORD 
study [80] of diabetic patients found a benefit of feno-
fibrate in the subgroup with atherogenic dyslipidemia 
characterized by elevated TG and low HDL-C. Similarly, 
with niacin, a secondary analysis of the AIM-HIGH 

TABLE 7.4 Key randomized Clinical Trials with Hard outcomes Evaluating Fibrate Therapy

Study name

Primary 
versus 
Secondary 
prevention Patients Drug

Follow-up 
(years) Results

BIP [108] Secondary 3090 patients with previous 
myocardial infarction or 
stable angina and low HDL

Bezafibrate 6.2 Bezafibrate reduced TGs by 21%. There 
was no significant reduction of the primary 
outcome overall. However in subset with 
TG ≥200 mg/dL, there was a 40% reduction 
in primary end point with bezafibrate  
(P = 0.02)

VA-HIT [78] Secondary 2531 men with CHD, low 
HDL

Gemfibrozil 5.1 RR reduction of 22% (95% CI, 7–35%;  
P = 0.006) for primary endpoint of nonfatal 
myocardial infarction or death from 
coronary causes

ACCORD [80] Mixed 5518 patients with type 2 
diabetes (37% with previous 
ASCVD) treated with open-
label simvastatin randomized 
to fenofibrate or placebo

Fenofibrate 4.7 Fenofibrate on top of baseline statin therapy 
did not reduce primary outcome of fatal 
CVD, nonfatal MI, or nonfatal stroke, as 
compared with simvastatin alone. There was 
noted a possible benefit for the subgroup of 
patients with both high baseline TG and low 
HDL (P = 0.057 for interaction)

FIELD [109] 
(2005)

Mixed 795 participants with type 
2 diabetes mellitus age 
50–75 (22% with ASCVD), 
not taking statin therapy at 
baseline

Fenofibrate 5 22% reduction in TGs compared to placebo. 
Fenofibrate did not significantly reduce the 
risk of the primary outcome of coronary 
events. It did reduce total ASCVD, due to 
fewer nonfatal MI and revascularizations. 
More patients assigned to placebo started 
statins which might have masked a larger 
benefit

HHS [110] 
(1987)

Primary 4081 asymptomatic (age 
40–55 years) with primary 
dyslipidemia (non-HDL  
≥ 200 mg/dL)

Gemfibrozil 5 34% reduction in the incidence of CHD  
(95% CI, 8–53%; P < 0.02)
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study showed that the addition of niacin in secondary 
prevention patients with both high TG and low HDL-C 
conferred a 26% reduction in ASCVD events [111].

Omega-3 fatty acids have also been used for the 
management of elevated TGs. Observational data and 
some RCTs have suggested a benefit in cardiovascular 
risk with “fish-oil” supplementation, while more recent 
RCTs have suggested that there is no benefit [112–117].  
A comprehensive systematic review and meta-analysis 
of 20 RCTs evaluating the effects of omega-3 supple-
ments on cardiovascular outcomes showed trends for 
benefit, but none reached statistical significance [118].

Thus, RCT data generally does not support an incre-
mental benefit of these secondary agents when added 
to a background of statin therapy for lowering ASCVD 
events. However, recently there has been renewed inter-
est in using omega-3 fatty acids to treat high-risk patients 
with hypertriglyceridemia. There are two RCTs of omega-
3s for patients with elevated TGs currently in progress. 
STRENGTH [119] plans to enroll ~13,000 patients at high 
risk for ASCVD who have low LDL-C <100 mg/dL but 
elevated TG (≥200 but <500 mg/dL) and is powered 
for major cardiovascular events. REDUCE-IT [120] simi-
larly will enroll about 8000 patients at high ASCVD risk 
with TG levels ≥150 mg/dL and follow them for hard 
clinical outcomes. These key RCTs may change current 
recommendations for prescription omega-3 therapy. In 
the meantime, increased dietary consumption of marine-
based omega 3’s in conjunction with a healthy lifestyle 
is an AHA recommendation.

At this time, the 2013 ACC/AHA cholesterol guide-
lines [9] advise that an elevated TG level is not a target 
of therapy per se, except when very high (≥500 or even 
≥1000) to minimize risk of pancreatitis. A drug target-
ing TG reduction (such as a fibrate) could be considered 
first-line in those with TG ≥500 mg/dL, although a statin 
is still a reasonable first line agent if TG is ≥500 but 
<1000 mg/dL in the absence of a history of pancreatitis.

Novel Directions from Translational Research

The recent developments from the Mendelian studies 
supporting a causal role of remnant lipoproteins has led 
to renewed interest in developing therapeutic targets 
against TG, specifically of APOC3. Administration of an 
antisense oligonucleotide drug that decreases produc-
tion of APOC3 was shown to lower plasma TG levels 
in Phase I studies [121]. Phase III clinical trials are now 
underway, such as the APPOACH study, in patients 
with familial chylomicronemia, with a primary outcome 
measure of percent change in fasting TG [122]. For LDL-
therapeutics, the rapid progression from bench to bed-
side for PCSK9 inhibitor therapy is a great success story 
of translational research; perhaps inhibitors of APOC3 
will be another similar success [123].

CONCLUSION

LDL-C is causally associated with ASCVD whereas 
the causal role of HDL-C and TG remains uncertain. 
Lifestyle changes targeted at improving the lipid pro-
file form the foundation for primary and secondary 
prevention whereas in both higher risk primary pre-
vention and secondary prevention, pharmacological 
treatment with statins is also recommended as concur-
rent therapy. The current ACC/AHA lipid guidelines 
recommend matching the intensity of statin treatment 
with absolute ASCVD risk. In certain cases, additional 
lipid-lowering medications may be considered for add-
on therapy, although their incremental utility on top 
of maximal statin therapy is still uncertain. The recent 
IMPROVE-IT trial with ezetimibe and the early success 
of the PCSK9 inhibitors however support the concept of 
“lower is better” when it comes to reducing the athero-
genic lipoprotein burden of LDL-C and apoB. Based on 
this, perhaps subsequent versions of the guidelines will 
consider bringing back lipid targets or encourage even 
lower LDL-C goals. Furthermore, there are several large 
RCTs in progress powered for clinical ASCVD outcomes 
testing the efficacy of some of the more novel lipid thera-
peutics (including PCSK9 inhibitors, CETP inhibitors, 
and omega-3 fatty acids); the results of these key trials 
may shape future iterations of the lipid guidelines.
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Coronary artery disease (CAD) results from inter-
play between genetic and environmental factors and is 
strongly associated with aging. Few methods of identi-
fying a highly susceptible population are as potent as a 
simple family history of early-onset coronary disease as 
a marker of shared genetic, environmental, and behav-
ioral risk among family members. It has been estimated 
that 30–60% of the interindividual variation in CAD 
risk is accounted for by heritable factors [1]. Multiple 
approaches have been used to identify DNA sequence 
variants responsible for trait and disease variation in 
humans. Prior to 2005, when the first microarray became 
available with 500,000 single nucleotide polymorphisms 
(SNPs) across the genome, candidate gene studies with 
a priori biological hypotheses or identified by family-
based linkage analyses were the primary methods used 
to identify association between genes and disease pheno-
types. Segregation and linkage analyses in families have 
led to discovery of gene variation with Mendelian trans-
mission with large effects. Although Mendelian disor-
ders demonstrate potentially dramatic effects of genetic 
variation, they are rare and do not explain much of the 
variability of complex diseases such as CAD at the popu-
lation level, where common diseases are expected to be 
associated with commonly expressed genetic variations. 
Candidate gene approaches based on biologically based 
hypotheses led to hundreds of published associations of 
genes and variants with CAD phenotypes, almost none of 
which could be replicated and confirmed in subsequent 
studies [2]. The more recent and unbiased genome-wide 
association studies (GWAS) have identified more than 
50 common genetic variants robustly associated with 
CAD (Table 8.1), consistent with genetic susceptibility in 
certain individuals, but surprisingly only about 15% of 
heritability is explained by these common variants [3–5]. 
Moreover, discovered allelic variants do not necessarily 
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reflect risk in populations of different ancestral origins. 
Although some of these variants appear to work through 
known risk factors, including lipid levels and/or blood 
pressure, most are completely novel with mechanisms 
yet to be elucidated.

THE GWAS ERA

Classic Mendelian genetics has been successful in 
identifying rare single gene disorders occurring in less 
than 1% of the population with high penetrance and large 
biological effects. In Mendelian disorders, mutations are 
typically identified in protein coding exons that disrupt 
the function of the translated protein. These variants can 
be mapped with family pedigrees of multigenerational 
affected individuals using genetic linkage techniques. By 
genotyping a few hundred DNA markers with known 
chromosomal location it is possible to determine those 
that co-segregate in subjects affected by the disorder 
compared to those without the phenotype. Such markers 
are considered linked to a nearby gene of interest, which 
can then be sequenced to determine the functional muta-
tion. For example, linkage analysis was used to localize 
the chromosomal position of causality for hypertrophic 
cardiomyopathy, followed by the discovery of mutations 
in the beta-cardiac myosin heavy chain [138,139]. Using a 
candidate gene approach, Lehrman et al. [140] sequenced 
the low-density lipoprotein receptor (LDLR) gene in a 
patient with homozygous familial hypercholesterolemia 
and discovered the deletion of several exons. The discov-
ery of additional mutations in genes leading to homo-
zygous familial hypercholesterolemia demonstrated an 
increased risk of early-onset CAD working through the 
known risk factor of elevated low-density lipoprotein 
(LDL) cholesterol [141]. Follow-up of candidate gene 
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TABLE 8.1 Genome-Wide Association Studies Coronary Artery Disease/Myocardial Infarction (MI)

Chromosome SNP Closest Genes
DNA 
Region

Allele Risk 
Frequency 
(Allele)

Allelic Odds  
Ratio (95% 
CI)

GWAS 
Population 
(Candidate)

GWAS 
Phenotype 
(Candidate)

Other SNP/
Phenotype 
Associations

Mechanistic  
Evidence References

1p13.3 rs599839 SORT1 CELSR2 
PSRC1

IG 0.78 (A) 1.11  
(1.08–1.15)

EA South Asian 
(Japanese) 
(Korean)

CAD Early MI LDLC level Lp-PLA2 
activity and mass (TC 
and HDLC) (AAA) 
(Hypertension)

•  rs599839 is eQTL for 
PSRC1 in monocytes and 
SORT1, CELSR2, and 
PSRC1 in liver

[3,5–18]

1p32.2 rs17114036 PPAP2B Intron 0.91 (A) 1.17  
(1.13–1.22)

EA CAD – •  Expression of the 
PPAP2B protein product 
LPP3 is present in 
foam cells from human 
atherosclerotic plaques

[3,5,10,19,20]

•  oxLDL exposure 
up-regulates LPP3

•  Inactivation of LPP3 
in murine endothelial 
cells increases vascular 
inflammation

1p32.3 rs11206510 PCSK9 IG 0.82 (T) 1.08  
(1.05–1.11)

EA (Han Chinese) CAD Early MI (TC and LDLC) • LDL metabolism [3,5,10,21–23]

1q21.3 rs4845625 IL6R Intron 0.47 (T) 1.04  
(1.02–1.07)

EA CAD (Atrial fibrillation) •  Inflammatory signaling [5,24]

1q41 rs17465637 MIA3 Intron 0.74 (C) 1.14  
(1.09–1.20)

EA (Meta Asian) CAD Early MI •  Protein essential for 
collagen secretion

[3,10,25,26]

2p11.2 rs1561198 VAMP5 VAMP8 
GGCX

IG 0.45 (A) 1.05  
(1.03–1.07)

EA CAD •  VAMP8 protein is 
important for platelet 
granule secretion

[5,27,28]

2p21 rs4299376 ABCG5-8 Intron 0.32 (G) 1.07  
(1.04–1.11)

EA CAD (TC and LDLC)  
(LDLC intestinal 
absorption and level)

•   ABCG5 and ABCG8 
important cholesterol 
efflux and reverse 
transport proteins

[5,29–31]

2p24.1 rs2123536 TTC32 WDR35 IG 0.39 (T) 1.12  
(1.08–1.16)

Han Chinese CAD [8]

2p24.1 rs515135 APOB IG 0.83 (G) 1.08  
(1.05–1.11)

EA CAD (TC and LDLC) • Lipid metabolism [5]

2q22.3 rs2252641 ZEB2-
AC074093.1

Intron 0.46 (G) 1.06 EA CAD [5]

2q33.1 rs6725887 WDR12 TEX41 
NBEAL1

Intron 0.15 (C) 1.14  
(1.09–1.19)

EA CAD Early MI (LDL receptor 
expression)

•  eQTL for NBEAL1  
in aorta media

[3,5,10,17,32]

3q22.3 rs2306374

rs9818870

MRAS Intron 
3′UTR

0.18 (C) 
0.11 (C)

1.12  
(1.07–1.16)  
1.07

EA CAD – •  rs9818870 variant alters 
miRNA-mediated gene 
expression and is an eQTL 
for MRAS in aorta media

[5,10,17,33]
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4q31.22 rs1878406 EDNRA IG 0.15 (T) 1.06  
(1.02–1.16)

EA CAD (Ischemic CVA) [5,34]

4q32.1 rs7692387

rs1842896

GUCY1A3 Intron 
IG

0.81 (G) 
0.76 (T)

1.06  
(1.03–1.09) 
1.14  
(1.10–1.19)

EA Han Chinese CAD (Blood pressure) [5,8]

5p15.3 rs11748327 IRX1 
ADAMTS16

IG 0.18 (T) 1.25  
(1.09–1.41)

Japanese CAD [35]

5q31.1 rs2706399 IL5 IG 0.52 (G) 1.07  
(1.03–1.11)

EA CAD •  IL5 stimulates 
B-cells and increases 
immunoglobulin 
secretion

[29]

5q31.1 rs273909 SLC22A4 
SLC22A5

Intron 0.14 (C) 1.09  
(1.05–1.12)

EA CAD [5]

6p21.2 rs10947789 KCNK5 Intron 0.76 (T) 1.06  
(1.03–1.08)

EA CAD [5]

6p21.31 rs17609940 ANKS1A Intron 0.75 (G) 1.07  
(1.05–1.10)

EA CAD [5,10]

6p21.32 rs3869109 HCG27-HLA-C IG 0.55 (G) 1.14 EA (Han Chinese) CAD (Early 
CAD)

•  MHC class I proteins are 
putatively involved with 
vascular inflammation 
and T-cell responses in 
atherosclerosis

[36,37]

6p21.32 rs9268402 C6orf10 BTNL2 IG 0.59 (G) 1.16  
(1.12–1.20)

Han Chinese CAD [8]

6p24.1 rs6903956 ADTRP Intron 0.07 (A) 1.65  
(1.44–1.90)

Han Chinese 
(Singapore) 
(Japanese)

CAD (Plaque 
severity)

•  Protein expressed in 
human macrophages and 
atherosclerotic lesions 
in a PPARg-dependent 
manner

[38–42]

6p24.1 rs12526453

rs9349379

PHACTR1 IG 
Intron

0.67 (C) 
0.61 (A)

1.13  
(1.09–1.17)  
1.34

EA Han Chinese 
Lebanese

CAD Early 
MI Stenosis 
severity

CAC Cervical artery 
dissection and 
large vessel stroke 
(Hypertension)

•  rs12526453 is binding  
site for myocyte 
enhancer factor-2 leading 
to differential expression

[3,5,8,10,16, 
43–48]

•  rs9349379 is eQTLfor 
PHACTR1 expression 
in human coronary 
endothelium
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6q23.2 rs12190287 TCF21 3′UTR 0.62 (C) 1.08  
(1.06–1.10)

EA (Chinese) CAD (CAC) 
(Hypertension)

•  Variant disrupts a 
miR-224 binding site 
and modulates gene 
expression

[5,10,16,49,50]

•  eQTL for TCF21 
transcript in liver and 
adipose

6q25.1 rs6922269 MTHFD1L 0.25 (A) 1.09  
(1.05–1.14)

EA CAD (Early 
MI)

(Cardiovascular 
mortality post MI)

[3,6,51]

6q25.3 rs3798220

rs2048327

LPA Miss 
Intron

0.02 (C)  
0.35 (G)

1.51  
(1.33–1.70)  
1.06

EA CAD (Number 
of obstructed 
coronary 
vessels)

(LDLC and Lp(a)) 
(Ischemic stroke) 
(PAD) (AAA)

•  Lp(a) strongly implicated 
in vascular inflammation 
and thrombosis

[5,52–57]

6q26 rs10455872 LPA Intron 0.07 (G) 1.68  
(1.43–1.98)

EA (Brazilian) CAD 
(Coronary 
plaque on 
angiography)

(LDLC and Lp(a)) 
(Aortic valve 
stenosis)

•  Lp(a) strongly implicated 
in vascular inflammation 
and thrombosis

[52,53,58–61]

6q26 rs4252120 PLG Intron 0.73 (T) 1.06  
(1.03–1.09)

EA CAD (Periodontitis) •  Plasminogen essential to 
fibrinolysis

[5,62,63]

7p21.1 rs2023938 HDAC9 3′UTR 0.10 (G) 1.07  
(1.04–1.11)

EA CAD (Ischemic CVA) [5,34]

7q22.3 rs10953541 BCAP29 Intron 0.75 (C) 1.08  
(1.05–1.11)

EA South  
Asian

CAD [7]

7q32.2 rs11556924 ZC3HC1 Miss 0.62 (C) 1.09  
(1.07–1.12)

EA CAD (Carotid IMT) [5,10,64]

8p21.3 rs264 LPL Intron 0.86 (G) 1.05  
(1.02–1.08)

EA (Japanese) CAD (HDLC and TG) •  Lipid and lipoprotein 
metabolism

[5,13,65]

8q24.13 rs17321515

rs2954029

TRIB1 IG IG 0.53 (A) 
0.55 (A)

1.06  
(1.03–1.10)  
1.04

EA CAD (LDLC, HDLC, TG) •  Lipid and lipoprotein 
metabolism

[5,29,66–71]

9p21.3 rs4977574

rs3217992

CDKN2A 
CDKN2B 
ANRIL

IG 
3′UTR

0.46 (G) 
0.38 (A)

1.29  
(1.23–1.36) 
1.16

EA Japanese 
Korean (Korean) 
(Han Chinese) 
(Asian Indians)

CAD MI Early 
MI (Incident 
CAD) 
(Stenoses 
severity)

CAC Glioma 
AAA Intracranial 
aneurysm (Ischemic 
CVA) (Open-
angle glaucoma) 
(Periodontitis)

•  p16INK4a expression [3,5,13,15,42,44, 
72–84]

•  ANRIL  
expression

See text
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9q34.2 rs579459 ABO IG 0.21 (C) 1.10  
(1.07–1.13)

EA CAD MI 
(Recurrent 
MI) (Ischemic 
CVA)

(ACE activity and 
level) (Pancreatic 
cancer) (Ischemic 
CVA) (VTE) (LDLC) 
(Serum E-selectin, 
P-selectin, ICAM-1)

• Inflammation [34,85–93]

10p11.23 rs2505083 KIAA1462 Intron 0.42 (C) 1.07  
(1.04–1.09)

EA •  Protein involved 
with cadherin-based 
endothelial cell–cell 
junctions

[5,94]

10q11.21 rs1746048

rs2047009

CXCL12 IG IG 0.87 (C) 
0.48 (C)

1.09  
(1.07–1.13) 
1.05

EA (Chinese) CAD MI (CXCL12 level) •  Protein is 
chemoattractant for 
progenitor cells in 
ischemic tissue

[5,49,95–97]

10q23.31 rs1412444 LIPA Intron 0.34 (T) 1.09  
(1.07–1.12)

EA (Chinese) 
(Mexican)

CAD MI •  eQTL for LIPA in 
monocytes

[29,98–100]

•  Protein lipase A catalyzes 
the hydrolysis of 
cholesteryl esters and 
triglycerides

10q24.32 rs12413409 CYP17A1 
CNNM2

Intron 0.89 (G) 1.12  
(1.08–1.16)

EA (Chinese) 
(Japanese)

CAD MI (Ischemic CVA) 
(HTN)

[5,13,34,49]

11q22.3 rs974819 PDGFD IG 0.29 (T) 1.07  
(1.04–1.09)

EA (Korean) CAD [5,15]

11q23.3 rs964184 ZPR1 APOA5 IG 0.13 (G) 1.13  
(1.10–1.16)

EA CAD Metabolic syndrome 
vitamin E (DM) 
(LDLC) (TG) (HDLC)

•  ApoA5 protein is key 
regulator of triglycerides

[10,101–105]

12q21.33 rs7136259 ATP2B1 Intron 0.39 (T) 1.11  
(1.08–1.17)

Han Chinese CAD •  ATP2B1 gene is 
associated with 
hypertension by GWAS 
and in animal studies

[8,106,107]

12q24.11 rs3782889 MYL2 Intron 0.21 (C) 1.26  
(1.19–1.34)

Korean Japanese CAD (Hypertension) [15,108]

12q24.12 rs3184504 SH2B3 Miss 0.44 (T) 1.07  
(1.04–1.10)

EA CAD MI sICAM-1 Eosinophil 
count Autoimmune 
hepatitis beta-2 
microglobulin 
Hypothyroidism 
Celiac disease (HTN) 
(Ischemic CVA) 
(Multiple sclerosis) 
(Rheumatoid 
arthritis)

•  Variant is trans regulator 
of the expression of 6 
genes associated with 
BP (FOS, MYADM, 
PP1R15A, TAGAP, 
S100A10, and FGBP2)

[5,34,109–116]

•  Murine model suggestive 
of SH2B3 as link of 
immune signaling, 
inflammation, and 
hypertension

(Continued)
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Chromosome SNP Closest Genes
DNA 
Region

Allele Risk 
Frequency 
(Allele)

Allelic Odds  
Ratio (95% 
CI)

GWAS 
Population 
(Candidate)

GWAS 
Phenotype 
(Candidate)

Other SNP/
Phenotype 
Associations

Mechanistic  
Evidence References

12q24.12 rs671 ALDH2 Miss 0.23 (A) 1.43  
(1.35–1.51)

Japanese CAD (Multiple cancers) •  Regulation of 
inflammation, 
endothelial progenitor 
cells, oxidative stress, 
dimethylarginine, 
endothelial nitric oxide 
synthase

[83,117,118]

13q12.3 rs9319428 FLT1 Intron 0.32 (A) 1.05 EA CAD (CKD) •  VEGFR-1 is a 
key regulator of 
inflammation and is 
expressed by endothelial 
cells and macrophages in 
atherosclerosis

[5,13,119,120]
(1.03–1.08) (Japanese)

13q34 rs4773144 COL4A1 Intron 0.44 (G) 1.07 EA CAD •  Collagen type IV  
alpha proteins

[5,121]

rs9515203
COL4A2 Intron 0.74 (T) (1.05–1.09)

1.08

14q32.2 rs2895811 HHIPL1 Intron 0.43 (C) 1.07 EA CAD [5]
(1.05–1.10)

15q26.1 rs17514846 FURIN Intron 0.44 (A) 1.05 EA CAD Hypertension •  Proprotein 
overexpression in plaque 
mononuclear cells

[5,122–124]
(Blood pressure)(1.03–1.08)

•  Alters lipid metabolism 
in mice

15q25.1 rs3825807 ADAMTS7 Miss 0.57 (A) 1.08 EA CAD (CAC) •  Protein accumulates in 
coronary plaques

[5,82,125,126]

rs7173743

IG 0.58 (T) (1.06–1.10)
•  In mice protein inhibits 

re-endothelialization 
of injured arteries 
and promotes 
vascular remodeling 
through cleavage of 
thrombospondin-1

1.07

•  Variant rs3825807 
has an effect on 
ADAMTS7 maturation, 
thrombospondin-5 
cleavage, and VSMC 
migration
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17p11.2 rs12936587 RASD1 SMCR3 
PEMT

IG 0.56 (G) 1.07 EA CAD (Ischemic CVA) •  PEMT/ApoE KO 
mice have improved 
lipoprotein profiles and 
less atherosclerosis

[5,34,127,128]

(1.05–1.09)RAI1

•  eQTL for PEMT and 
RASD1 in monocytes

17p13.3 rs216172 SMG6 IG 0.37 (C) 1.07 EA CAD [5]
SRR (1.05–1.09)

17q21.32 rs46522 UBE2Z Intron 0.53 (T) 1.06 EA CAD •  eQTL for UBE2Z  
in blood

[5]
(1.04–1.08)

19p13.2 rs1122608 SMARCA4 Intron 0.77 (G) 1.14 EA CAD (Hypertension) [5,16,129,130]
(TC)
(Ischemic CVA)
(ABI)

(1.09–1.19)

19p13.2 rs6511720 LDLR Intron 0.89 (G) 1.18 EA CAD AAA •  Lipid/lipoprotein 
metabolism

[3,22,29,131, 
132]MI (LDL)

Early MI (ApoB/A1)
(1.11–1.25)

19q13 rs2075650

rs445925

APOE APOC1 Intron 
IG

0.14 (G)  
0.90 (C)

1.14  
(1.09–1.19) 
1.13

EA CAD Cognitive aging BMI 
Hippocampal brain 
volume Alzheimer’s 
(Carotid disease) 
(LDL particle size)

[5,29,133–137]

21q22.11 rs9982601 MRPS6 SLC5A3 
KCNE2

Gene 
Desert

0.15 (T) 1.18  
(1.12–1.24)

EA CAD Early MI •  eQTL for MRPS6 in 
blood and for SLC5A3  
in aorta media

[3,5,17]

Abbreviations: AAA, abdominal aortic aneurysm; ABI, ankle brachial index; ACE, angiotensin-converting enzyme; CAC, coronary artery calcification; CVA, cerebral vascular accident; DM, diabetes mellitus; EA, 
European ancestry; HDLC, high-density lipoprotein cholesterol; IG, intergenic; IMT, intima-medial thickness; LDLC, low-density lipoprotein cholesterol; Lp(a), lipoprotein(a); Miss, missense; PAD, peripheral arterial 
disease; TC, total cholesterol; TG, triglycerides; VTE, venous thromboembolism. Table Interpretation: If a finding in the listed GWAS discovery population(s) was replicated in another population using a candidate gene 
approach, that population is listed in parentheses. Similarly, the GWAS phenotypes are listed, but if additional CAD phenotypes were found to be significant in candidate gene studies, they are listed in parentheses.  
Other non-CAD phenotypes associations are listed. If they were discovered by GWAS, they remain without parentheses, otherwise they were discovered by a candidate gene approach.
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studies have often included transgene animal models 
where insertion of the mutated gene induces the same 
or similar phenotype to that observed in humans, thus 
demonstrating causality and functional relevance.

Classic Mendelian genetics is not possible for common 
polygenetic diseases like CAD with multiple genes con-
tributing only mild effect sizes. However, the basic prem-
ise of allelic linkage underlies the development of GWAS. 
Kruglyak and Nickerson [142] suggested that case–control 
association studies could be a useful strategy to discover 
linked variants of nearby genes but would require hun-
dreds of thousands of markers densely spaced across the 
entire genome. Prior to the development of the powerful 
microarray tools required to use this approach, investiga-
tors were forced to genotype individual candidate genes 
in order to compare cases and controls. Hundreds of vari-
ants in candidate genes were reportedly associated with 
atherosclerosis, thrombosis, or clinically manifest CAD 
but were inconsistently replicated. With the availability of 
the HapMap project [143] and new dense microarrays, the 
GWAS era started in 2007 with the discovery of a novel 
variant on chromosome 9p21 that was strongly associated 
with CAD [72,73]. Samani et al. [6] identified 142 SNPs in 
91 candidate genes previously reported to be associated 
with CAD or myocardial infarction (MI). Using a GWAS 
array, in addition to the 9p21 locus, only two SNPs in 
linkage disequilibrium (LD) with the previously reported 
SNPs were found to be significantly associated with CAD 
in both the founder and replication populations. This find-
ing should not dismiss the importance of many identified 
candidate genes given the stringent criteria for GWAS 
level of significance. For example, genetic variation in 
apolipoprotein E had established effects on LDL choles-
terol levels and was associated with CAD. However, none 
of the early GWAS found significant gene variants in the 
APOE gene until larger sample sizes and newer arrays 
were utilized more recently [29]. The potential and pitfalls 
of GWAS discovery are discussed herein.

IMPORTANCE OF DEFINING THE 
PHENOTYPE

GWAS is a hypothesis free approach to identify muta-
tions that occurred in past generations but remained 
common in populations. Genetic variants that occur at 
higher frequency in cases than controls are considered 
to be associated with disease risk. It should be noted 
that most GWAS-identified SNP variants have been 
associated with CAD using an additive risk model, but 
some were found to be more consistent with either a 
recessive or dominant mode of inheritance [3]. All major 
GWAS studies have been case–control studies with CAD 
defined as MI or angiographically defined stenosis 
greater than or equal to 50% in severity. However, the 

ultimate clinical manifestations of CAD, MI, and sudden 
death, are thrombotic complications of atherosclerosis, 
which is a separate biological process predating plaque 
rupture, thrombosis, and acute coronary syndromes. 
Thus the above definition of the CAD phenotype as a 
MI or a coronary artery stenosis is ambiguous to two 
distinct important mechanisms in the natural history of 
CAD, especially since stable or subclinical atherosclero-
sis is highly prevalent in adult populations. Since athero-
sclerosis is a prerequisite for MI, this dual mechanistic 
conundrum is amplified by the paucity of genetic data 
associated specifically with acute coronary syndromes, 
including MI. Reilly et al. [85] performed a GWAS which 
examined MI cases versus controls with angiographi-
cally defined atherosclerosis but no history of MI. They 
found the first gene variant associated with MI in a 
population with coronary atherosclerosis, located in the 
ABO blood group gene. Conversely, the locus at 9p21.3 
was originally reported to be associated with both CAD 
and MI but subsequent studies indicate that it is likely 
associated with atherosclerosis but not thrombosis.

Other GWAS studies have focused on mechanisms of 
thrombosis that may contribute to MI. Johnson et al. [144] 
identified seven loci associated with platelet aggregation 
in response to agonists, including a novel intronic vari-
ant in the PEAR1 gene that was significant in subjects 
of European and African ancestry. Subsequent studies 
have robustly replicated these findings and determined 
that genetic variation in PEAR1 may be a determinant of 
platelet response to antiplatelet therapy and cardiovas-
cular outcomes [145]. The PEAR1 finding demonstrates 
another strategy in discovering the genetic architecture 
of thrombosis in CAD, using GWAS to discover genes 
associated with intermediate phenotypes with known 
functional relevance, followed by determination of its 
association to clinical outcomes. Similarly more than 
120 genomic loci have been associated with blood lipid 
and lipoprotein levels from more than 20 GWAS studies, 
most of which to date do not overlap with CAD GWAS 
signals. Thus, both functional and clinical relevance of 
an identified variant need to be established for a spe-
cific phenotype to fully discriminate true molecular risk 
pathways from false positive findings. Proxy phenotypes 
for subclinical coronary disease, reflecting atherosclerosis 
without thrombosis, including coronary calcium, intima-
medial thickness, and ankle brachial index have also 
been reported but do not necessarily reflect atherogenic 
mechanisms leading to clinically manifest CAD and have 
not had robust overlap with the identified CAD variants.

SIGNIFICANCE AND REPLICATION

Since CAD is a common disease resulting from vari-
ants in multiple genes, each with small effects, large 
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sample sizes are required to detect allelic risk variants. 
Moreover, most risk variants discovered to date are 
located in noncoding DNA sequences, likely represent-
ing linkage to the true risk variant and/or conferring 
risk through regulation of protein coding sequences in 
nearby or distant genes or even on different chromo-
somes. A major limitation of GWAS is the potential for 
false positive results from multiple testing of greater 
than 1 million SNPs on modern arrays for a given phe-
notype, resulting in the need for a very stringent GWAS 
threshold of significance of P < 5 × 10−8, based on the 
Bonferroni correction of dividing a 5% false positive rate 
by 1 million tests of association [146]. Moreover, once 
an allele variant is identified to be in association with 
a specific phenotype in a discovery population then 
replication is expected in an independent population to 
further reduce the false discovery rate. Since the typical 
effect sizes for common variants of individual SNPs are 
relatively small, these statistical considerations require 
GWAS to be performed in large populations in order 
to provide adequate power for detection of single risk 
variants. For example, a discovery sample size of 20,000 
subjects is required to detect a SNP variant that increases 
risk by 10%, occurring in 15% of the population, with 
80% power [147]. This problem necessarily has led to 
the formation of large consortia made up of multiple 
studies with GWAS data, using meta-analysis tech-
niques to combine the results from individual studies. 
Such consortia, often consisting of tens of thousands of 
subjects, are not perfect given differences in phenotype 
definition, subject selection, and population characteris-
tics. Nonetheless, ever-increasing sample sizes have led 
to new discoveries. For example, the Coronary Artery 
Disease Genome-Wide Replication and Meta-Analysis 
(CARDIoGRAM) consortia confirmed 10 and discov-
ered 13 novel risk variants for CAD with a sample size 
of greater than 82,000 individuals of European descent. 
Two other large studies, the Coronary Artery Disease 
(C4D) Genetics Consortium [7] and the IBC 50K CAD 
Consortium [29], included South Asians and Europeans 
and were powered to detect variants that were common 
to both ancestry populations. When CARDIoGRAM 
joined with other consortia, including C4D, the sample 
size expanded to more than 240,000 subjects and led to 
the confirmation of 46 variants and the discovery of an 
additional 15 novel genetic variants [5]. Wang et al. [38] 
reported on the first GWAS in Han Chinese, with the 
discovery of a genetic variant on 6p21 that appears to be 
specific to that population. Subsequent GWAS identified 
additional loci in the Chinese population, some with 
overlap in European ancestral populations [8].

Most GWAS have focused on individuals of European 
ancestry; so many discovered variants have been tested 
in different ancestral populations using a candidate gene 
approach. One glaring omission in the GWAS findings 

are reported risk variants in persons of African ancestry. 
African Americans have a higher lifetime risk of devel-
oping CAD than whites [148] and there is evidence for 
genetic susceptibility for CAD [149]. The few GWAS stud-
ies performed in African Americans were relatively small 
and underpowered compared to the larger consortia in 
populations of European ancestry [150,151] but none-
theless could not replicate the findings from previous 
GWAS. Franceschini et  al. evaluated published GWAS 
risk alleles in a multiethnic cohort and were able to rep-
licate associations with CAD in individuals of European 
ancestry but not in almost 9000 African American sub-
jects [74]. The Genetic Study of Atherosclerosis Risk, a 
prospective study of early-onset CAD families, identified 
and replicated a variant in CDKN2B using a candidate 
gene approach that was protective for incident CAD, 
but subsequent case–control studies did not reproduce 
this finding [152]. Many factors likely contribute to the 
absence of reported genetic susceptibility data in persons 
of African ancestry, most notably the paucity of stud-
ies, differences in LD, less tagging of functional SNPs 
in GWAS arrays, ancestral differences in allele frequen-
cies, genetic admixture, and environmental interactions. 
Ironically, the genetic architecture in Africans is more 
conducive to GWAS than those of Europeans given the 
smaller LD blocks and likelihood of tagging a functional 
nearby SNP.

BIOLOGICAL AND FUNCTIONAL 
RELEVANCE

The most intriguing potential of the GWAS approach 
is the ability to identify loci which do not associate 
with known CAD risk factors and are therefore likely 
to increase risk through mechanisms yet to be consid-
ered or discovered. Indeed, most of the identified risk 
variants are independent of lipid and lipoprotein levels, 
hypertension, and diabetes. Although the discovery of 
common allele variants associated with CAD has the 
potential to better elucidate new and known molecular 
pathways leading to atherosclerosis or thrombosis, the 
scientific challenge is significant as most variants reside 
in regulatory regions, introns, or intergenic DNA rather 
than in coding regions of known genes. These noncod-
ing variants may regulate one or multiple nearby genes 
or even distant genes on different chromosomes (called 
cis- and trans-effects, respectively). Cis-regulatory ele-
ments can affect genes millions of base pairs upstream 
or downstream from its relative location on the chromo-
some and may be unaffected by meiotic recombination 
[153]. Therefore it is most difficult to implicate the true 
gene(s) contributing to CAD. The genes listed in the Table 
8.1 for the discovered risk variants must be considered 
with caution and reflect proximity or assumed biological 
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relevance. Complicating this already difficult architec-
ture are genetic effects of allelic heterogeneity (multiple 
variants in the same gene acting independently), copy 
number variation (variable repeats of genetic code), and 
pleiotropy (multiple biological and phenotypic effects).

Although some of the discovered susceptibility vari-
ants have known biological relevance to CAD, especially 
those already strongly associated with traditional risk 
factors, most have mechanisms yet to be elucidated. A 
prime example is the risk locus at 9p21, the first and still 
the most strongly associated GWAS finding with CAD as 
well as other chronic diseases, with multiple replications 
in a number of ancestral populations. This simultane-
ous discovery in 2007 by two independent investigative 
teams [72,73] has led to intense research to unravel the 
complicated genetics and biology of 9p21 (specifically 
discussed under the heading The 9P21.3 Risk Locus).

Although the discovery of variants in genes known 
to be related to lipid metabolism, including ABCG8, 
APOB, LPA, LPL, APOA5, LDLR, and APOE are not sur-
prisingly associated with CAD, novel genes have been 
identified in association with CAD that were previously 
unknown to affect lipids. The SORT1/CELSR2/PSRC1 
locus on chromosome 1p13.3 was found to be associ-
ated with CAD before it was identified as an extremely 
strong determinant of plasma LDL cholesterol concen-
tration [9,154]. Variants in PCSK9 in people of African 
and European ancestry have been studied extensively 
for significant effects on LDL cholesterol and CAD risk 
and subsequently led to tangible new treatments for 
elevated cholesterol, thus demonstrating the reality that 
genetics can lead to novel pharmacologic therapies to 
lower CAD risk. Variants can also be mapped as quan-
titative trait loci (QTLs) to intermediate phenotypes 
(co-segregation of traits), such as LDL cholesterol or 
hypertension [155,156], or to expression QTLs (eQTLs) 
of mRNA or protein in specific tissue [32]. Whereas 
co-segregation of multiple phenotypes with an allele 
variant can suggest biological mechanisms leading to 
disease, eQTLs can identify regulatory roles with cis- 
and trans-effects [7]. TRIB1 (Drosophila tribbles homo-
logue), was found to be a QTL for LDL cholesterol, 
HDL cholesterol, and triglyceride levels, consistent with 
pleiotropic effects [156]. Similarly, CYP17A1 on chro-
mosome 10 was found to be a QTL for systolic blood 
pressure [157]. The variant on 1p13.3 was found to be 
an eQTL for SORT1, CELSR2, and PSRC1 in the liver 
and PSRC1 in monocytes demonstrating the potential 
of tissue-specific effects.

Vascular inflammation is putatively involved in all 
stages of atherosclerosis through a chronic interplay of 
innate and adaptive immunity within the vessel wall 
[158]. Given the involvement of multiple cell types and 
their interaction, GWAS should a priori be expected to 
identify genes related to these processes. True to what 

is understood about the pathophysiology of atheroscle-
rosis, the most represented variants associated with 
CAD are lipid/lipoprotein and inflammatory loci. IL6R, 
IL5, CXCL12, and FLT1 are all involved in inflamma-
tory signaling pathways. CXCL12 appears to be athero-
protective through the recruitment of progenitor cells 
and preventing endothelial apoptosis [159]. Circulating 
CXCL12 levels have been shown to be lower in CAD 
subjects compared to controls [160]. The signal near ABO 
has been associated to serum E-selectin, P-selectin, and 
ICAM-1 levels. A risk variant at 6p21.3 near the major 
histocompatibility complex (MHC) locus is of great inter-
est given the importance of MHC molecules for antigen 
presentation and bridging of the innate and adaptive 
immune response in CAD [161]. The discovered variant 
is in LD with a long segment of DNA that spans multiple 
genes, including HLA-B and HLA-C, illustrating the dif-
ficulty of identifying the true causal variant in large LD 
blocks and finding functional significance of potentially 
multiple responsible genes.

Recent GWAS results have confirmed the role of  
many risk factors with genetic underpinnings and  
have implicated even more biological pathways related 
to atherosclerosis. Understanding the functional rel-
evance will require years of applied complex bioinfor-
matics solutions and laboratory studies. A few examples 
highlight the difficulties and promise of GWAS and the 
effort to understand the molecular mechanisms contrib-
uting to CAD: The loci on 9p21.3, 1p13.3, 1p32.3, and 
12q24.12.

THE 9P21.3 RISK LOCUS

There has been no better example of the use of GWAS 
to identify novel genes associated with CAD than the 
discovery of a 58-kb region on the chromosome 9p21.3 
locus that encompasses multiple SNPs in tight LD. This 
was also the first GWAS association with CAD and now 
the most robust and reproducible finding in a number 
of ancestral populations [6,72,73]. This common vari-
ant, with a risk allele frequency of close to 50%, has 
a relatively high effect size with an increased relative 
risk of approximately 25% for one copy and 50% for 
two copies, as well as a twofold increased risk of early 
onset CAD [3]. Importantly, unlike many other variants 
associated with CAD, the increased risk is independent 
of known risk factors. Moreover, the identified allele 
variants for CAD have been associated with a number 
of additional phenotypes, including ischemic stroke, 
abdominal aortic aneurysm, intracranial aneurysm, and 
glioma. Nevertheless, the molecular basis for this asso-
ciation has remained elusive and despite dense targeted 
resequencing at high coverage and 1000 Genome impu-
tation, the causal variant is unclear [162,163].
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The importance of phenotype definition is also part of 
the 9p21 story. The risk variants were originally associ-
ated with both angiographic CAD [72] a substrate for 
atherothrombotic manifestations, as well as MI [73]. 
Subsequently, a number of studies have reported asso-
ciations with the presence, burden, and progression of 
coronary atherosclerosis but not MI, including using a 
large meta-analysis of angiographically defined CAD 
with MI status [164–166]. Furthermore, the 9p21 variants 
are primarily associated with risk of a first CAD event 
rather than subsequent events [167]. These later find-
ings suggest that the 9p21 locus is associated with ath-
erosclerosis but not thrombosis. Associations with other 
atherosclerotic phenotypes also support this hypothesis, 
including peripheral vascular disease [129], ischemic 
stroke [168], vascular dementia [169], and abdominal 
aortic and intracranial aneurysms [170].

Evidence to date has implicated a number of major 
molecular pathways to help explain the mechanistic 
importance of the 9p21 risk locus, an intergenic region 
devoid of protein-coding genes. However, this region 
overlaps a large antisense nonprotein-coding RNA called 
ANRIL, and is about 100,000 base pairs downstream of 
two cyclin-dependent kinase inhibitors, CDKN2A, and 
CDKN2B tumor suppressor genes [171] whose gene 
products inhibit important regulators of cell proliferation, 
senescence, and apoptosis [172,173]. The proteins coded 
by these genes, p16INK4a and p15INK4b, as well as p14ARF 
from an alternate reading frame of the CDKN2a gene, 
are expressed in human coronary arteries. In atheroscle-
rotic plaque, these proteins are localized to two primary 
cell types involved in atherogenesis; smooth muscle 
and CD68+ macrophages [174]. Targeted deletion of the 
orthologous 9p21 region in mice markedly decreased 
expression of these genes and increased the proliferation 
of aortic smooth muscle cells [175]. Using vascular injury 
models, Leeper et  al. [176] found that CDKN2B knock-
out mice develop larger aortic aneurysms with increased 
smooth muscle cell proliferation and apoptosis, attribut-
able to a reduction in MDM2, a protein that is degraded 
by ARF to inhibit apoptosis, and an increase in p53 signal-
ing. In a recent elegant study, Kojima et al. [177] showed 
that deletion of CDKN2B in mice promoted advanced 
development of atherosclerotic plaque composed of large 
necrotic cores. Through a series of experiments, these 
investigators showed that human carriers of the 9p21 
risk allele had reduced expression of CDKN2B which 
was associated with impaired expression of calreticulin, a 
protein required for activation of phagocytic receptors on 
macrophages. Reduced calreticulin resulted in resistance 
of apoptotic smooth muscle cells to removal by neighbor-
ing macrophages, reduced reverse cholesterol transport, 
and increased foam cell formation and inflammation. The 
addition of exogenous calreticulin reversed these defects 
associated with reduced CDKN2B expression.

The 9p21 locus overlaps exons 13–19 of ANRIL 
whereas CDKN2B is located within the first intron 
[178]. ANRIL has multiple splicing variants [179] and is 
expressed in endothelial, smooth muscle, and immune 
cells [180]. ANRIL expression levels have been inversely 
correlated with CDKN2A and/or CDKN2B expres-
sion and positively associated with CAD [179,181,182]. 
Jarinova et  al. [179] showed that in white blood cells, 
homozygotes for the risk allele demonstrated upregu-
lation of gene sets of cellular proliferation, increased 
expression of short variants of ANRIL, and a reciprocal 
decrease in expression of CDKN2B, GAPDH, and TDGF1 
genes, supporting the hypothesis that the 9p21.3 risk 
region contains cis-regulatory elements of gene expres-
sion. Using a knock-down model of ANRIL expression 
in human aortic vascular smooth muscle cells and gene 
expression profiling, Congrains et al. [183] showed that 
different splicing variants of ANRIL may have distinct 
roles in regulating genes involved in cell proliferation, 
apoptosis, extracellular remodeling, and inflamma-
tion. Although the mechanism by which ANRIL func-
tions is still under investigation, it has been shown to 
interact with polycomb repressor complex 1 and 2 that 
are involved with increased expression of ANRIL and 
the epigenetic repression of CDKN2A/B [184–186]. 
Methylation of CDKN2B and elevated expression of 
ANRIL have been associated with angiographic CAD in 
Chinese population [187]. These findings together sug-
gest that the 9p21 risk variant alters gene regulation, 
most notably of CDKN2A/B, possibly through changes 
in ANRIL and other cis-regulatory elements.

Indeed, Harismendy et al. [188] examined the 9p21.3 
region for potential regulatory elements and identified 
33 predicted enhancers. The risk alleles of two SNPs, 
rs10811656 and rs10757278 were found to disrupt a 
binding site for STAT1. Using lymphoblastoid cell lines 
homozygous for nonrisk alleles, STAT1 binding inhib-
ited ANRIL expression compared to cell lines homo-
zygous for the risk alleles. Moreover, using chromatin 
conformation capture, this locus physically interacted 
with CDKN2A, CDKN2B, and MTAP genes as well as 
a distant region downstream of the IFNA21 gene. The 
investigators then demonstrated that IFN-ϒ activation 
affected chromatin structure and STAT-1 binding, lead-
ing to increased expression of CDKN2B and CDKN2BAS 
in human vascular endothelial cells and HeLa cells. 
However, Almontashiri et  al. [189] showed that IFN-ϒ 
increased the expression of CDKN2B at the RNA and 
protein levels, but that this was independent of the 9p21 
genotype in multiple cell types. Additionally, Erridge 
et al. [190] showed no effect of 9p21 genotypes on inter-
feron regulation or in response to IFN regulatory factors.

Other potential mechanisms have been proposed, 
including altered TGFβ-SMAD signaling by the 9p21 
locus leading to changes in TGFβ-dependent gene 
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activation which includes CDKN2A/2B [184]. The 
potential for gene–environment interaction is another 
possibility. For example, smoking and omega-3 fatty 
acid intake may modify the genetic risk conferred by 
rs4977574 on chromosome 9p21.3 [191,192]. Clearly it 
will take an intense integrative approach of molecular 
genetics and functional biology to fully understand the 
complex mechanisms underlying CAD risk at 9p21.

SORT1/CELSR2/PSRC1

Multiple CAD risk variants are in or near genes that 
are well known to affect lipid and lipoprotein levels. 
The discovery of a CAD risk variant on chromosome 
1p13.3 near the SORT1/CELSR2/PSRC1 gene cluster, 
which also had the strongest association of any locus 
with LDL cholesterol in separate GWAS [156], represents 
a novel finding elucidating the complexities of regula-
tory variants and the promise of discovering biological 
mechanisms through functional genomics. Interestingly, 
rs599839 was found to be an eQTL for all three nearby 
genes; SORT1, CELSR2, and PSRC1 in the liver, as well 
as PSRC1 in monocytes. This noncoding intergenic poly-
morphism is part of a transcription factor binding site 
which alters hepatic expression of sortilin [193]. Murine 
knockdown studies showed that SORT1 alters plasma 
LDL cholesterol by regulating very LDL secretion [193]. 
In humans, homozygosity for the minor allele is associ-
ated with a more than 10-fold higher SORT1 expression 
in the liver, a mean 16 mg/dL lower LDL cholesterol, 
and a 40% reduced risk for MI [194]. Increased hepatic 
sortilin 1 expression appears to both reduce hepatic  
Apo B-100 secretion and increase LDL catabolism, inde-
pendent of LDLR [195], but results of precise mecha-
nisms have been inconsistent across animal studies 
[196,197], and additional potential pathways are being 
discovered, including the identification of sortilin as a 
high-affinity receptor for PCSK9 that modulates LDLR 
expression [198].

CELSR2 encodes for a nonclassic type of cadherin, 
cadherin EGF LAG seven-pass G-type receptor 2, 
involved in contact-mediated cell adhesion and receptor– 
ligand interactions [199]. The PSRC1 gene product, 
proline/serine-rich coiled coil protein 1, plays a role in 
cytoskeletal stabilization [200]. Using adeno-associated 
viruses to overexpress PSRC1 in hyperlipidemic LDLR 
knockout mice did not affect plasma cholesterol levels 
but overexpression of SORT1 led to a 40% decrease in 
cholesterol [197]. So far, SORT1 appears to be the gene 
most strongly associated with CAD, but given that the 
common variant is an eQTL for all three genes in this 
cluster, tissue-specific effects may overlap, providing 
pleiotropic effects.

PCSK9

PCSK9 is an excellent example of the promise of 
Mendelian randomization, a strategy to use genetic and 
phenotypic variation to investigate potential causality of 
a genetic variant to a disease phenotype. Allelic variants 
are randomly passed to gametes during meiosis and 
remain free of confounders throughout the life of an 
individual. If a gene variant associates with an interme-
diate phenotype, and the intermediate phenotype asso-
ciates with disease, then the variant should associate 
with the disease if the intermediate phenotype is puta-
tively contributing to the disease [201]. Although GWAS 
eventually identified a CAD risk variant near the pro-
protein convertase subtilisin/kexin type 9 (PCSK9) gene, 
several years earlier Abifadel et al. [202] first reported a 
PCSK9 autosomal dominant gain-of-function mutation 
at chromosome 1p32.3 in a large Utah kindred, which 
associated with hypercholesterolemia and increased 
risk of CAD. Conversely, Cohen et al. [203] found that 
2.6% of African Americans had a loss-of-function non-
sense mutation in PCSK9 that was associated with a 28% 
lower mean LDL cholesterol level and an 88% lower risk 
of CAD. In subjects of European ancestry, 3.2% had a 
sequence variation in PCSK9 which was associated with 
a 15% lower LDL cholesterol level and a 47% reduction 
in the risk of CAD. These findings highlight the useful-
ness of Mendelian randomization, where in the case of 
PCSK9, the loss-of-function mutation and its effects on 
LDL cholesterol and CAD events showed that the protein 
is a viable and a safe target for specific inhibitors. PCSK9 
belongs to a family of serine proteases and is expressed 
particularly in the liver where it binds to and increases 
the degradation of LDLR, VLDLR, and apolipoprotein 
receptor-2 (ApoER2) [204,205]. Since the liver primar-
ily removes plasma LDL cholesterol through uptake by 
the LDL receptor where it is internalized, reduction in 
available LDLR by PCSK9 increases plasma LDL choles-
terol. Given the genetic findings and understanding of 
the biological mechanisms of PCSK9, monoclonal anti-
body inhibitors of PCSK9 have been developed and are 
undergoing clinical trials. Studies so far have shown that 
these PCSK9 inhibitors cause an increased removal of 
LDL cholesterol by the liver and a reduction in plasma 
LDL cholesterol levels [206]. The results are extremely 
promising and complementary to statin therapy, which 
works by decreasing LDL cholesterol production [207].

SH2B3

SH2B3 (lymphocyte adaptor protein; Lnk) is a mem-
ber of the SH2B (Src homology 2-B) family of adaptor 
proteins, is induced on activation of the Janus kinase 
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signal transducer-activator of transcription (JAK-STAT) 
pathway, and is involved in the negative regulation of 
several tyrosine kinases and cytokine signaling path-
ways [208]. Like the 9p21 risk locus, gene variants in 
SH2B3 have been associated with CAD as well as mul-
tiple other disease phenotypes. In particular, a common 
nonsynonymous SNP, rs3184504, has been associated 
with ischemic stroke [34], hypertension, type 1 diabetes 
[209], renal dysfunction [109,210], thrombocytosis [211], 
thrombotic antiphospholipid syndrome [212], myelo-
proliferative neoplasms [213], rheumatoid arthritis [214], 
multiple sclerosis [110], celiac disease [214], and general-
ized vitilgo [215]. The risk variant may, at least in part, 
contribute to CAD through its association with systolic 
and diastolic blood pressure [155] and LDL cholesterol 
[216], but Lnk is involved in a myriad of important cell 
signaling pathways. For example, rs3184504 has been 
identified by GWAS for its association with sICAM-1 
[111]. Unlike most risk alleles identified by GWAS, 
rs3184504 is exonic and leads to an R262W amino acid 
change located in the pleckstrin homology domain of 
Lnk [217]. Interestingly the mutation is highly conserved 
in humans suggesting functional relevance, possibly 
through alterations in immune cell regulation [208,218]. 
The reason for the joint associations of this variant with 
multiple disease phenotypes is likely from strong pleio-
tropic effects of the gene [219]. Lnk is an important nega-
tive regulator of hematopoiesis and TNFα signaling in 
endothelial cells and may play an essential role in inte-
grin signaling and affect platelet function during throm-
bus formation [208], all biological processes involved in 
CAD. Thus SH2B2 is a most promising gene for novel 
discovery of mechanisms in the development of CAD 
and other chronic diseases.

ADDITIONAL GWAS VARIANTS 
ASSOCIATED WITH CAD

Other identified risk variants are listed in the Table 
8.1 by chromosomal location. The risk allele frequency 
is listed, although in many cases with high frequency, 
this could be interpreted as the minor allele conferring 
protection. Allelic odds ratios are from the study with 
the largest sample size. If a finding in the listed GWAS 
discovery population(s) was replicated in another popu-
lation using a candidate gene approach, that population 
is listed in parentheses. Similarly, the GWAS phenotypes 
are listed, but if additional CAD phenotypes were found 
to be significantly in candidate gene studies, they are 
listed in parentheses. All listed associations are in refer-
ence to the GWAS SNP variant. If additional variants in 
a given locus were associated with a disease phenotype 
it is not listed. For example, the 9p21 locus has been 

associated with diabetes by GWAS but the variants are 
independent of the CAD variants. Other non-CAD phe-
notypes associations are listed. If they were discovered 
by GWAS, they remain without parentheses, otherwise 
they were discovered by a candidate gene approach. 
Finally, mechanistic evidence, if any, is summarized and 
referenced.

ASSESSING GENETIC RISK

The promise of genetics is to personalize risk assess-
ment and develop therapies to reduce risk. Given the 
small effect sizes of most risk variants, the presence of 
one would add somewhat to traditional risk assessment 
or simple family history screening. However, these are 
common variants and some individuals may have mul-
tiple risk variants with possible cumulative or even syn-
ergistic risk. Many investigators have tried to use GWAS 
data to devise genetic risk scores, similar to traditional 
risk factor screening algorithms. Davies et al. [220] used 
a panel of 12 GWAS risk variants to significantly predict 
CAD beyond traditional risk factors. Isaacs et  al. [221] 
found that a genetic risk score of common genetic vari-
ants for lipid levels are associated with subclinical and 
clinical CAD. However, the reality remains that most 
CAD risk variants do not act through known risk factors 
and those that do have well-established treatments. For 
example, if a patient had genetic variants that increase 
LDL cholesterol, it would be cheaper and easier to mea-
sure LDL cholesterol and treat with appropriate agents. 
Should an individual have multiple CAD risk variants 
(and likely would since they are common), how should 
that person be treated? Without a mechanistic under-
standing and appropriate targeted interventions being 
available, the only treatment which could be offered at 
this time would be more aggressive traditional risk fac-
tor modification despite independent risk conveyed by 
the gene. Ethical issues exist as well if the diagnosis of 
risk has no preventive solution.

Another approach has been to use gene expression 
profiling to assess risk of clinically relevant CAD. Thomas 
et al. [222] used a peripheral blood gene expression score 
based on quantitative real-time PCR in the Personalized 
Risk Evaluation and Diagnosis in the Coronary Tree 
(PREDICT) study to show high sensitivity and nega-
tive predictive value in detecting obstructive CAD and 
plaque burden in symptomatic patients referred to myo-
cardial perfusion imaging [223]. This score algorithm 
was developed from genes representing a diverse set of 
inflammatory biological processes [224]. The identifica-
tion of a loss-of-function CYP2C19*2 variant (rs4244285) 
as a major determinant of clopidogrel response [225] led 
to point of care testing, although the efficacy has been 
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questioned [226,227]. Certainly there is future promise to 
use genetics to risk stratify individuals as personalized 
medicine continues to develop.

FUTURE DIRECTIONS

There remains a lot of unexplained genetic heritability 
of CAD. The GWAS era will continue as consortia grow 
larger and increase their power of detection of common 
variants. The availability of the 1000 Genomes Project 
has opened up imputation based analyses particularly 
useful for less common variants. However, as technol-
ogy continues to advance rapidly, multiple large stud-
ies are now examining associations with CAD on entire 
exome arrays or moving to whole genome sequencing to 
explore low frequency or “private” mutations that should 
lead to the discovery of additional important genes and 
biological pathways, and/or putative risk variants [228]. 
Powerful new technologies that sequence using chroma-
tin conformation capture can help decipher short- and 
long-range interactions of risk loci thought to have cis- or 
trans-regulatory effects [188]. The ENCODE project has 
already mapped regulatory features across hundreds of 
transcription factors and multiple cell lines using ChIP-
Seq (chromatin immunoprecipitation followed by high-
throughput sequencing) [229]. Ultimately cell culture 
studies and animal models using knockout and overex-
pression methods will be needed to prove causality and 
define precise pathophysiological mechanisms.

Perhaps the greatest challenge will be to understand 
how genetic variants interact cumulatively to cause 
CAD. Genes usually interact to maintain homeostasis 
in a variable biological environment. Genetic variation 
can disturb this integrated network leading to disease, 
especially in the setting of environmental pressures [230]. 
The disease itself can present with high variability. For 
example, coronary atherosclerosis can exist without ever 
causing clinical manifestations, so genes that destabilize 
plaque or promote thrombosis may discriminate stable 
from unstable disease. Pathway and network analyses 
will thus be invaluable tools to evaluate overall biological 
systems in the pathogenesis of CAD [231,232]. Vangala 
et  al. [233] recently showed the promise of an integra-
tive bioinformatics analysis of genomic and proteomic 
approaches to understand transcriptional regulatory 
changes in CAD mechanistic pathways. Makinen et  al. 
[234] performed an integrative genomics study for CAD 
using information from gene–gene and gene–transcript 
interactions which were then explored within established 
network and biological pathway data. The results con-
firmed several known CAD processes such as immune 
response, cholesterol transport, and metabolism, but also 
revealed novel pathways of neuroprotection, cell-cycle 
regulation, and proteolysis as involved in CAD.

Novel genome engineering technologies are now 
providing opportunities to study genetic variation in 
much greater detail. The RNA-guided clustered regu-
larly interspaced short palindromic repeats (CRISPR)/
CRISPER-associated protein 9 (Cas9) system makes 
it possible to permanently alter the genome in living 
cells to study single-base editing, promoter activation, 
and gene repression or disruption in vivo [235,236]. For 
example, Ding et al. [237] used this system to introduce 
deletion mutations and disrupt the PCSK9 gene with 
subsequent transduction to the liver of adult mice via 
an adenoviral vector. This resulted in increased LDLR 
expression with a 40% reduction in cholesterol [237].

SUMMARY

The GWAS era has provided a platform for discovery 
of genes involved in the pathogenesis of CAD. However, 
all of the genetic variants discovered to date explain 
only a small portion of the disease. Gene–gene (epis-
tasis) and gene–environment interactions, rare genetic 
variants, epigenetic influences, alterations in regulatory 
elements, and posttranslational modification of proteins 
are all likely important processes which contribute to 
the unexplained genetic causes of CAD. Most of the 
discovered risk variants for CAD still need years of bio-
informatics and laboratory research to understand the 
molecular mechanisms involved. A few are showing 
great promise today as new preventive therapies and 
treatment strategies emerge based on the identification 
of specific genes being important in the development 
of CAD. It has been only 10 years since the first GWAS 
studies were begun. The “omics” era is just beginning 
in earnest, as the technology to sequence the entire 
genome, transcriptome, and proteome has only recently 
been developed and is being applied to ever increas-
ing numbers of people. Deciphering this overwhelming 
amount of data and prioritizing which scientific ques-
tions to pursue will remain the biggest challenges in 
understanding the genetics of CAD in the coming years.
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9

FUNCTIONAL ANATOMY  
OF THE HEART

The coronary circulation arises from the aorta, via the 
ostia of the left main and right coronary arteries [1–7]. 
These large vessels support the delivery of blood flow to 
the capillaries for the exchange of oxygen, carbon diox-
ide, and substrate among other things. The dynamics of 
this arborization is such that the volume of blood con-
tained within the coronary circulation under resting con-
ditions is 3 mL/25 g of myocardium, with a circulation 
time from the left main coronary artery (LMCA) back 
to the LMCA of 9 s, given an aortic blood flow velocity 
of 92 cm/s. The circulation time shortens considerably 
during maximal blood flow with exercise [3,5–8]. The 
ability to vasodilate necessitates the evolution of a num-
ber of redundant but specific vasodilator mechanisms. 
One of the most studied is adenosine whose production 
is governed by the metabolism of ATP, a remnant of 
cardiac muscle contraction which converts ATP to ADP 
and is then rephosphorylated via the consumption of 
creatinine phosphate [2,9]. This couples the regulation of 
coronary extraction with metabolic need and allows for 
a fivefold increase in oxygen delivery (from 1 to 5 mL/
min/g). Coronary blood flow is primarily mediated by 
resistance which is best measured by late diastolic resis-
tance while the heart is at rest. Adenosine is respon-
sible for large increases in blood flow as measured by 
significant reductions in late diastolic resistance, and is 
also responsible for dilatation of large coronary arteries 
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which accounts for approximately 10% of total coronary 
flow. Figure 9.1 shows the waveform for a single-beat 
recording of coronary diameter (CD).

Coronary reserve is the difference between resting 
blood flow and historically maximum blood flow dem-
onstrated by using adenosine to increase coronary blood 
flow by fourfold [2,9]. Oxygen delivery to the cardiac 
myocytes is also controlled by the amount of oxygen 
delivered to the arterial end of the capillary minus the 
amount of substrate which is extracted. Vasodilation 
in the heart is a two-step process. Initially, there is an 
increase in extraction at constant blood flow resulting 
in doubling of oxygen delivery, followed by a fourfold 
increase in blood flow, for a total of a fivefold increase 
in oxygen delivery. Thus, the product of the delivery 
of oxygen, substrates, fatty acids, glucose, and lactate 
to the heart minus the amount of these that leave the 
heart via venous blood flow in the coronary sinus is the 
net amount of the substrate used to support cardiac cell 
metabolism [10,11].

ROLE OF NITRIC OXIDE AND  
REACTIVE DILATATION IN  

CORONARY ARTERY VASOMOTION

In the 1990s, emphasis was focused upon the control 
of the coronary circulation by means of endothelial shear 
stress. For many years it was known that the applica-
tion of acetyl choline or carbachol to blood vessel strips 
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resulted in relaxation of blood vessels that was vari-
able and unpredictable. Through meticulous recording 
of data by Furchgott, Ignarro, and Murad, it was found 
that when the endothelium was damaged or missing, 
relaxation was either diminished or replaced by overt 
vasoconstriction in strips of blood vessels from multiple 
species.

Occlusion of a large epicardial coronary artery in 
dogs results in characteristic reactive hyperemia similar 
to that observed in the peripheral circulation [12–20]. 
Transient occlusion of a large coronary artery for 30 s 
results in a drop in flow to zero, as calibrated with an 
electromagnetic blood flow transducer, following which 
release of the occluder results in marked increase in flow 
(Figure 9.2) associated with large artery vasodilatation 
as measured by sonomicrometry.

Reactive dilatation is proportional to the duration of 
the occlusion, is independent of occlusion proximal or 
distal to the placement of the diameter sensing crystals, 
and is not altered by drugs to inhibit the production 
of adenosine, prostaglandins, or sympathetic receptor 
blocking agents. In contrast, it is entirely eliminated if 
blood flow is maintained at a constant velocity (Figure 
9.3), and is similarly eliminated by the inhibition of 
endothelial nitric oxide synthase (eNOS) with a substi-
tuted arginine molecule (Figure 9.4), hence confirming 
that this phenomenon is mediated by the endothelium 
[16,21].

This demonstrates a precise, sensitive control mecha-
nism which employs shear stress as a stimulus for the 

FIGURE 9.1 Waveforms for coronary artery diameter (CD), arterial 
pressure (AP), and left ventricular pressure (LVP) from a high-fidelity 
recording, demonstrating the similarity of the CD curve to that of AP. 
Large coronary artery cross-sectional area can be calculated from CD, 
and wall stress can be calculated if the wall thickness is also known.

FIGURE 9.2 Reactive hyperemia following release of transient 
occlusion before and after administration of nitro-l-arginine. A small 
reduction in reactive hyperemia is observed to be associated with the 
presence of this substituted arginine molecule.

FIGURE 9.3 Large coronary artery dilation to adenosine is reduced 
by approximately 50% when the blood vessel blood flow is held con-
stant, demonstrating that 50% of adenosine-mediated vasodilation is 
facilitated by adenosine receptor stimulation, while the remaining 50% 
results from a flow-dependent mechanism. In contrast, 100% of the 
large vessel dilation during reactive dilation is flow dependent.
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endothelium to make NO from arginine that can be used 
to quantitatively estimate the damage to the endothe-
lium in various vascular disease states. As there is a fixed 
relationship between altered reactive dilation in the 
heart and forearm, studies of peripheral flow-mediated  
vasodilatation can predict disorders in coronary vaso-
motion [22]. Feldman et al. [23] have demonstrated that 
nitroglycerin causes transient dilatation of epicardial 
coronary arteries which is size related. Hence, dilata-
tion in response to nitroglycerin becomes more and more 
attenuated as one moves from epicardial to intermedi-
ate to small endocardial arteries [23]. The function of 
this segmental dilation in toto is 10% of the capacitance 
of coronary circulation [1]. Figure 9.5 demonstrates  
the effect of prostaglandin-mediated dilation of a large 
coronary artery when exposed to arachidonic acid  
infusion, as compared to the more robust response to 
NO in Figure 9.6.

ORGANIC NITRATES, PROSTANOIDS, 
AND VASOCONSTRICTORS

Exogenous organic nitrates include nitroglycerin, 
nitroprusside, and CAS 936, which is a nitrate donor 
with an extremely long half-life [24]. Initially, the mecha-
nism of action of the organic nitrates was thought to be 
related to vasodilation and its accompanying reduction 
in afterload. However, careful studies while investigating 

the effects of nitrates on cardiac dynamics demonstrated 
a reduction in ventricular filling due to a decrease in 
venous return resulting from an increase in venous 
capacitance [24]. Thus, venodilatation reduces both end 
diastolic volume and diastolic wall stress, resulting in a 
decrease in oxygen consumption and the overall work 
load of the heart. This apparently reflects different relax-
ation kinetics in arterial versus venous smooth muscle.

Zhang et al. [25] demonstrated a 39-fold greater sen-
sitivity to nitroglycerin in venous compared to arterial 
endothelium. In contrast, other vasodilators such as 
prostacyclin [26], perhaps due to its activation of cAMP 
rather than cGMP, have a reduced vasodilatory potency 
compared to NO. Epicardial coronary dilatation in 
response to organic nitrates reflects the interaction of the 
nitrates and cGMP on smooth muscle in both large coro-
nary arteries and in large peripheral veins [22,25,27,28]. 
Organic nitrates also modify substrate uptake in the 
hearts of multiple mammalian models including those 
of mice, rats, pigs, dogs, monkeys, and humans through 
a NO-cGMP-dependent mechanism [29]. In addition 
to the cGMP-mediated regulation of oxygen uptake 
through altered cardiac mechanics, NO also acts in a 
cGMP independent manner to regulate mitochondrial 
electron transport, resulting in a net reduction in oxygen 
consumption per unit oxygen consumed [30–34].

Potential mediators of coronary vasospasm include 
alpha- and beta-sympathetic agonists, arachidonic 
acid-related metabolites including thromboxanes, 

FIGURE 9.4 Change in diameter of the left circumflex coronary artery following 20 s of occlusion, administration of acetyl choline (ACH), 
cardiac pacing, adenosine infusion, and nitroglycerine (NTG) infusion. The open bars represent response to the stimulus alone, while the striped 
bars represent the arterial response following blockade of nitric oxide synthase (NOS) with nitro-l-arginine (l-NNA). All or nearly all of the 
vasodilatory response to arterial occlusion or ACH is obliterated by l-NNA, as is the flow-mediated portion of the vasodilatory response to 
pacing and adenosine. The addition of exogenous nitrate eliminates the inhibitory effect of l-NNA.



TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

9. The ROle Of NiTRiC Oxide aNd The RegulaTiON Of CaRdiaC MeTabOlisM106

hydroxyicosatetraenoic acids (HETEs), and leukotrienes 
[26]. The most potent of the vasoconstrictors is U46619, 
a thromboxane mimetic, which can cause profound large 
epicardial arterial constriction that is both prevented and 
supplanted by vasodilatation following the administra-
tion of prostacyclin (Figure 9.7).

NO AS A MEDIATOR OF 
PHARMACEUTICAL AGENTS

As NO is a powerful inducer of flow-mediated dilata-
tion and has the ability to regulate venous capacitance, 
it is now known that it facilitates the activity of many 
therapeutically active cardiovascular drugs. The first 
angiotensin converting enzyme (ACE) inhibitor was 

originally developed as an agent to enhance the activity 
of bradykinin [35]. Its vasodilatory capacity, originally 
attributed to the activity of prostaglandins, has since 
been found to be mediated by NO [36]. Statins block 

FIGURE 9.6 In contradistinction to Figure 9.5, infusion of nitro-
glycerin causes profound dilatation (CD), when compared to ara-
chidonic acid. Exogenous NTG donates NO which serves as a more 
effective vasodilator than prostacyclin.

FIGURE 9.7 U46619 causes significant vasoconstriction of the large 
epicardial coronary arteries (black bar), an effect that is completely 
reversed and supplanted by vasodilatation following injection of pros-
tacyclin (PGI2). *p < 0.05

FIGURE 9.5 Changes in large coronary artery diameter when 
exposed to arachidonic acid (lanes 5 and 6). Arachidonic acid is the 
fatty acid precursor for eicosanoid vasodilators. Arachidonic acid-
mediated vasodilation is blocked by nonsteroidal anti-inflammatory 
agents (NSAIDS) such as indomethacin indicating that it is prosta-
glandin dependent.



107

TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

RefeReNCes

the inactivation of the mRNA for HMG-CoA reductase, 
increasing the half-life and production of NO [37]. In a 
similar fashion, they have been shown to enhance the 
vasodilatory capacity of ACE inhibitors and amlodipine 
[38]. The AT1 receptor antagonists reduce the generation 
of superoxide, thereby enhancing the half-life of NO, 
and have been demonstrated to reduce the production 
of nitrotyrosine in diabetic patients independent of their 
effect on blood pressure [39]. Evidence also suggests that 
the AT1 receptor activates assembly of NADPH oxidase 
in the heart and coronary blood vessels, hence reducing 
NO production [40]. Amlodipine also enhances NO pro-
duction both by itself and in concert with other agents 
[41–45]. Dipyridamole has also been demonstrated to 
dilate large coronary arteries, but in contradistinction to 
the effect of NO, it also affects the small vessels, hence 
being less efficacious for relief from, if not responsible 
for the exacerbation of, ischemia due to fixed arterial 
stenosis [46,47].

Many drugs used in the treatment of cardiovascular 
disease may function under conditions such as acute 
exercise [1–3,5,7,35,48], exercise training, and pregnancy 
[32,33,49] via their effects on NO generation and metabo-
lism. Furthermore, a great many metabolic disease states 
including low salt [50,51], hyperhomocysteinemia [52], 
fructose feeding [53], coronary microvascular stunning 
[40], and both compensated and decompensated heart 
failure [31,34,37] result in part or in whole from deranged 
NO synthesis and degradation. Heart failure, in particu-
lar, is mediated by altered gene expression [54–59] and 
reduced vagal-mediated NO-dependent coronary vaso-
dilatation [28].

CONCLUSION

In this chapter, we have highlighted the potential 
mechanisms by which the epicardial blood vessels of 
the heart participate in the regulation of cardiac and 
vascular function with special emphasis on the role of 
large coronary arteries, the regulatory effect of which is 
not consistently appreciated in discussions of the man-
agement of blood flow in the heart. This is perhaps a 
result of the small combined cross-sectional area of the 
large arteries compared to the sum of the smaller vessels 
and the resulting relatively small volume of blood that 
is consistently present within them. Notwithstanding, 
there are instances in which the large epicardial coronary 
blood vessels are the primary source of vascular control. 
This occurs in acute myocardial infarction, vasospastic 
angina, the enhancement of coronary reserve that gen-
erates the typical four- to fivefold increase in substrate 
and oxygen delivery, and in the control of the coronary 
circulation by organic nitrates as well and other drugs 
such as ACE inhibitors, AT1 receptor blockers, statins, 

and l-type calcium channel blockers, all of whose effects 
are mediated in part or in whole by NO. The remarkable 
plasticity of these large coronary arteries, both in size 
and function, continues to make them fascinating and 
fruitful entities for mechanistic and therapeutic research.
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“Silent myocardial ischemia” is typically defined as 
the presence of ischemia without symptoms. Angina 
pectoris, first described by William Heberden [1],  
has long been considered the cardinal symptom of 
myocardial ischemia. However, it is now well estab-
lished that myocardial ischemia may occur in the 
absence of overt symptoms. In fact, several studies in 
the 1970s demonstrated that asymptomatic (or silent) 
ST-segment depression during ambulatory electrocar-
diogram (AECG) monitoring occurred more often than 
symptomatic ST-depression in patients with coronary 
artery disease (CAD) [2–4]. Subsequently, studies in the 
1980s and 1990s showed that silent myocardial ischemia 
portends a poor prognosis in patients with or without 
known CAD [5–8]. Randomized clinical trials at that 
time suggested that revascularization of patients with 
silent myocardial ischemia might improve clinical out-
comes [9]; however, more recent studies have shown 
similar outcomes in patients with stable ischemic heart 
disease (SIHD) treated with optimal medical therapy 
(OMT) alone versus OMT combined with revascular-
ization [10,11]. Thus, over the last few decades, there 
has been a paradigm shift in our understanding of the 
concept of silent myocardial ischemia, its prognostic 
significance, and its role in clinical decision making  
for the management of patients with and without  
established CAD.
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PATHOPHYSIOLOGY OF SILENT 
MYOCARDIAL ISCHEMIA:  

A HISTORICAL PERSPECTIVE

Myocardial ischemia occurs when there is an imbal-
ance between coronary blood flow (i.e., myocardial 
oxygen supply) and myocardial oxygen demand [12]. 
Atherosclerotic CAD is the most common underlying 
disorder responsible for myocardial ischemia. Autopsy 
studies demonstrating a strong link between coronary 
atherosclerosis and angina pectoris led to the original 
concept that, in the presence of a fixed coronary obstruc-
tion, myocardial ischemia occurred when myocardial 
oxygen demand out-stripped the capacity of the diseased 
coronary artery to deliver oxygen [13]. The point beyond 
which an increase in myocardial oxygen demand cannot 
be met by a proportionate increase in blood flow supply, 
hence resulting in myocardial ischemia, has been com-
monly referred to as the “ischemic threshold.” However, 
“fixed obstruction” alone could not explain the onset of 
angina at rest or the variations in the ischemic threshold 
from patient to patient, by time of the day, or even by 
the level of mental or physical stress. This led to the con-
cept of “dynamic obstruction”—that is, one in which the  
resistance offered by the atherosclerotic plaque on  
the epicardial vessels, and the resistance at the level of 
the microcirculation, vary as a consequence of coronary 
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vasoconstriction in large and small coronary blood ves-
sels, respectively. In turn, this would result in myocar-
dial ischemia due to transient reductions in myocardial 
oxygen supply or modifications in the ischemic thresh-
old [14–18]. The increased coronary vasomotor tone may 
be a result of decreased production of vasodilator sub-
stances by the dysfunctional endothelium, as well as 
increased release of vasoconstrictor substances from the 
platelet thrombi and leukocytes.

Earlier studies suggested that a reduction in coronary 
blood flow played a dominant role in the genesis of silent 
myocardial ischemia [19,20]. This hypothesis was based 
primarily on the observations that heart rate at the onset 
of symptomatic or asymptomatic (silent) ST-depression 
on daily AECG monitoring was significantly lower than 
heart rate at the onset of ST-depression during ETT in the 
same patients. Also, since most episodes of silent myo-
cardial ischemia occur during minimal or no strenuous 
activity, it was proposed that increased myocardial oxy-
gen demand was unlikely to play a significant role. None 
of these studies, however, provided a direct evidence 
of reduction in coronary blood flow during episodes of 
silent ischemia.

Subsequently, several studies in the late 1980s and 
1990s showed that increases in myocardial oxygen 
demand also play a significant role in the pathophysiol-
ogy of silent myocardial ischemia [21–25]. The observa-
tions that supported this concept were: (i) most episodes 
of ischemia during daily activities were preceded by 
significant increases in heart rate and blood pressure; 
(ii) the morning surge in the frequency of silent ischemic 
episodes paralleled the morning increases in heart rate 
and systolic blood pressure; (iii) patients with ischemia 
during daily activities developed ST-depression earlier 
and at a lower heart rate and rate-pressure product 
during exercise stress testing (i.e., had lower ischemic 
threshold) than did those without ST-depression dur-
ing ambulatory monitoring; and (iv) patients with a 
relatively high exercise ischemic threshold developed 
ST-depression in association with high heart rates  
during daily activities.

MAGNITUDE OF THE PROBLEM

Prevalence of Silent Myocardial Ischemia  
in Asymptomatic Subjects

Silent myocardial ischemia, by definition, implies 
absence of symptoms. Hence, it is difficult to determine 
the true prevalence of silent ischemia in the general pop-
ulation. Data from two large studies, the United States 
Air Force School of Aerospace Medicine (USAFSAM) 
and the Oslow Ischemia Study, showed that in asymp-
tomatic middle-aged men with evidence of myocardial 

ischemia on exercise stress testing (ETT), approximately 
2.5% had angiographic evidence of CAD (≥ 50% stenosis 
of one or more coronary arteries) [26,27]. In the Baltimore 
Longitudinal Study of Aging (BLSA), the prevalence of 
exercise-induced silent ischemia, defined by concor-
dant ST-segment depression on ETT and a perfusion 
defect on thallium scintigraphy (201Tl), in apparently 
healthy individuals was 2% in those less than or equal to  
59 years of age and increased to 15% in those more than 
79 years of age [28].

Another group of patients includes those who suffer 
from silent myocardial infarction (MI). It is estimated 
that 155,000 first silent MI occur each year in the United 
States [29]. In a report from the Framingham study in 
5127 asymptomatic individuals undergoing routine ECG 
evaluation, 28% of men and 35% of women developed 
ECG evidence of MI during the 30-year follow-up [30]. 
Similarly, in the Atherosclerosis Risk in Communities 
(ARIC) study, in 12,843 asymptomatic men and women 
aged 45–65 years, silent MI occurred in 20% of patients 
over a 9-year follow-up [31].

Prevalence of Silent Myocardial Ischemia  
in Known Coronary Artery Disease

Silent ischemia is common in patients with known 
CAD, which includes those with a prior MI, unstable 
angina, or chronic stable angina pectoris. Using either 
AECG or ETT, the reported prevalence of silent isch-
emia in survivors of MI varies from 30% to 43% [32,33]. 
Similarly, nearly one-half of patients admitted with 
unstable angina will have silent ischemia detected dur-
ing continuous ECG evaluation [34]. In patients with 
CAD and chronic stable angina pectoris undergoing 
AECG monitoring, asymptomatic ST-segment depres-
sions have been shown to occur in 41–56% of patients 
[6,35]. Similarly, pooled data on 1162 patients showed a 
27–48% incidence of silent ischemic ST-segment changes 
during exercise [36].

PROGNOSTIC SIGNIFICANCE OF SILENT 
MYOCARDIAL ISCHEMIA

Presence of Ischemia as a Prognostic Factor

Several studies have demonstrated that the pres-
ence of silent myocardial ischemia is associated with an 
increased risk of adverse clinical outcomes in asymp-
tomatic patients without a history of CAD as well as 
in those with various manifestations of CAD. In the 
Multiple Risk Factor Intervention Trial of 12,866 asymp-
tomatic middle-aged men with two or more coronary 
risk factors, 12.5% had evidence of silent myocardial 
ischemia on ETT [37]. The presence of silent ischemia 
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was associated with a threefold increased risk of CAD 
death as compared to those without ischemia on ETT. In 
the Lipid Research Clinics Coronary Primary Prevention 
Trial of 3806 asymptomatic hypercholesterolemic men, 
during the 7- to 10-year (mean 7.4) follow-up period, the 
mortality rate from CAD was 6.7% in men with silent 
ischemia on ETT and 1.3% in men without ischemia 
[38]. Similarly, in 2682 men without CAD who par-
ticipated in the Kuopio Ischemic Heart Disease study, 
exercise-induced silent ischemia was associated with an 
increased risk of death and of any acute coronary event 
(relative risk (RR) of 5.9 and 3.0 in smokers, 3.8 and 
1.9 in hypercholesterolemic subjects, and 4.7 and 2.2 in 
hypertensive patients, respectively) [39]. These associa-
tions were weaker in men without these risk factors. In 
407 healthy individuals enrolled in the BLSA, 9.8% had 
cardiac events (angina pectoris, MI, or cardiac death) 
over a mean follow-up of 4.6 years [40]. The incidence 
of cardiac events was 48% in patients with concordant 
abnormal ETT and 201Tl scintigraphy as compared to 
7% in those without evidence of ischemia on either ETT 
or 201Tl scintigraphy.

Silent myocardial ischemia in patients with acute 
coronary syndromes is also associated with adverse 
prognosis [32]. In 70 patients with unstable angina 
managed medically in the coronary care unit, Gottlieb 
et  al. showed that the presence of silent myocardial 
ischemia on continuous ECG monitoring was associ-
ated with poor short- and long-term outcomes, includ-
ing death, MI, and revascularization [34,41]. In the 
Thrombin Inhibition in Myocardial Ischemia study, 
232 patients with unstable angina underwent measure-
ment of cardiac troponin T (cTnT) at admission and 
24-h continuous ST-segment monitoring with vector-
cardiography [42]. One or more episodes of ST-segment 
depression were independently associated with 30-day 
occurrence of cardiac death or acute MI (RR 7.43), and 
provided additional prognostic information to that of 
an early cTnT determination. Studies of patients with 
non-ST elevation MI and those with ST elevation MI 
have similarly demonstrated that the presence of tran-
sient ischemia, either during the acute or convalescent 
phase of MI, is predictive of increased mortality and re-
infarction during short- and long-term follow-up [32]. 
Silent ischemia is also predictive of outcomes in patients 
who have undergone percutaneous coronary interven-
tion (PCI) and stenting. In 356 consecutive patients with 
successful PCI and stenting and follow-up myocardial 
perfusion single-photon emission computed tomogra-
phy (MPS) after 6 months, 23% had evidence of target 
vessel ischemia, which was silent in 62% [43]. Incidence 
of adverse events (cardiac death, MI, and target vessel 
revascularization) was 17%, 32%, and 52% in patients 
without ischemia, silent ischemia, and symptomatic 
ischemia, respectively.

The increased risk of coronary events and car-
diac mortality associated with silent ischemia has 
been extensively documented in patients with SIHD 
[6,44–46]. Analysis of patients with known CAD from 
the Coronary Artery Surgery Study (CASS) registry 
showed that the presence of silent ischemia (≥1 mm 
ST-depression on ETT) was associated with increased 
risk of death and MI at 7 years as compared to those 
without ischemia [8,47]. Patients who had angina pec-
toris with or without ischemic ST-depression on ETT 
had a similar increased risk of death and MI, except 
in the three-vessel CAD subgroup, where the risk was 
greater with silent ischemia. The Total Ischemic Burden 
Bisoprolol Study, Atenolol and Silent Ischemia Study, 
and the Asymptomatic Cardiac Ischemia Pilot (ACIP) 
also reported a significant association between ambu-
latory ischemia either before or during treatment and 
adverse outcomes [48–50]. The end points included in 
these trials were death, MI, revascularization, hospital-
ization for ischemic event, and aggravation of angina 
requiring medical therapy. More recently, the Heart and 
Soul study examined the impact of self-reported angina, 
inducible ischemia, as determined by treadmill stress 
echocardiography, or both on outcomes in 937 outpa-
tients with SIHD [51]. Inducible ischemia was present 
in 24% of patients, of which more than 80% was silent. 
The primary outcome of CAD death or MI at a mean 
3.9 years of follow-up occurred more often in patients 
with inducible ischemia than in those without inducible 
ischemia (21% vs 8%). The presence of angina alone was 
not associated with these adverse outcomes.

Burden of Ischemia as a Prognostic Factor

Whereas the presence of silent myocardial isch-
emia is linked to poor prognosis, several studies have 
shown that the extent or severity of ischemia might be 
a more important predictor of adverse events. In 686 
patients with chronic stable angina pectoris included 
in the Angina Prognosis Study in Stockholm, ischemia 
on AECG monitoring, especially when present for more 
than or equal to 30 min during a 24-h period, was inde-
pendently associated with cardiovascular death only in 
patients with more than or equal to 2 mm ST-segment 
depression (i.e., marked ischemia) on ETT [52]. Similarly, 
studies using nuclear imaging modalities such as MPS 
to quantify the extent and severity of ischemia have also 
demonstrated a strong association between the burden 
of ischemia and the adverse event rate. In 2200 patients 
without known CAD, Hachamovitch et al. [53] demon-
strated that the frequency of hard events (cardiac death or 
nonfatal MI) as well as the rate of referral to cardiac cath-
eterization or revascularization increased as a function 
of increasingly abnormal exercise MPS. Similar results 
were reported in patients undergoing pharmacological 
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(adenosine) stress MPS, in men and women, in patients 
with and without diabetes mellitus, and in those man-
aged with medical therapy with or without revascular-
ization [7,54–56]. In another study of 356 consecutive 
patients with successful PCI and stenting and follow-up 
MPS after 6 months, summed difference score (SDS) was 
found to be the only independent predictor of silent 
ischemia [43]. For patients with an SDS of 0, 1–4, and 
more than 4, the critical event (cardiac death, MI, and 
target vessel revascularization) rates were 17%, 29%,  
and 69%, respectively. Farzaneh-Far et  al. [57] demon-
strated that in patients with SIHD, ischemia worsening is 
an important predictor of death and MI. In 1425 patients 
with angiographically documented CAD who under-
went two serial MPS studies, the composite end point of 
death or MI at 5 years occurred in 43% of patients with 
more than or equal to 5% ischemia worsening compared 
with 26% of those with less than 5% ischemia worsening. 
After adjustment for established predictors, more than 
or equal to 5% ischemia worsening remained a signifi-
cant independent predictor of death or MI, irrespective 
of the treatment strategy.

Disconnect Between Myocardial Ischemia and 
Adverse Prognosis: The Missing Link?

It is clear from the above studies that the presence and 
extent of silent myocardial ischemia is a marker of poor 
prognosis. However, the mechanism by which myocar-
dial ischemia confers an increased risk of adverse cardiac 
events remains unclear. Data from animal models and 
human studies have shown that repeated episodes of 
transient myocardial ischemia are associated with small 
but distinct areas of subendocardial necrosis, myocar-
dial hypokinesia, and regional wall motion abnormali-
ties [58–60]. Thus, it is possible that recurrent episodes 
of silent ischemia may lead to progressive myocardial 
fibrosis and left ventricular dysfunction. Nevertheless, 
this does not explain the increased risk of cardiac death 
or MI, which is often a consequence of acute plaque rup-
ture and thrombosis, and/or serious ventricular arrhyth-
mias. A detailed angiographic analysis of 439 patients 
with ischemia on AECG in the ACIP study showed that 
75% had multivessel CAD, 62.2% had proximal stenoses 
of more than or equal to 50%, and 50.1% had features 
suggesting complex plaque [61]. These findings may 
explain, in part, the increased risk for adverse cardiac 
outcomes associated with ischemia during activities of 
daily life. However, serial angiographic and stress echo-
cardiographic studies have demonstrated that 54–65% of 
acute MI results from plaque rupture and thrombus for-
mation in lesions that have luminal stenosis of less than 
50% on prior angiography and demonstrate no ischemia 
on stress testing [62–66]. In 47 patients who underwent 
MPS, reversible perfusion abnormality was detected in 

only 28 segments (60%) that were the site of future acute 
MI [67]. Thus, a causal relationship between silent myo-
cardial ischemia and risk of acute MI remains unclear.

Studies in small groups of patients with chronic 
stable angina pectoris have shown that potentially life- 
threatening ventricular arrhythmias are closely associ-
ated with severe repetitive episodes of symptomatic or 
silent ischemia [68]. Ventricular arrhythmias accompany 
spontaneous ischemic ST-segment depression, particu-
larly when the latter is recurrent, prolonged, and symp-
tomatic [69]. Ventricular arrhythmias are characterized by 
a greater frequency, duration, and malignancy during the 
ischemia phase than during the recovery phase of isch-
emic attacks. These data suggest a potential link between 
silent ischemia, ventricular arrhythmias, and sudden car-
diac death (SCD) [70]. However, the exact mechanism 
underlying these observations remains unknown.

The pathophysiological underpinning of untoward 
cardiovascular events (MI and SCD) in patients with 
CAD is the spontaneous rupture of an atherosclerotic 
plaque, but this is not the mechanism that leads to myo-
cardial ischemia during daily life or stress testing in 
these patients. Hence, there is a missing link between 
the identification of ischemia in patients with stable 
CAD and the events that confer poor prognosis (Figure 
10.1). Further, there is no clear relationship between the 
location of ischemia during stress testing and the loca-
tion of the ruptured plaque. Thus, it is possible that the 
presence and extent of myocardial ischemia (silent or 

FIGURE 10.1 Schematic representation of the disconnect between 
testing for inducible myocardial ischemia and adverse prognosis. 
Counterclockwise from top left: Stress testing is performed to unveil myo-
cardial ischemia that occurs as a consequence of increases in oxygen 
demands in the presence of flow-limiting coronary stenoses. This type 
of ischemia is pathophysiologically different from that which occurs as 
a consequence of the rupture of a vulnerable coronary plaque. It is the 
latter (but not the former) mechanism the one that leads to myocardial 
infarction and sudden death, which in turn determine the prognosis of 
patients with CAD. Thus, although the presence and extent of ischemia 
on stress tests are associated with poor prognosis, the mechanism that 
provides the link for this association is elusive.
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otherwise) is only a marker of more extensive CAD, 
which in turn is associated with increased risk due to 
an anatomic substrate more prone to the possibility of a 
ruptured plaque.

REVASCULARIZATION FOR SILENT 
MYOCARDIAL ISCHEMIA

Revascularization Versus OMT

In the 1970s and 1980s, three landmark clinical trials 
established the survival benefit of CABG versus medi-
cal therapy alone in patients with SIHD—the Veterans 
Administration (VA) Cooperative Study Group, the 
CASS, and the European Coronary Surgery Study  
[71–73]. However, only the VA Study required an objec-
tive evidence of ischemia on AECG or ETT in addition 
to chronic stable angina pectoris as the inclusion criteria. 
Collectively, these studies demonstrated that CABG is 
associated with improved long-term survival in high-
risk patients with significant (≥50% stenosis) left main 
(LM) coronary artery disease, significant (≥70% steno-
sis) 3-vessel disease (3VD), and proximal left anterior 
descending artery stenosis constituting a component of 
either 2-vessel disease or 3VD [74,75]. The presence of 
impaired left ventricular ejection fraction (LVEF) less 
than 0.50, or more than or equal to 2 high-risk clinical 
features (ST-segment depression on baseline ECG, his-
tory of MI, and history of hypertension) increased the 
absolute survival benefit of CABG over medical therapy 
alone [76–79]. These studies also established that CABG 
is more effective than medical therapy for relieving angi-
nal symptoms. A meta-analysis of 2649 patients treated 
with either CABG or medical therapy between 1972 and 
1984 demonstrated that the CABG group had signifi-
cantly lower mortality than the medical treatment group 
at 5, 7, and 10 years [80]. The absolute benefits of CABG 
were most pronounced in patients in the highest risk 
categories, as determined by a combination of several 
prognostically important clinical and angiographic risk 
factors.

These findings were subsequently reproduced only 
once in the Medicine, Angioplasty, or Surgery Study II 
(MASS-II). The MASS-II (1995–2000) compared relative 
efficacies of medical treatment, PCI, and CABG in 611 
patients with angiographically documented proximal 
multivessel coronary stenosis of more than 70% and 
myocardial ischemia. Ischemia was documented by 
either ETT or the typical stable angina assessment of 
the Canadian Cardiovascular Society (CCS) class II or 
III [81]. The primary end point was the combined inci-
dence of cardiac death, MI, or refractory angina requir-
ing revascularization. Patients with multivessel CAD 
who were treated with CABG were less likely than those 

treated with medical therapy alone to experience cardiac 
death, MI, or refractory angina requiring revasculariza-
tion at 5- and 10-year follow-up [81,82]. Additionally, 
CABG was also superior to medical therapy at eliminat-
ing anginal symptoms. On the other hand, compared 
with PCI, medical therapy was associated with a lower 
incidence of short-term events and a reduced need for 
additional revascularization.

The potential benefit of revascularization in sup-
pressing silent myocardial ischemia was examined in 
the National Heart, Lung, and Blood Institute (NHLBI)-
sponsored ACIP study, which randomized 558 patients 
to one of the three treatment strategies: (i) medical ther-
apy to suppress angina, (ii) medical therapy to suppress 
both angina and silent ischemia as assessed by AECG 
monitoring, or (iii) revascularization with CABG or per-
cutaneous transluminal coronary angioplasty (PTCA). 
Medical therapy included atenolol plus sustained 
release nifedipine or diltiazem if needed, plus sustained 
release isosorbide dinitrate if needed. The primary out-
come of complete suppression of ischemic episodes on 
48-h AECG at 12 weeks occurred in 39%, 41%, and 54% 
of patients in the three treatment groups, respectively. 
Mortality at 1 and 2 years was significantly lower in the 
revascularization group as compared to the ischemia-
guided and angina-guided medical therapy groups 
(0%, 1.6%, and 4.4%, respectively, at 1 year, and 1.1%, 
4.4%, and 6.6%, respectively, at 2 years). Rates for the 
combined end points of death, MI, or recurrent cardiac 
hospitalization at 1 and 2 years were lower for patients 
undergoing revascularization compared with those 
undergoing medical therapy. There was no significant 
difference between the two medical therapy strategies.

The Swiss Interventional Study on Silent Ischemia 
Type II (SWISSI II) was a randomized, unblinded, con-
trolled trial conducted from 1991 to 1997 that compared 
the effect of PCI versus medical therapy alone on the 
long-term outcome of 201 asymptomatic patients with a 
recent MI, silent myocardial ischemia verified by stress 
imaging, and one- or two-vessel CAD [83]. During a 
mean follow-up of 10.2 ± 2.6 years, rates of major adverse 
cardiac events (defined as cardiac death, nonfatal MI, 
and/or symptom-driven revascularization) were signifi-
cantly lower in the PCI group as compared to the medical 
therapy group (adjusted hazard ratio, 0.33; 95% confi-
dence interval, 0.20–0.55; p < 0.001). Patients in the PCI 
group also had lower rates of exercise-induced ischemia 
and had preserved LVEF. Further, compared with medi-
cal therapy alone, PCI also reduced the rate of residual 
myocardial ischemia, recurrent MI, and SCD [84].

Although these earlier studies suggested that revas-
cularization may be beneficial in suppressing ischemia, 
reducing anginal symptoms, and improving outcomes, 
these trials were conducted prior to the advent of mod-
ern medical, interventional, and surgical advances. 
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Medical therapies in these studies were clearly less 
than optimal; particularly, the lack of aggressive lipid 
lowering with statins, and medication adherence was 
poor. PCI has also evolved rapidly over the past three 
decades. PTCA has been replaced since the introduction 
of bare metal stents (BMSs) in the mid-1990s, followed 
by the drug-eluting stents (DESs) in 2003, along with 
improved adjunctive pharmacotherapy and advances in 
technology other than stenting, such as distal protection 
devices, thrombectomy and atherectomy catheters, and 
fractional flow reserve (FFR). Similarly, advances in sur-
gical techniques have resulted in a substantial decrease 
in the perioperative mortality associated with CABG.

Data on the impact of revascularization on outcomes 
in the contemporary era of modern medical therapies, 
and advanced interventional and surgical techniques 
comes from the following major randomized controlled 
trials (RCTs)—Bypass Angioplasty Revascularization 
Investigation 2 Diabetes (BARI 2D), Surgical Treatment 
for Ischemic Heart Failure (STICH), Clinical Outcomes 
Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE), and Fractional Flow Reserve 
versus Angiography for Multivessel Evaluation 2 
(FAME 2) [10,11,85,86]. The BARI 2D study randomized 
2368 patients with type 2 diabetes mellitus, myocardial 
ischemia, and CAD (≥ 50% stenosis of a major epicar-
dial coronary artery associated with a positive stress 
test, or ≥ 70% stenosis of a major epicardial coronary 
artery and classic angina) to prompt revascularization 
(with PCI or CABG, at the discretion of the treating 
physician) plus OMT or OMT alone [11]. Randomization 
was stratified according to the choice of PCI or CABG 
as the more appropriate intervention. At 5 years, there 
was no difference in rate of death or major cardiovascu-
lar events between the revascularization plus OMT and 
OMT alone groups. The rate of death did not differ sig-
nificantly between the two treatment groups in either the 
CABG or the PCI stratum. However, in the CABG stra-
tum, which included patients with more extensive CAD 
(more 3VD, proximal LAD disease, and chronic coronary 
occlusions), rate of major cardiovascular events was sig-
nificantly lower in patients assigned to revascularization 
group as compared to those receiving OMT alone (22.4% 
vs. 30.5%, p = 0.01). In the CABG stratum, MI events 
were significantly less frequent in revascularization plus 
OMT versus OMT alone groups (10.0% vs. 17.6%; p = 
0.003), and the composite end points of all-cause death 
or MI (21.1% vs. 29.2%; p = 0.010) and cardiac death or 
MI (p = 0.03) were also less frequent [87].

A common exclusion criterion in all preceding CABG 
trials was the presence of significant heart failure. The 
NHLBI-sponsored STICH trial was specifically designed 
to compare CABG plus intensive medical therapy to 
intensive medical therapy alone in patients with CAD 

and LVEF less than or equal to 35% [86]. The primary 
outcome was the rate of death from any cause. Secondary 
end points were death from cardiovascular causes 
and rate of death from any cause plus cardiovascular 
disease-related hospitalization. At a median 56-month 
follow-up, there was no significant difference between 
CABG plus intensive medical therapy and intensive 
medical therapy alone with respect to the primary end 
point of death from any cause (36% vs. 41%, p = 0.12). 
However, patients assigned to CABG, as compared with 
those assigned to medical therapy alone, had lower rates 
of death from cardiovascular causes and of death from 
any cause or hospitalization for cardiovascular causes.

The COURAGE trial was designed as an intention-to-
treat comparison between PCI + OMT and OMT alone 
in 2287 patients with SIHD [10]. Patients were included 
in the study if they had more than or equal to 70% 
stenosis in at least one proximal epicardial coronary 
artery and objective evidence of myocardial ischemia 
or at least one coronary stenosis of more than or equal 
to 80% and classic angina without provocative testing. 
Patients with CCS class IV angina, a markedly positive 
stress test, LVEF less than 30%, revascularization within 
the previous 6 months, and coronary anatomy not suit-
able for PCI were excluded from the study. At a median 
4.6 years follow-up, the primary outcome of death from 
any cause and nonfatal MI occurred in 19% of patients 
in the PCI group versus 18.5% of patients in the OMT 
alone group (p = 0.62). There were no significant differ-
ences between the PCI group and the OMT alone group 
in the prespecified secondary end points (composite of 
death, MI, or stroke, and hospitalization for acute coro-
nary syndrome). However, there was a statistically sig-
nificant difference in the rates of freedom from angina 
throughout most of the follow-up period, in favor of the 
PCI group.

The COURAGE Nuclear Substudy enrolled 314 
(13.7%) of 2287 patients included in the original trial 
to compare the effectiveness of PCI for ischemia reduc-
tion when added to OMT [88]. Patients underwent serial 
MPS scans before treatment and 6–18 months after ran-
domization. Moderate to severe ischemia was defined 
as more than or equal to 10% ischemic myocardium on 
MPS. At baseline, moderate to severe ischemia was pres-
ent in 34% of PCI + OMT versus 33% of OMT patients 
(p = 0.81). The primary end point, more than or equal 
to 5% ischemia reduction, occurred in 33% of PCI + 
OMT patients compared with 19% of OMT patients (p = 
0.0004). In patients with moderate to severe pretreatment 
ischemia, event-free survival was 83.8% versus 66.0% 
for patients with versus without significant ischemia 
reduction (p = 0.001). The rate of death or nonfatal MI 
ranged from 0% for patients with no ischemia to 39.3% 
for patients with more than or equal to 10% ischemic 
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myocardium on their follow-up MPS. However, an 
updated analysis published in 2012, the COURAGE 
Nuclear Study 0, showed no difference in rates of pri-
mary end point (death or MI) between OMT and PCI 
+ OMT groups for no to mild (18% and 19%, p = 0.92), 
and moderate to severe ischemia (19% and 22%, p = 
0.53, interaction p value = 0.65) on baseline stress MPS 
[89]. In this updated analysis, the extent of ischemia 
was defined based on the number of ischemic segments 
using a six-segment myocardial model (no to mild: <3 
ischemic segments, and moderate to severe ischemia: ≥3 
ischemic segments). Similar to the findings of this post 
hoc analysis, the STICH Myocardial Ischemia Substudy, 
which included 399 patients with CAD and LEVF less 
than or equal to 35% who underwent ischemia testing 
with either MPS or dobutamine stress echocardiogra-
phy, showed that inducible myocardial ischemia did not 
identify patients with worse prognosis or those with 
greater benefit from CABG over OMT alone [90].

Nonetheless, there are other sources of data support-
ing the prognostic benefits of revascularization in SIHD, 
particularly revascularization of coronary vessels that 
have been shown to produce the myocardial ischemia. In 
a retrospective observational study, Hachamovitch et al. 
[91] showed that in 10,627 patients with no previous his-
tory of MI or revascularization who underwent exercise 
or adenosine stress MPS, revascularization with either 
PCI or CABG was associated with lower rates of car-
diac death and all-cause mortality as compared to medi-
cal therapy alone in patients with moderate to severe 
ischemia (>10% of ischemic myocardium), whereas in 
patients with no or mild ischemia, survival was bet-
ter with medical therapy alone as compared to revas-
cularization. In a subsequent study of 13,555 patients 
including those with previous history of CAD, MI, or 
revascularization, Hachamovitch et al. [92] also demon-
strated that that the extent of myocardial ischemia iden-
tified a survival benefit with early revascularization in 
patients without prior MI, whereas no such benefit was 
present in patients with prior MI (interaction p = 0.021).

FFR is now considered the gold standard for identi-
fying coronary artery lesions that cause ischemia. FFR 
is an index of the physiological significance of a coro-
nary stenosis and is defined as the ratio of maximal 
blood flow in a stenotic artery to normal maximal flow 
(Pd/Pa) [93]. FFR in a normal coronary artery equals 
1.0. An FFR value of less than or equal to 0.80 identifies 
ischemia-causing coronary stenoses with an accuracy 
of more than 90% [94]. The FAME trial demonstrated 
that in patients with multivessel CAD, FFR-guided PCI 
was associated with significantly lower rate of death, 
nonfatal MI, and repeat revascularization at 1 year, as 
compared to PCI guided by angiography alone [95]. The 
FAME 2 trial randomized 888 patients with multivessel 

CAD to FFR-guided PCI plus OMT and OMT alone [85]. 
The prespecified primary end point was a composite of 
death from any cause, nonfatal MI, or unplanned hospi-
talization leading to urgent revascularization during the 
first 2 years. Secondary end points included individual 
components of the primary end point, cardiac death, 
nonurgent revascularization, and angina class. The trial 
was terminated early (mean follow-up of 213 ± 128 days 
in the PCI + OMT group, and 214 ± 127 days in the OMT 
alone group) due to significant between-group differ-
ence in the rate of the primary end point—4.3% in the 
PCI + OMT group versus 12.7% in the OMT alone group 
(p < 0.001). The difference was driven mainly by a lower 
rate of urgent revascularization in the PCI group than in 
the medical therapy group (1.6% vs. 11.1%, p < 0.001). 
Several factors may explain the differences between 
results of FAME 2 and those of previous trials, particu-
larly COURAGE, involving patients with SIHD. First, in 
previous trials, patient enrollment was based primarily 
on initial anatomic characterization with coronary angi-
ography, with or without noninvasive documentation of 
ischemia. It is likely that a significant proportion of the 
patients had only limited ischemia. For instance, even in 
the COURAGE trial, in which noninvasive testing was 
performed in 85% of the patients, less than one-third of 
the patients had more than 10% ischemia on MPS [88]. 
Second, PCI in FAME 2 was performed only in lesions 
with an FFR less than or equal to 0.80, which has been 
shown to improve outcomes significantly as compared 
to PCI guided by angiography alone [95]. Third, the 
primary end point in FAME 2 included not only death 
and MI, but also urgent revascularization, a component 
that was not included in the primary end point of most 
previous trials, including COURAGE.

Gada et al. [96] recently performed a meta-analysis of 
three RCTs (SWISSI II, COURAGE Nuclear Substudy 0, 
and FAME 2) enrolling a total of 1557 patients with SIHD 
and an objective evidence of ischemia as assessed by MPS 
or FFR to compare all-cause mortality with PCI versus 
medical therapy alone. When compared with medical 
therapy alone in this population of patients with an objec-
tive evidence of ischemia, PCI was associated with signif-
icantly lower all-cause mortality (hazard ratio 0.52, 95% 
confidence interval 0.30–0.92, p = 0.02). The authors pro-
posed that the mortality benefit of PCI over medical ther-
apy alone may relate to the prevention of prognostically 
important spontaneous MI events [97]. This hypothesis 
is supported by findings of another recent meta-analysis 
by Bangalore et al. [98], which demonstrated a reduction 
in spontaneous MI with PCI versus OMT, as well as the 
landmark analysis of FAME 2 at 7 days (which would 
essentially exclude periprocedural MI), which showed a 
substantial reduction in death or MI between 8 days to 
maximum follow-up with PCI versus OMT alone [85].
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CABG Versus PCI

With the routine use of DES in the contemporary era, 
RCTs comparing CABG with PTCA or BMS are mostly 
of historical significance. A systematic review of 23 RCTs 
comparing CABG with PCI (PTCA or BMS) showed that 
CABG was more effective in relieving angina and was 
associated with a lower rate of repeat revascularizations, 
but higher rate of procedural stroke [99]. Survival was 
similar at 1, 5, and 10 years. Of note, in the ACIP study, 
CABG was also superior to PTCA in suppressing myo-
cardial ischemia (as demonstrated by AECG and ETT) 
despite the presence of more severe CAD in patients 
who underwent CABG [100]. Another collaborative 
analysis of 7812 patients with multivessel CAD included 
in 10 RCTs also showed similar all-cause mortality with 
CABG and PCI (PTCA or BMS) at a median follow-up 
of 5.9 years [101]. However, CABG was associated with 
a lower mortality in patients with diabetes mellitus and 
in those more than 65 years of age.

In the DES era, the most compelling data on outcomes 
of CABG versus PCI comes from the Synergy between 
PCI with Taxus and Cardiac Surgery (SYNTAX) and 
Future Revascularization Evaluation in Patients with 
Diabetes Mellitus: Optimal Management of Multivessel 
Disease (FREEDOM) trials [102,103]. The SYNTAX study 
was a multicenter RCT involving 1800 patients with LM 
or 3VD randomly assigned to CABG surgery or PCI 
using a paclitaxel-eluting stent (PES) in a 1:1 ratio [103]. 
The primary end point was noninferiority of PES–PCI 
versus CABG in the incidence of major adverse cardio-
vascular and cerebrovascular event (MACCE defined 
as death from any cause, stroke, MI, or repeat revas-
cularization) at 12 months. At 1-year follow-up, CABG 
was associated with significantly lower rates of MACCE 
compared with PES-PCI (12.4% vs. 17.8%, p = 0.002), 
mainly due to decreased rate of repeat revascularization 
(5.9% vs. 13.9%, p < 0.0001). Similar results were seen at 
3- and 5-year follow-up [104,105].

In patients with 3VD included in the SYNTAX trial, at 
5-year follow-up, CABG was associated with lower rates 
of MACCE (24.2% vs. 37.5%; p < 0.01), death (9.2% vs. 
14.6%; p < 0.01), MI (3.3% vs. 10.6%; p < 0.01), and repeat 
revascularization (12.6% vs. 25.4%; p < 0.01) compared 
with PES–PCI [106]. Moreover, no difference in the rate of 
stroke was observed between the groups (3.4% vs. 3.0%; 
p = 0.66). In contrast to patients with 3VD, no significant 
differences in MACCE were observed between PES-PCI 
and CABG in patients with LM disease (36.9% vs. 31%; 
p = 0.12) at 5-year follow-up [107]. However, CABG was 
associated with an increased rate of stroke (14% vs. 5%; 
p = 0.03), which was counterbalanced by a lower revas-
cularization rate (15.5% vs. 26.7%; p < 0.01). When strati-
fied according to the baseline SYNTAX score, there was a 
survival advantage in LM patients with scores less than 

or equal to 32 who were treated with PCI. Conversely, 
in patients with high SYNTAX score of more than or 
equal to 33, CABG was associated with a significantly 
lower rate of MACCE. In the Premier of Randomized 
Comparison of Bypass Surgery versus Angioplasty 
Using Sirolimus-Eluting Stent in Patients with Left Main 
Coronary Artery Disease (PRECOMBAT) trial, there was 
no difference in rates of MACCE at 2- or 5-year follow-up 
between CABG and PCI overall as well as when stratified 
according to SYNTAX score [108,109]. The Evaluation of 
the Xience Everolimus-Eluting Stent Versus Coronary 
Artery Bypass Surgery for Effectiveness of Left Main 
Revascularization (EXCEL) trial (NCT01205776), which 
randomized 1905 patients with LM disease and mild-to-
moderate anatomical complexity (SYNTAX score ≤32), 
is currently in the follow-up phase and will provide fur-
ther insight into the efficacy and safety of PCI in patients 
with LM disease.

Subgroup analysis of the SYNTAX trial showed that 
in diabetic patients with complex LM and/or 3VD, 
5-year rates were significantly lower with CABG ver-
sus PES-PCI for MACCE and repeat revascularization 
[110]. There was no difference in the composite of all-
cause death/stroke/MI or individual components all-
cause death, stroke, or MI. Similar results were seen in 
the FREEDOM trial, which randomized 1900 patients 
with diabetes mellitus and multivessel CAD to undergo 
either CABG or PCI with sirolimus-eluting stent or PES 
[102]. The primary outcome measure was a composite 
of death from any cause, nonfatal MI, or nonfatal stroke.  
At 5 years, CABG was superior to PCI in terms of lower 
rates of primary outcome (18.7% vs. 26.6%; p = 0.005), MI 
(6% vs. 13.9%; p < 0.001), and death from any cause (10.9% 
vs. 16.3%; p = 0.049). Stroke rate, however, was higher in 
CABG versus PCI group (5.2% vs. 2.4%; p = 0.03).

The second-generation DESs were introduced in 
2008 and have been shown to result in improved clini-
cal outcomes in patients undergoing PCI [111–113]. 
The recently published Randomized Comparison of 
Coronary Artery Bypass Surgery and Everolimus-
Eluting Stent Implantation in the Treatment of Patients 
with Multivessel Coronary Artery Disease (BEST) trial 
randomized 880 patients with multivessel CAD to either 
CABG or PCI with the second-generation everolimus-
eluting stent [114]. The trial, which had originally 
planned to randomize 1776 patients, was terminated 
early due to slow enrollment, resulting in reduced sta-
tistical power. At 2 years, the primary end point (MACE 
defined as a composite of death, MI, or target-vessel 
revascularization) occurred in 11.0% of patients in the 
PCI group versus 7.9% of those in the CABG group (p = 
0.32 for noninferiority of PCI vs. CABG). At longer-term 
follow-up of median 4.6 years, CABG was associated 
with a lower incidence of MACE, any repeat revas-
cularization, and composite of death, MI, stroke, and 
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any repeat revascularization. However, further data are 
needed to compare outcomes of patients with multi-
vessel CAD undergoing CABG versus PCI with newer 
second- and third-generation DESs.

ROLE OF MYOCARDIAL ISCHEMIA IN 
DECISION MAKING

Although data from individual RCTs and subsequent 
meta-analyses constitute the highest form of evidence, 
direct translation of their results to routine clinical prac-
tice has several limitations. All trials comparing revas-
cularization with OMT suffer from significant selection 
bias, as randomization was usually performed following 
delineation of coronary anatomy by angiography with-
out prior assessment of ischemia. This is typically not 
the sequence encountered in routine clinical practice, 
where patients will present with cardiac symptoms and/
or abnormal results on noninvasive testing, but have 
unknown coronary anatomy. Objective assessment of 
ischemia, which is often done in clinical practice, has 
been rather limited in most RCTs. To date, no prospec-
tive RCTs have been performed comparing revascular-
ization plus OMT versus OMT alone based on the extent 
of myocardial ischemia in patients with SIHD. Despite 
the lack of these data, guidelines and appropriate use 
criteria statements place great emphasis on the results 

of tests for inducible ischemia to support the indications 
for revascularization [115–117]. Thus, current recom-
mendations on revascularization to improve outcomes 
in asymptomatic SIHD patients with moderate to severe 
ischemia are based solely on the rational link between 
inducible ischemia and prognosis (Figure 10.2) and on 
data from observational studies.

Of note, findings from 9 published reports from 51 
sites (N = 5833) indicate that only 35–65% of patients 
with moderate or severe ischemia on MPS are referred 
for coronary angiography [118]. Thus, there exists a 
“clinical equipoise” in the medical community regard-
ing the decision to pursue an invasive strategy with cor-
onary angiography and the value of revascularization in 
patients with SIHD with moderate to severe ischemia.

The NHLBI-sponsored International Study of 
Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA) trial (NCT01471522) 
may potentially resolve this conundrum. The ISCHEMIA 
trial will randomize approximately 8000 patients with 
SIHD and at least moderate ischemia on stress imaging 
to either an invasive strategy with coronary angiography 
followed by revascularization, if feasible, plus OMT ver-
sus a conservative strategy with OMT alone and coronary 
angiography reserved for patients who fail medical ther-
apy. Important exclusion criteria include patients with 
less than 10% of myocardial ischemia, LVEF less than 
35%, prior PCI or CABG within 12 months, ACS within 

FIGURE 10.2 Paradigm linking testing for inducible myocardial ischemia and the indications for revascularization in stable CAD. From 
top left: The presence and extent of ischemia on stress testing are associated with poor prognosis in patients with CAD. If ischemia can be ame-
liorated with revascularization at relatively low risk, then it follows that revascularization with either PCI or CABG may improve prognosis 
through the relief of myocardial ischemia. Hence, society guidelines and appropriate use criteria statements place great emphasis on testing for 
inducible ischemia to support the indications for revascularization.
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previous 2 months, history of unprotected LM more than 
50%, and CCS class III or IV angina. The primary end 
point is a composite of cardiovascular death or nonfatal 
MI over a 4-year follow-up. Secondary end points will 
include angina-related quality of life, composite of cardio-
vascular death, nonfatal MI, resuscitated cardiac arrest, or 
hospitalization for unstable angina or heart failure, indi-
vidual components of primary end point, stroke, as well 
as health resource utilization, costs, and cost effectiveness. 
The trial is estimated to be completed in May 2019.

CONCLUSION

Myocardial ischemia in patients with SIHD is more 
often silent than symptomatic, even in patients who 
report angina. The presence and extent of ischemia have 
been associated with poor prognosis in CAD patients. 
However, the mechanism that provides the link for this 
association is elusive as poor outcomes are related to 
the rupture of an atherosclerotic plaque whereas isch-
emia during the stable phases of the disease is largely 
related to increases in myocardial oxygen demands 
(Figure 10.1). The association between the magnitude 
of ischemia and the extent of CAD and the relationship 
between the latter and poor prognosis suggest that the 
presence of ischemia during daily life—or unveiled dur-
ing a stress test—may be a marker of more extensive 
anatomical disease rather than the causative mechanism 
triggering the acute cardiovascular events. The bene-
fit of revascularization and the selection of the type of 
revascularization (PCI or CABG) are clearly influenced 
by the anatomic location and extent of CAD, as demon-
strated in randomized clinical trials. Selection of ther-
apy based on the presence and magnitude of inducible 
myocardial ischemia is advocated by society guidelines 
and appropriate use criteria. This concept is founded 
on the rational link between ischemia and prognosis 
(Figure 10.2) and is supported by observational stud-
ies. However, no trial has been conducted to date in 
which patients were randomized after the assessment 
of ischemia with noninvasive methods. The ongoing 
ISCHEMIA trial may provide a definitive answer to the 
question of whether myocardial ischemia (silent or not) 
should be used as the basis for an invasive approach 
(including revascularization) in the management of 
patients with stable CAD.
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INTRODUCTION

Coronary artery disease (CAD) remains the leading 
cause of mortality on a global scale. However, the last 
few decades have seen a significant decrease in the mor-
tality from CAD (Figure 11.1) [1]. Whereas, dramatic 
new developments in the therapeutic modalities have 
contributed largely to this favorable trend, nevertheless, 
availability of safe, simple, and readily available nonin-
vasive modalities for the detection and risk-stratification 
of patients with suspected or know CAD have also con-
tributed significantly to this trend. Invasive coronary 
angiography is considered as the definitive diagnos-
tic modality for CAD. However, its use is limited to 
only those with a very high likelihood of CAD, who 
may require a therapeutic interventional procedure. 
Noninvasive diagnostic modalities now constitute the 
first line of diagnostic workup in a vast majority of 
patients with suspected CAD. A wide array of noninva-
sive diagnostic imaging tests is currently available for 
diagnosis of CAD. Each of these modalities employs a 
different imaging technique and has strengths and limi-
tations. These noninvasive imaging modalities can be 
grouped as follows:

1. Stress electrocardiography
2. Nuclear myocardial perfusion imaging (MPI)
3. Stress echocardiography
4. Computed tomography (CT) imaging
5. Magnetic resonance (MR) imaging

C H A P T E R 
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for the Evaluation of Coronary Artery 

Disease
Diwakar Jain and Wilbert S. Aronow

Division of Cardiology, Department of Medicine, Westchester Medical Center/ 
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Of these techniques, nuclear MPI is the most well 
established techniques and widely used in clinical prac-
tice for a long time. Following is a description of these 
techniques:

Stress Electrocardiography

This was the first technique introduced in the 1960s 
and 1970s for the noninvasive evaluation of CAD in clini-
cal practice [2,3]. This is a relatively simple and inexpen-
sive technique. This requires a treadmill or an upright 
bicycle and a 12 lead ECG machine. Treadmill is the most 
commonly used exercise modality used in the United 
States and the United Kingdom, whereas upright bicycle 
is used in Europe and in many other countries in the 
world. The patient performs exercise on the treadmill or 
exercise bicycle, while heart rate, blood pressure, and 12 
lead ECG are closely monitored. The patients are observed 
for the development of angina, abnormal ST segment 
depression, arrhythmias, or an abnormal drop in blood 
pressure (Figure 11.2). Of several treadmill exercise pro-
tocols, Bruce Protocol, modified Bruce Protocols or sev-
eral of their variations are the ones used most extensively. 
The goal of an exercise protocol is to gradually increase 
the workload to a maximum age-predicted workload. 
Several parameters such as the peak heart rate, mets 
(metabolic equivalent) or peak double product (prod-
uct of heart rate and systolic blood pressure) are used 
to determine the adequacy of workload. Development 
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of angina, accompanied by 1 mm or greater horizontal 
or down-sloping ST segment depression constitutes an 
abnormal stress test. The sensitivity and specificity of the 
test are modest (sensitivity 60–65%, specificity 55–60%). 
The test is inconclusive in patients who are unable to 
reach a target workload due to deconditioning, pulmo-
nary, musculoskeletal, peripheral vascular or neurologi-
cal limitations. The changes in ST segment are sometimes 
unreliable or difficult to interpret in patients with ST-T 
segment abnormalities at baseline. With an aging popula-
tion with concomitant comorbidities, currently well over 
half of the patients requiring stress testing are unable to 
exercise to an adequate workload. Due to all these limita-
tions, stress electrocardiography alone is less frequently 
performed in the United States. This is often combined 
with a cardiac imaging modality such as nuclear imaging 
or echocardiography. However, with increasing empha-
sis on cost containment, there is resurgence of interest 
in exercise electrocardiography as the first diagnostic 
modality, particularly in younger patients, who are other-
wise free from other comorbidities, have normal baseline 
ECG and are able to exercise to a target workload [3].

Nuclear MPI

Nuclear MPI techniques are well established and most 
extensively used for noninvasive evaluation of patients 
with established or suspected CAD. MPI provides 
important diagnostic and prognostic information in a 

FIGURE 11.1 US age-standardized death rates from cardiovascular diseases, 2000–2012. CHD, coronary heart disease; CVD, cardiovascular 
disease. Source: Centers for Disease Control and Prevention, National Center for Health Statistics. Reproduced with permission from Mozaffarian et al. [1].

FIGURE 11.2 Rest (A) and peak exercise (B) ECGs of a 27-years-old 
male with exertional chest pain. He had family history of premature 
CAD, history of smoking for a few years in college and no other risk 
factors. His physical exam was normal. On a symptom-limited treadmill 
exercise, he exercised for 14:36 min using Bruce Protocol (14.5 mets). 
HR increased from 67 to 193 beats per minute (100% of age predicted 
max HR), BP increased from 133/78 to 176/80 mm of Hg, with a peak 
double product of 34 K. He did not develop any chest pain. The rest-
ing and exercise ECGs are normal. His chest pain was attributed to be 
noncardiac based on normal exercise ECG.
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wide array of patients with known or suspected CAD. 
The atheromatous luminal narrowing of the coronary 
arteries evolves slowly over several decades. Symptoms 
occur relatively late, only after a significant luminal 
narrowing of coronary arteries has already occurred. 
Coronary arterial narrowing interferes with myocardial 
perfusion downstream. With partial narrowing of the 
lumen, myocardial perfusion may be normal at rest, but 
fails to increase appropriately during physical exercise 
or pharmacological vasodilation. This results in regional 
flow heterogeneity, which can be imaged by scintigra-
phy using the radiotracers, which are extracted by the 
myocardium proportionate to its perfusion.

Radiotracers
Thallium-201 (201Tl) is the conventional perfusion 

tracer [4]. 201Tl behaves like a potassium analog and 
enters the myocytes through Na+/K+ ATPase chan-
nels. 201Tl is injected intravenously at peak exercise or 
during pharmacological stress and imaging is started 
soon after completion of stress. Myocardial segments 
perfused by narrowed coronary arteries or with scar-
ring due to prior myocardial infarction show diminished 
tracer uptake on stress images. 201Tl shows a continuous 
redistribution after initial myocardial extraction. Stress 
imaging is followed by redistribution imaging 3–4 h 
later. Perfusion abnormality due to ischemia reverses 
on redistribution imaging whereas, that due to scarring 
remains unchanged. Segments characterized by scar 
and ischemia show partial reversibility of the perfu-
sion abnormality. Stress 201Tl imaging has a sensitivity 
of nearly 85–90% and a specificity of 80% or above for 
the detection of CAD [4]. Limitations of 201Tl include its 
long physical half-life (72  h) and low-energy photons 
(69–83 KeV). 201Tl has largely been replaced by techne-
tium-99m (99mTc) tracers. 201Tl is currently used only for 
the detection of myocardial viability. Dual-isotope MPI, 
where 201Tl was used for rest perfusion imaging and a 
99mTc-labeled perfusion tracer for stress perfusion imag-
ing is not in use any more because of unacceptably high 
radiation exposure from this protocol [5].

99mTc has a shorter half-life (approximately 6 h) 
and emits slightly higher energy photons (140 KeV). 
99mTc-labeled agents provide better quality images 
and lower radiation exposure. Two agents: sestamibi 
(Cardiolite™, Lantheus, North Billerica, MA) and tetro-
fosmin (Myoview™, GE Healthcare, Princeton, NJ) are 
FDA approved agents in current clinical use [6,7]. These 
are lipophilic cationic agents, which are taken up by 
the myocardium because of their lipophilicity and posi-
tive charge. Their myocardial uptake is not mediated 
by Na+/K+ ATPase pump. In the myocytes, they are 
localized mainly in the mitochondria. These agents are 
tightly bound to the myocardium and show no signifi-
cant redistribution. Two separate injections are required 

for stress and rest imaging. The perfusion images are 
gated to the electrocardiogram. This provides infor-
mation about left and right ventricular function and 
wall motion. However, both 99mTc-sestamibi and 99mTc-
tetrofosmin suffer from several limitations: liver and 
gastrointestinal uptake can degrade image quality and 
produce artifacts; and relatively low first-pass myocar-
dial extraction can potentially result in an underestima-
tion of myocardial ischemia, particularly in the presence 
of lower grades of coronary arterial narrowing. An ideal 
myocardial perfusion tracer should have minimal or no 
hepatic and gastrointestinal uptake and should have a 
high first-pass myocardial extraction that linearly tracks 
the myocardial blood flow over a wide range [8].

Instrumentation
Nuclear imaging is carried out using gamma cam-

eras, which convert gamma rays emitted by the radio-
tracers into electronic signals to image various organ 
systems in the body. Conventional gamma cameras con-
sists of a large sodium iodide crystal as a scintillator, 
which converts gamma rays into specs of light, which 
are amplified by an array of photomultiplier tubes and 
then converted into electronic signals. A collimator 
comprising of a sheet of heavy metals such as lead or 
tungsten with holes in it covers the imaging surface of 
the scintillating crystal and permits only gamma rays 
traveling in a particular direction to pass through to the 
scintillating crystal. Imaging is carried out using single 
photon emission computed tomography (SPECT), which 
provides a series of cross-sectional images of the heart 
in multiple axes (Figures 11.3–11.5). SPECT images are 
gated with ECG (gated SPECT) to assess left ventricular 
(LV) wall motion, thickening, and ejection fraction (EF) 
from the same study. Myocardial ischemia and LV func-
tion are the two most important determinants of optimal 
therapy and short-term as well as long-term prognosis, 
gated SPECT MPI is currently the single most powerful 
diagnostic and prognostic modality in cardiovascular 
medicine. Soft-tissue attenuation continues to be a major 
source of artifacts in MPI. Attenuation correction is car-
ried out with the use of a simultaneously acquired trans-
mission map using an external source of radiation such 
as gadolinium or a low-dose CT imaging [9]. Recently, 
several new advances have been made in gamma cam-
era design. Newer solid-state cameras using cadmium-
zinc telluride crystals have significantly higher efficiency 
for the detection of gamma rays compared to the tra-
ditional gamma cameras using sodium iodide crystal 
and photomultiplier tubes [10]. These systems directly 
convert gamma rays into an electronic impulse and have 
much higher photon flux and efficiency for imaging. 
These systems are less bulky, improve image quality and 
cut down the image acquisition time and dose of radio-
tracers. These solid-state cameras are likely to replace 
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FIGURE 11.3 Exercise (Ex) and rest 99mTc-sestamibi SPECT images of a 56-year-old man with long-standing poorly controlled diabetes (poor 
compliance), hypertension, and diabetic neuropathy and nephropathy with stage 4 chronic kidney disease (serum creatinine 5.6 mg/dL). The 
patient underwent pharmacological stress-rest MPI as a part of cardiac evaluation prior to being listed for renal transplant. He had poor Ex 
capacity, but denied any symptoms of chest pain. He was on aspirin, metoprolol, atorvastatin, and insulin. He received 0.4 mg of regadenoson 
i.v. over 10 s. His heart rate changed from 90 to 102 beats per minute and BP from 160/100 to 146/80. He developed chest heaviness following 
regadenoson, which resolved spontaneously over the next 2 min. There was 2 mm down-sloping ST segment depression in the precordial leads, 
which persisted for more than 3 min into recovery. Stress and corresponding rest perfusion images in short axis (top two rows), vertical and 
horizontal long axes (rows 3 and 4) show a large area of perfusion abnormality involving the inferior and lateral walls and contiguous anterior 
wall, which is reversible on rest imaging (arrows). In addition, transient post stress LV dilation is seen (TID ratio 1.20). On gated SPECT imag-
ing, transient hypokinesia of inferior and lateral walls was noticed on poststress images, with normal wall motion on rest imaging. LVEF was 
52% on the poststress images and 57% on the rest images. This is a high-risk abnormal study with a large area of ischemia in multiple vascular 
territories, transit poststress LV dilation, and wall motion abnormalities and warrants coronary angiography. His impaired renal function neces-
sitated institution of dialysis prior to coronary angiography. He underwent coronary angiography after being started on hemodialysis. This 
showed severe three vessel CAD: LAD had multiple 60–80% narrowing, with 70% narrowing of D1 branch; LCx has 90% proximal narrowing 
with 70–80% narrowing of OM1 and OM2; and RCA had multiple 80–90% narrowing. He underwent CABG with left internal mammary artery 
graft to the LAD and SVG to the LCx and PDA branch of the RCA. He was cleared for renal transplant after he recovered from the CABG.

FIGURE 11.4 Regadenoson stress and rest SPECT images of an 83-year-old male with prior anterior wall myocardial infarction 20 years ago. 
Coronary angiography revealed completely occluded LAD proximally, which could not be revascularized. The RCA and LCX showed 50–60% 
narrowing, which was not revascularized. He has been complaining of mild exertional shortness of breath and chest heaviness over the last few 
weeks. There was no chest pain or ST segment depression with regadenoson. There is a large dense scar involving the anterior wall, septum, 
and apex. There is no ischemia. The apex was dyskinetic and the anterior wall and septum were akinetic and the global LVEF was severely 
impaired at 37%.
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conventional sodium-iodide crystal-based cameras in 
the coming years.

Choice of Stress
Exercise is by far the preferred method of stress testing. 

Information about exercise capacity, changes in heart rate, 
blood pressure, adverse symptoms such as chest pain, 
undue fatigue, and the magnitude and duration of ST 
segment depression and arrhythmias provide important 
and independent prognostic information. The radiotracer 
is injected close to the peak exercise and exercise is con-
tinued for another 2 min to allow radiotracer extraction 
by the myocardium at peak exercise. It is important for 
patients to reach an adequate workload, as already dis-
cussed. A peak heart rate above 85% of the age-predicted 
maximum heart rate, peak workload, or a double product 
greater than 25K are used to determine the adequacy of 
the exercise level. However, with changing demographic 
patterns, an increasing proportion of patients requiring 
stress testing are unable to exercise to an adequate work-
load and require pharmacological stress testing either 
alone or in conjunction with low-level exercise.

In patients who are unable to exercise or unable to 
reach an adequate workload due to noncardiac limita-
tions (peripheral vascular disease, musculoskeletal dis-
orders, or pulmonary disease) pharmacological stress 
should be used. Dipyridamole, adenosine (Adenoscan®, 

Astellas Pharma, Deerfield IL) and regadenoson 
(Lexiscan™, Astellas Pharma, Deerfield IL) are the most 
widely used agents for this purpose [11–15]. Following 
i.v. administration, these agents cause maximum coro-
nary vasodilation and can increase myocardial blood 
flow 3–4 times the resting flow. However, blood flow 
increase is blunted in myocardial segments perfused by 
narrowed coronary arteries. This produces flow hetero-
geneity and results in apparent perfusion abnormalities. 
True ischemia is rare and occurs in patients with severe 
CAD where collateral circulation contributes signifi-
cantly toward myocardial perfusion and these vasodi-
lators may induce a coronary steal in such cases. At a 
cellular level, dipyridamole acts by inhibiting the intra-
cellular uptake of adenosine. Thus adenosine is more 
directly acting than dipyridamole and has more predict-
able effect on the coronary blood flow. Dipyridamole is a 
long-acting agent and its pharmacological effects persist 
for more than 30 min, which poses a challenge in those 
with significant dipyridamole-induced side effects and 
often requires longer monitoring and reversal of dipyri-
damole with iv aminophylline. Due to these limitations, 
dipyridamole has largely been replaced by adenosine 
and regadenoson for pharmacological stress. Adenosine 
has an extremely short half-life of less than 10 s and 
requires an infusion pump for its administration. This 
is administered at a dose of 0.14 mg/kg/min for 6 min. 
The radiotracer is injected at midpoint of adenosine infu-
sion. Side effects are very common with adenosine infu-
sion, but generally are minor and self-limiting. The most 
common side effects are nausea, headache, flushing of 
face, and hypotension. Transient high-grade AV block 
or symptomatic hypotension occurs in 5–7% of patients 
with adenosine infusion. These side effects are generally 
self-terminating on completion of infusion. Chest pain 
occurs in approximately 25% of cases but is not specific 
for myocardial ischemia. The exact mechanism of dipyri-
damole- or adenosine-induced chest pain is not clear; 
perhaps they act directly on the pain receptors. ST seg-
ment depression occurs rarely but if it occurs, it is indica-
tive of severe CAD. Adenosine infusion can be combined 
with low-level exercise [12]. This reduces adverse effects 
such as hypotension, nausea, and flushing and improves 
image quality by reducing splanchnic radiotracer uptake 
and improves the sensitivity and specificity of the test 
[12]. Theophylline derivatives, including caffeine, act as 
antagonists of dipyridamole and adenosine at a cellular 
level and should be stopped prior to performing dipyri-
damole or adenosine stress MPI. Aminophylline can be 
given i.v. to reverse the side effects of dipyridamole. 
Because of the extremely short half-life, side effects of 
adenosine generally disappear with the discontinuation 
of its infusion and aminophylline is rarely required.

Apart from coronary vasodilation, adenosine also 
results in systemic vasodilation and slowing of AV nodal 

FIGURE 11.5 Adenosine stress and rest perfusion images of a 
48-year-old male with long history of hypertension, heavy alcohol 
abuse, smoking, and atrial fibrillation. He was admitted with worsen-
ing heart failure after an alcohol binge. After initial stabilization, he 
underwent adenosine and rest perfusion imaging. He has no chest 
pain or ST depression. There is no perfusion abnormality. But the LV 
is markedly enlarged, hypertrophied, and severely hypokinetic on 
gated SPECT images with an ejection fraction of 28%. This patient has 
nonischemic cardiomyopathy.
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conduction, which are undesirable side effects for phar-
macological stress testing. Adenosine is nonselective for 
all four adenosine receptor sub-types: A1 receptors in 
AV node (AV nodal block), A2a receptors in coronary 
vessels (coronary vasodilation), A2b receptors in sys-
temic vessels (systemic vasodilation), and A3 receptors 
in lungs, bronchioles, and several other tissues (short-
ness of breath, atypical chest pain, and bronchospasm). 
Adenosine can induce bronchospasm in patients with 
a history of bronchial asthma or COPD. Regadenoson 
(Lexiscan™, Astellas Pharma, Deerfield IL) is an ade-
nosine analog, which is highly selective for adenosine 
A2a receptors, and is used for pharmacological stress 
MPI [13–16]. Unlike, adenosine, regadenoson does not 
require continuous infusion and is given as a fixed-dose 
(0.4 mg) bolus injection over 10 s. The diagnostic infor-
mation provided by regadenoson is similar to that of 
adenosine but, adverse effects are fewer and less intense 
compared to adenosine [13]. Because of the ease of 
administration and fixed dose, regadenoson has almost 
replaced all other pharmacological stress agents in clini-
cal practice in the United States. Figures 11.3 and 11.4 are 
examples of regadenoson stress and rest 99mTc-sestamibi 
MPI. Regadenoson is well tolerated in patients with his-
tory of bronchial asthma, COPD, and renal insufficiency 
[16,17]. Caffeine containing food and beverages prior to 
vasodilator stress testing can result in underestimation 
of ischemia and should be withheld for at least 12 h prior 
to regadenoson stress testing [18].

Dobutamine can also be used for stress MPI [19,20]. This 
acts by increasing the heart rate, myocardial contractility, 
and oxygen demand. Adenosine or regadenoson are pref-
erable over dobutamine because of a greater increase 
in myocardial blood flow and flow heterogeneity with 
these agents. Dobutamine was used in patients where 
dipyridamole or adenosine are contraindicated, such 
as in patients with severe bronchopulmonary disease. 
Dobutamine is administered as a continuous infusion 
starting at 10 µg/kg/min and increased by 10 µg/kg/min 
every 3 min until a maximum dose of 40 µg/kg/min is 
reached, target heart rate is achieved or adverse symptoms 
or evidence of ischemia develops [19,20]. Side effects with 
dobutamine are common and are of particularly of concern 
in elderly and sick patients and in those with impaired LV 
function and with history of significant atrial or ventricu-
lar arrhythmias [19,20]. However, with the availability of 
regadenoson, dobutamine is only rarely used these days, 
since regadenoson is well tolerated in patients with bron-
chial asthma and COPD [16].

Interpretation of Perfusion Images
Interpretation of MPI requires experience, skill, and 

an adequate understanding of the cardiac physiology, 
pathology, and applied physics, as well as awareness of 
the possible sources of artifacts. MPI is prone to artifacts 

due to attenuation from surrounding and overlying 
structures such as diaphragm and breast. SPECT imag-
ing is also prone to a variety of other artifacts, such as 
patient motion during imaging and tracer activity in 
the gut and other subdiaphragmatic structures. Bowel 
loops with significant radiotracer activity can some-
times overlap the heart and can substantially degrade 
the image quality and in the worst scenario can render 
the images uninterpretable. Strict and rigorous quality 
control of gamma camera is mandatory for avoiding 
technical artifacts. A meticulous effort is required to 
prevent false interpretation of the images due to these 
artifacts. The perfusion images can be interpreted visu-
ally. However, quantitative analysis of the images is 
more reliable. Subtle abnormalities can better be appre-
ciated with quantitative analysis. Quantitative analysis 
is performed using a normal database. The distribution 
of counts in the patients’ images is compared with a 
database derived from the normal subjects of the same 
gender. Quantitative analysis can also provide an esti-
mate of the extent or severity of myocardial ischemia. 
Quantitative analysis also minimizes the intra- and 
inter-observer variability of the image interpretation.

A systematic approach is required for a compre-
hensive interpretation of MPI studies [21,22]. The raw 
images should be examined for possible sources of arti-
facts and overall image quality. Important extra-cardiac 
abnormalities, such as tumors in lungs, mediastinum or 
breasts, pleural effusion, gastrointestinal abnormalities 
such as hiatal hernias or ascites may be detected inciden-
tally for the first time on raw images [23]. The patient’s 
gender, body weight, and body habitus, the radiophar-
maceutical used and its dose, the interval between tracer 
injection and imaging, and the type of stress used should 
be taken into consideration. The lung fields should be 
examined for increased lung tracer uptake on stress 
images. The processed images should be interpreted 
qualitatively as well as quantitatively. Clinical history, 
pretest likelihood of CAD, details of stress testing, and 
electrocardiographic changes should be taken into con-
sideration while performing the final interpretation. The 
report should be comprehensive, succinct, and clearly 
concluded whether abnormal or normal and if abnor-
mal, the extent, location, and nature of abnormality 
should be adequately described [22].

Clinical Applications of MPI
1. Detection of CAD

MPI is useful for establishing the diagnosis of 
CAD in patients with symptoms of chest pain or 
in those with a high clinical suspicion of CAD 
because of the presence of risk factors for CAD. 
This serves as an important and cost-effective 
gatekeeper for identifying patients who should be 
considered for further invasive studies. Addition 
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of MPI to exercise ECG increases the sensitivity 
as well as specificity of the test for the detection 
of CAD. MPI has a particular advantage over 
exercise ECG in patients with LV hypertrophy, left 
bundle branch block (LBBB), therapy with digoxin, 
and other abnormalities interfering with proper 
interpretation of ST-segment changes on exercise. 
In a study involving more than 4000 patients who 
underwent stress MPI for the evaluation of CAD, 
the subsequent cardiac catheterization rates over 
a mean follow-up period of 9 months were 32% in 
those with reversible perfusion abnormality and 
only 3.5% in those without reversible perfusion 
abnormality [24]. Furthermore, in the reversible 
perfusion abnormality group, cardiac catheterization 
rate was 60% in those with high-risk studies 
(reversible perfusion abnormality of the left anterior 
descending coronary artery territory, multiple 
areas of ischemia or increased lung tracer uptake), 
compared with 9% in the remaining patients with 
reversible perfusion abnormalities. The findings 
on MPI were far more predictive of subsequent 
cardiac catheterization than clinical and treadmill 
exercise ECG variables alone or in combination, 
indicating the important role of stress MPI for initial 
evaluation of patients with suspected CAD.

2. Risk Stratification of Patients with CAD
The severity, location, and extent of myocardial 
ischemia are useful for risk stratification of 
patients with known CAD [25,26]. Large areas or 
multiple areas of perfusion abnormality identify 
patients at high risk for cardiovascular events 
on follow-up (Figure 11.3). Increased lung tracer 
uptake and transient LV dilation on stress images 
are indicative of severe CAD and are predictive 
of poor prognosis. The quantitative extent and 
severity of myocardial ischemia determined from 
MPI correlates with the subsequent occurrence of 
unstable angina, acute myocardial infarction, and 
cardiac death. Of various clinical and laboratory 
variables including ECG and coronary angiographic 
variables, MPI provides the most powerful 
prognostic information in all groups of patients 
with CAD. Based on the quantitative extent, 
severity, and reversibility of abnormalities on 
MPI, CAD patients can be categorized into low- to 
high-risk categories for the occurrence of adverse 
cardiac events on follow-up [26,27]. Patients with 
normal MPI have an excellent prognosis; several 
large clinical studies have shown these patients 
to have a less than 0.6% annual cardiac event rate 
[28,29]. A normal MPI study, even in the presence 
of angiographically documented CAD, is associated 
with an excellent long-term prognosis and a very 
low incidence of cardiac events on follow-up [30].

3. Postmyocardial Infarction Evaluation
Sub-maximum MPI was used routinely for risk 
stratification of patients with uncomplicated 
myocardial infarction prior to hospital discharge 
from the hospital in the prethrombolytic era. 
Patients with fixed defects had a low incidence 
of adverse cardiac events, whereas those with 
reversible defects have a higher incidence of 
adverse cardiac events. This test was used to 
identify patients with recent myocardial infarction 
who could benefit from cardiac catheterization 
and revascularization. With the current practice 
of routine revascularization with percutaneous 
interventions in patients with acute myocardial 
infarction and unstable angina, predischarge stress 
MPI is rarely needed these days. However, MPI 
plays an important role in determining the need 
of revascularization in the presence of additional 
coronary lesions of unclear significance in 
noninfarct-related vessels [30]. MPI can be used in 
the postinfarction patients with recurrent symptoms 
of chest pain.

4. Triaging of Patients with Chest Pain of  
Uncertain Origin
With greater public education and awareness for 
presenting immediately to the nearest emergency 
department in case of chest pain or symptoms 
suspicious of an acute myocardial infarction, a large 
number of patients with chest pain are seen in the 
emergency departments these days. Acute chest 
pain is the second most common condition seen in 
the emergency departments in the United States 
[31–35]. In the United States, 6–8 million patient 
visits for chest pain occur annually to the emergency 
department. Fewer than 15% of these patients turn 
out to have acute coronary syndrome. On the other 
hand, a small but significant proportion of patients 
with acute coronary syndrome have only atypical 
symptoms with no overt electrocardiographic or 
biochemical abnormalities at presentation, which 
may prompt an early but inappropriate discharge 
from the emergency department with a mistaken 
conclusion of noncardiac chest pain. Most large 
emergency departments now have a dedicated chest 
pain center or institutional protocols for an effective, 
reliable, and prompt triage of patients with chest 
pain. A combination of serial electrocardiograms, 
cardiac enzymes, and noninvasive cardiac imaging 
is used for triaging these patients [32–34]. Resting 
and stress MPI can be used quite effectively in chest 
pain centers. Despite an upfront cost associated 
with instrumentation and training of personnel 
and recurring cost associated with each study, an 
appropriate use of MPI in emergency departments 
is associated with significant reductions in the 
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time required to arrive at a definitive diagnosis, 
hospital admission rate, average hospital stay, and 
overall per-patient cost [35]. The presence of resting 
perfusion abnormalities in patients with chest 
pain in the absence of prior myocardial infarction 
is indicative of an acute coronary syndrome and 
warrants admission to the hospital and appropriate 
treatment. Absence of perfusion abnormalities 
points more toward a noncardiac cause of chest 
pain. Patients with negative resting perfusion 
images can further undergo stress MPI right 
away to detect the presence of exercise-induced 
myocardial ischemia [31]. Figure 11.6 shows a 
proposed scheme for the utilization of MPI in chest 
pain centers [31]. Currently, there is a great interest 
in rapid triaging of patients presenting to the 
emergency department with chest pain but no overt 
evidence of acute coronary syndrome. Whereas, 
several different imaging modalities are available 
and have shown some promise for this role, nuclear 
MPI using a judicious combination of rest imaging, 
rest-stress imaging or stress imaging alone remains 
the most readily available, cost-effective, and 
relatively simple technique for this purpose [36,37]. 
The information provided by MPI is not only useful 
for safely discharging patients from the emergency 
department, but is also critically important for 
arriving at a definitive diagnosis and for guiding 
long-term management and follow-up plan and 
for providing long-term prognostication of these 
patients.

5. Risk-Stratification Prior to Noncardiac Surgery
Adverse cardiac events are important cause of 
morbidity and mortality following noncardiac 
surgery, particularly in the elderly patients and in 

those with known CAD or with risk factors for CAD 
[38,39]. Appropriate use of MPI can significantly 
lower the incidence of this complication. The 
frequency of occurrence of adverse cardiac events 
in the perioperative period depends on a number 
of factors: the prevalence and severity of CAD 
and LV dysfunction and the nature and severity 
of hemodynamic stress during the perioperative 
period. Patients with a high prevalence of CAD, 
either symptomatic or occult, and with LV 
dysfunction, are particularly vulnerable to cardiac 
events. Prolonged vascular surgery involving 
cross-clamping of the aorta, major shifts between 
intravascular and extravascular fluid compartments, 
and hypotension impose significant stress on the 
cardiovascular system and can result in arrhythmias, 
pulmonary edema, or myocardial infarction in 
the perioperative period in patients with CAD. 
Patients with peripheral vascular disease have a 
high prevalence of CAD and are at a high risk of 
perioperative cardiac events. Even after peripheral 
vascular surgery, these patients continue to have 
very high morbidity and mortality due to cardiac 
events. A number of studies have established the 
role of pharmacological stress MPI for identifying 
patients at a high risk for perioperative cardiac 
events [38,39]. Adenosine and regadenoson are 
particularly suitable because of the inability of 
these patients to exercise. Abnormalities on MPI are 
predictive not only of perioperative morbidity and 
mortality but also of long-term mortality  
and morbidity [39]. The current ACC/AHA 
guidelines for preoperative risk-stratification take 
into consideration the presence of CAD or CAD risk 
factors, functional capacity and the nature  

FIGURE 11.6 A schematic representation of the proposed algorithm for early triaging of patients presenting with acute chest pain using 
myocardial perfusion imaging.
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and risk of the surgical procedure [39]. MPI is useful 
in patients with risk factors for CAD, impaired 
functional capacity and in those undergoing 
relative high-risk surgery. Patients with no risk 
factors of CAD, good functional capacity and those 
undergoing relative low to intermediate risk surgical 
procedure do not warrant routine preoperative 
MPI. Similarly patients undergoing emergent or 
life-saving surgery also do not warrant preoperative 
MPI. Optimization of their hemodynamic status 
in the perioperative period is probably the most 
effective approach in these patients. However, 
following recovery from successful surgery  
many of these patients may require consideration 
for MPI for long-term management if they have 
multiple CAD risk factors and impaired functional 
capacity.

6. Detection of Myocardial Viability
The impairment in LV function and regional 
wall motion abnormalities in many patients with 
CAD may be reversible to varying extents with a 
proper utilization of revascularization procedures 
[40–44]. This can result in improvement in LV 
function and symptoms of heart failure, as well 
as prognosis, and can potentially avoid or delay 
the need for cardiac transplantation in some 
patients with advanced heart failure. However, 
identification and differentiation of this viable but 
dysfunctional myocardium with a potential for 
recovery in contractility and LV dynamics from the 
irreversibly scarred myocardium with no potential 
for recovery in function poses a major challenge 
in the current practice of cardiology. Symptoms, 
clinical examination, electrocardiogram, and 
conventional techniques for functional assessment 
are often not helpful. A number of techniques such 
as dobutamine echocardiography and MR imaging 
have been employed with varying success, but 
nuclear imaging techniques, conventional perfusion 
imaging as well as positron emission tomography 
(PET), have played a crucial role in this field. A 
brief episode of myocardial ischemia may result 
in regional wall motion abnormalities, which may 
persist for a variable period of time even after the 
restoration of perfusion. This is called as stunned 
myocardium. This myocardium is characterized by 
wall motion abnormalities, but preserved perfusion 
and metabolism. Wall motion abnormality recovers 
spontaneously over time without any intervention. 
The myocardium with chronic low flow, without 
necrosis is called as hibernating myocardium. This 
myocardium is characterized by reduced perfusion, 
impaired resting wall motion, but preserved 
metabolic activity, improvement in wall motion 
with low-dose dobutamine administration, and 

restoration of contractility after revascularization. 
This myocardium needs to be differentiated from 
scarred myocardium, which also has impaired 
perfusion and wall motion at rest, but shows 
no improvement in contractility with low-
dose dobutamine, has no evidence of metabolic 
activity and shows no change in wall motion with 
revascularization. Myocardial uptake and retention 
or washout of perfusion tracers is dependent 
on the structural and metabolic integrity of the 
myocytes. Rest-redistribution 201Tl imaging can be 
used for detecting myocardial viability. Presence 
of significant myocardial uptake on quantitative 
analysis (greater than or equal to 50% uptake 
compared to the normal myocardial segments) and 
or redistribution on delayed imaging are indicative 
of myocardial viability and predictive of functional 
improvement after revascularization in abnormal 
myocardial segments [43]. Resting 99mTc-sestamibi 
or 99mTc-tetrofosmin can also provide information 
about myocardial viability using a quantitative 
approach. Similar to 201Tl, greater than or equal to 
50% uptake of 99mTc-sestamibi or 99mTc-tetrofosmin 
in abnormal myocardial segments is predictive of 
myocardial viability [42]. Nitrate administration 
prior to the injection of perfusion tracers has 
also been used for the detection of myocardial 
viability. Viable myocardial segments with resting 
hypoperfusion show an improvement in perfusion 
following nitrate administration and is predictive of 
functional improvement after revascularization [42]. 
PET imaging techniques for myocardial viability are 
based on the demonstration of metabolic activity in 
the dysfunctional myocardial segments. PET permits 
imaging of myocardial metabolism at rest and under 
different physiological conditions. Myocardium has 
high energy requirement, which is derived from 
the metabolism of free fatty acids and glucose. Free 
fatty acids are the preferred substrate in normally 
perfused myocardium. However, in the presence 
of ischemia, such as in hibernating myocardium, 
anaerobic glycolysis is the predominant source of 
energy production. Hibernating myocardium is 
characterized by a profound increase in glycolytic 
activity despite a reduction in perfusion. Glucose 
uptake and its phosphorylation in the cells can 
be imaged by 18F-Fluorodeoxyglucose (18FDG). 
Myocardial flow-metabolic mismatch is the  
hallmark of myocardial viability on PET imaging.  
A proper evaluation of myocardial viability  
requires an adequate understanding of coronary 
physiology, pathology and metabolism, and 
a thoughtful integration of pertinent clinical 
information and angiographic data with the nuclear 
imaging data [44].
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7. Evaluation of Patients with Congestive Heart 
Failure (CHF)
Currently, there are more than 4.5 million patients 
with CHF in the United States, and more than 
500,000 new patients are diagnosed with CHF every 
year. A detailed and often expensive workup is 
required to determine its etiology, assess its severity, 
and optimize its treatment. MPI can be used to 
differentiate between ischemic and nonischemic 
cardiomyopathy and for the assessment of left and 
right ventricular function (Figures 11.4 and 11.5). 
This is highly cost-effective and can potentially 
avoid invasive tests in a substantial proportion 
of patients with CHF. In patients with ischemic 
cardiomyopathy, MPI can be used quite effectively 
for the detection of myocardial viability, which 
may warrant a consideration for revascularization. 
Furthermore, nuclear imaging techniques can 
be used for an accurate, reliable, and highly 
reproducible serial assessment of LV and right 
ventricular function in these patients. This is critical 
because appropriate use of angiotensin-converting 
enzyme inhibitors and β-blockers can result in 
an improvement in LV function in a significant 
proportion of patients with CHF.

Positron Emission Tomography

PET is an integral part of nuclear cardiac imaging. 
However, because of different instrumentation used 
and unique properties of radiotracers used, PET imag-
ing warrants a separate discussion. PET involves the 
use of positron-emitting isotopes (11C, 18F, 13N, 15O, 82Rb, 
68Ga, 67Cu). These radiotracers decay by converting a 
proton into a neutron while ejecting a positron from 
their nucleus. Upon coming in contact with an electron, 
positron disintegrates into two γ rays each with 511 KeV 
energy released at 180°, which can be detected as coin-
cident photons by an array of detectors placed around 
the patient. These detectors employ different scintilla-
tors, which are much denser than sodium iodide scin-
tillator used by regular gamma cameras and are more 
efficient in absorbing high-energy photons. PET images 
are of higher technical quality and are less vulnerable to 
artifacts, inherent to SPECT imaging. PET tracers have 
a relatively short half-life and are produced by a gen-
erator or a cyclotron. 82Rb, used for MPI is produced 
from an 82Sr/82Rb generator. PET traces can readily 
be incorporated into a number of metabolic substrates 
such as deoxyglucose, free fatty acids, acetate, sympa-
thomimetic amines, peptides, and proteins and are use-
ful for studying the perfusion, metabolism, adrenergic 
neuronal activity, various cell membrane receptors of 
the myocardium, and other organs [45–53]. 15O-water, 
13N-ammonia, and 82Rb are used for MPI. A major 
advantage of PET perfusion imaging is that, apart from 

a qualitative assessment, an accurate quantitative assess-
ment of the regional myocardial blood flow per gram of 
myocardial tissue at rest and under various physiologi-
cal conditions can be carried out [51,52]. Thus myocar-
dial flow reserve can be studied by PET imaging. This is 
particularly useful in detecting patients with multivessel 
CAD and diffuse endothelial dysfunction and for study-
ing microvascular function. Currently 18F-flurpiridaz, a 
new 18F-based perfusion tracer is undergoing clinical 
evaluation for MPI. The preliminary results are encour-
aging [53]. Availability of an 18F-based myocardial perfu-
sion tracer would permit PET MPI without the need for 
on-site cyclotron or generator. 18FDG imaging is useful 
for studying myocardial viability.

Direct Myocardial Ischemia Imaging
Myocardial ischemia results in an immediate and pro-

found metabolic shift: suppression of fatty acid uptake 
and a substantial increase in glucose uptake. Therefore 
myocardial ischemia results in an immediate and pro-
found increase in myocardial glucose uptake. This pro-
vides a strong rationale for the use of 18FDG for direct 
imaging of myocardial ischemia [54–56]. Preliminary 
studies have shown a remarkable potential of exercise 
18FDG imaging for the detection and quantification of 
CAD. The sensitivity of exercise 18FDG imaging is sig-
nificantly higher than that of exercise-rest MPI for the 
detection of individual vessels with greater than or equal 
to 50% luminal narrowing. Figure 11.7 shows exercise 
18FDG and exercise-rest MPI of a patient with CAD. 
These data indicate the potential superiority of direct 
ischemia imaging over conventional MPI for the detec-
tion and risk stratification of patients with CAD.

Stress Echocardiography

Stress echocardiography can also be used for the 
detection of patients with CAD. The general principles 
of stress testing are similar to that for exercise electrocar-
diography or pharmacological stress testing as described 
above, except that echocardiography is combined with 
exercise or pharmacological stress with dobutamine 
[57–69]. Exercise or dobutamine administration results 
in an increase in myocardial wall motion and thickening, 
a reduction in end-systolic volume, and an increase in 
LVEF in normal hearts. Myocardial ischemia by exercise 
or pharmacological stress results in an impairment of 
regional wall motion, wall thickening, and relaxation of 
myocardial segments perfused by the narrowed coronary 
arteries. Furthermore, myocardial ischemia may also 
result in LV dilation, an increase in end-systolic volume 
and a decrease in LVEF depending upon the severity 
and extent of myocardial ischemia. All of these changes 
can be tracked by performing echocardiography at rest 
and during exercise or pharmacological stress. Addition 
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of stress echocardiography improves the sensitivity and 
specificity of exercise ECG [57,58]. The clinical indica-
tions for the use of this technique are similar to that of 
nuclear MPI. The potential advantages of this technique 
include the use of relatively ubiquitously available car-
diac imaging technique and lack of radiation exposure 
to the patient. The sensitivity of stress echocardiography 
for the detection of CAD is in the range of 80–90% and 
is similar to that of nuclear MPI, but significantly better 
than that of exercise ECG alone. The specificity is in the 
range of 65–85%, again similar to nuclear MPI but sig-
nificantly better than stress electrocardiography.

Unfortunately, this technique does suffer from several 
significant limitations: such as technical challenges in 
obtaining high-quality images during exercise, a lack 
of objective and quantitative interpretation of images 
for wall motion abnormalities, and a poor specificity of 
wall motion abnormalities in patients with baseline wall 
motion abnormalities due to prior myocardial infarc-
tions or cardiomyopathy [57]. Patients with poor echo-
genic windows due to chronic obstructive pulmonary 
disease, obesity or thoracic deformities are not suitable 
for this technique. Significant degrees of operator expe-
rience and skill are required for obtaining good quality 
cardiac images during exercise or within 1 min of com-
pletion of exercise. It is easier to obtain exercise images 
with the use of exercise supine or upright bicycle rather 

than treadmill. It is also critically important to attain an 
adequate workload on exercise. Inadequate workload 
at peak exercise lowers the sensitivity of the test. For 
patients, who cannot exercise, or are unable to exercise to 
an inadequate workload due to noncardiac limitations, 
pharmacological stress is required. Unlike nuclear MPI, 
dobutamine is the pharmacological stressor of choice. 
Coronary vasodilators such as dipyridamole, adenosine, 
or regadenoson result in a significant flow heterogeneity 
in myocardial perfusion, but wall motion abnormali-
ties are less common and less impressive compared to 
the perfusion abnormalities seen on MPI. Picano and 
colleagues proposed a high-dose dipyridamole infusion 
(0.84 mg/kg over 6 min) for dipyridamole stress echo-
cardiography [58]. But adverse effects of this high-dose 
dipyridamole infusion are unacceptably high and this 
protocol is not in clinical use in the United States. For 
dobutamine stress echocardiography, dobutamine infu-
sion is started at a dose of 10 µg/kg/min and the dose is 
increased by 10 µg/kg/min till the symptoms of angina, 
ST segment depression, age-predicted maximum heart 
rate is reached, or new myocardial wall motion abnor-
malities appear or a max dobutamine dose of 40 µg/
kg/min is reached. Atropine can be given at a dose of 
0.5–1.0 mg if the age predicted maximum heart rate is 
not reached at max dose of dobutamine and the study 
is otherwise negative. Additional increase in heart rate 

FIGURE 11.7 Exercise (Ex) and rest (R) 99mTc-sestamibi and exercise 18FDG (Isch) images of an 67-year-old man with angina and no prior 
myocardial infarction. There is a large area of partially reversible perfusion abnormality involving the septum, anterior wall, and apex (small 
arrows). Intense 18FDG uptake is present in these areas (solid arrowheads). Coronary angiography showed 90% stenosis of the left anterior 
descending coronary artery and a 60% stenosis of the left circumflex artery. Source: Reproduced with permission from Ref. [54].
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induced by atropine in such cases increases the sensitiv-
ity of the test. Whereas, dobutamine infusion is safe in 
younger patients, particularly those with no comorbidi-
ties, the side effects are very common and can be serious 
in elderly patients and in those with comorbidities such 
as hypertension, ventricular, and atrial arrhythmias [63]. 
Dobutamine can result in hypertensive blood response 
and sustained ventricular and atrial arrhythmias. Beta-
blockers attenuate the effects of dobutamine and need to 
be withheld before dobutamine stress echocardiography.

For stress echocardiography, baseline images are 
obtained in M-mode and 2-D mode with limited Doppler 
examination prior to starting the stress. Digital imaging 
with multiple screen display is required for stress echo-
cardiography for side-by-side display and comparison of 
rest and stress images. The standard approach for inter-
pretation of the images is qualitative interpretation of 
regional wall motion and myocardial thickening at base-
line and during exercise and recovery. Since, myocardial 
wall motion is also influenced by translational, torsional, 
and tethering variables, regional myocardial thickening is 
the primary variable used for interpretation. Quantitative 
approaches based on longitudinal and radial excursion, 
displacement and strain are proposed, but are not used 
for routine interpretation [62]. This introduces the possi-
bility of interobserver as well as intraobserver variability 
in the interpretation of images. As described above, a lack 
of objective technique for the quantitative evaluation of 
the extent and severity of regional wall motion abnor-
malities remains a significant limitation of this technique 
from the data interpretation perspective.

A particular use of dobutamine stress echocardiog-
raphy is for the detection of myocardial viability [57]. 
A dual-phase response where segments with abnor-
mal wall motion at rest show an improvement in wall 
motion and thickening at low-dose dobutamine, but the 
wall motion worsens again at high-dose dobutamine is 
highly specific for viable myocardium that will improve 
with revascularization. This represents hibernating but 
viable myocardium with chronic low flow at rest. These 
segments are akinetic or hypokinetic at rest. With low-
dose dobutamine, regional wall motion and thickening 
improves, but at high-dose dobutamine, these segments 
become ischemic and develop regional wall motion and 
thickening abnormalities. The sensitivity of dobutamine 
echocardiography for predicting improvements of wall 
motion and thickening after revascularization varies 
from 70% to 85% and specificity varies from 60% to 95%.

Another use of stress echocardiography is for the 
evaluation of complex patients with valvular heart dis-
ease and impaired LV function [67,68]. In patients with 
severe aortic stenosis, impaired cardiac function and a 
low cardiac output, a lack of improvement in cardiac 
output with low-dose dobutamine is predictive of a 
lack of improvement after valve surgery, whereas an 

improvement with low-dose dobutamine is predictive of 
an improvement of cardiac function and cardiac output 
after surgery.

Echo contrast agents have been developed for better 
visualization of the chambers of the heart and for study-
ing myocardial perfusion [64–66]. These agents comprise 
of perfluranes, which are liquid at room temperature, 
but change into gaseous phase at body temperature after 
intravenous administration. They are enclosed in micro-
spheres with protein coverings with 2–5 micron diameter. 
After i.v. administration, they transit through the right 
heart, lungs, and left heart chambers. This improves the 
visualization of these chambers and is used routinely in 
patients with poor echogenic windows or with difficulty 
in visualizing the endocardial borders. After reaching 
aorta, they also transit through the myocardium with 
the coronary flow and result in myocardial blush. Thus 
myocardial perfusion can be imaged at rest and with 
exercise or pharmacological stress. Whereas, their use is 
now routine for LV imaging in patients with poor echo-
genic windows and suboptimal endocardial definition, 
study of myocardial perfusion remains technically chal-
lenging and unreliable. These agents did not get FDA 
approval for imaging myocardial perfusion.

CT Imaging

Dramatic advances in the technology of CT imaging 
now permit noninvasive coronary angiography using 
intravenous injection of the contrast [70–75]. This has 
been made possible by simultaneous acquisition of 
64–320 transaxial slices of 0.5–2.0 mm thickness using 
X-ray tubes and detectors mounted on a gantry capable of 
rotating at extremely fast speeds in a spiral fashion so as 
to be able to image the entire heart in only a few seconds. 
Iodinated contrast agents are injected intravenously as 
a short infusion. As soon as the contrast reaches the 
ascending aorta, CT imaging is started and completed 
within the next few seconds. The images are processed 
off-line to visualize the coronary arteries. Highly sophis-
ticated and technically complex software are used to 
process the raw data to extract the 3-dimensional coro-
nary anatomy from these images. Some of the limitations 
of earlier imaging such as high radiation exposure have 
now been addressed by the use of prospective gating 
of the heart, which allows imaging to occur only dur-
ing diastole. This has significantly reduced the radiation 
exposure to the patient. Additional CT images can be 
acquired prior to the injection of the contrast agent to 
quantify the extent and severity of coronary arterial cal-
cification. Apart from the coronary arteries, the anatomy 
of cardiac chambers, aortic root, and pulmonary veins 
can also be studied in great detail.

Undoubtedly, CT imaging of the heart is a great tech-
nical marvel. However, the indications for its use remain 
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somewhat unclear at this point. Whereas, the resolu-
tion of cardiac CT images is good, it is not anywhere 
close to that of standard invasive coronary angiogra-
phy. Therefore, CT coronary angiography remains as a 
screening tool to detect high-grade CAD, which would 
require invasive coronary angiography. If a patient is 
found to have severe multivessel CAD on CT angiog-
raphy and warrants consideration for coronary bypass 
surgery, one cannot proceed with surgery based on CT 
angiographic information alone. A standard invasive 
coronary angiography is still required.

The indications for CT coronary angiography remains 
inadequately defined. Patients with equivocal stress MPI 
or stress echocardiography can perhaps be considered 
for CT coronary angiography. Another group of patients 
where CT coronary angiography has been studied is the 
group of patients presenting with chest pain to the emer-
gency department, with no definite evidence of acute 
myocardial infarction based on initial clinical evaluation, 
electrocardiography, and cardiac enzymes. Only a small 
percentage of these patients do turn out to have acute 
coronary syndrome. A rapid triage of these patients is 
required to identify those who would warrant hospitaliza-
tion and further invasive coronary angiography, whereas 
the remaining patients with no acute coronary syndrome 
can be safely discharged from the emergency department. 
Several studies have shown CT coronary angiography to 
be effective in triaging these patients in a shorter time 
compared to the more conventional tests such as stress 
MPI or stress echocardiography. However, patient enroll-
ment in these studies was limited to the standard working 
hours during week days when expertize to perform and 
interpret CT coronary angiography is readily available. 
Furthermore, it remains unclear whether patient outcome 
was any better in patients undergoing CT coronary angi-
ography compared to standard stress testing approach. 
However, there was a greater utilization of invasive coro-
nary angiography and revascularization procedures com-
pared to the patients undergoing stress testing.

Recently cardiac CT has also been utilized to study 
myocardial perfusion by performing cardiac CT at base-
line and following administration of adenosine or regad-
enoson [74,75]. Transient opacification of myocardium 
following contrast injection at rest and with pharma-
cological coronary vasodilation provides information 
about the functional significance of coronary luminal 
narrowing. However, this technique is still investiga-
tional at this stage.

Further studies are required to establish the indica-
tion for CT coronary angiography in clinical practice.

MR Imaging

MR imaging provides a very high-quality images of 
the chambers of the heart, myocardium, cardiac valves, 

and vascular structures. MR contrast images can also 
provide information about the presence of myocardial 
scar, viability as well as myocardial perfusion [76,77]. 
This technique is described in detail in a separate chapter.

CONCLUSION

Noninvasive cardiac imaging techniques have played 
a crucial role in the evaluation of patients with definite or 
suspected CAD and for optimal and cost-effective utiliza-
tion of various therapeutic options. Nuclear MPI is the 
most important and most widely used technique. This 
provides important diagnostic and very powerful prog-
nostic information in males as well as in females and in all 
subsets of the patient population: suspected CAD, known 
CAD, and following acute myocardial infarction. Newer 
imaging modalities including stress echocardiography, 
cardiac CT, and MR are slowly making inroads into this 
field and their use is likely to increase in the coming years.
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INTRODUCTION

Patients with coronary artery disease (CAD) can be 
at increased risk for sustained ventricular arrhythmias 
(VAs) that may cause significant morbidity and mor-
tality. While not all VA in this population will lead to 
sudden cardiac death (SCD), they may have prognostic 
value in predicting those at risk. While the preponder-
ance of VA management decisions will take place in 
the setting of chronic ischemic cardiomyopathy (ICM), 
VA may also occur in the setting of ischemia and acute 
coronary syndromes. The development of the implant-
able cardiac defibrillator (ICD) has revolutionized the 
prevention of SCD, but to believe that the management 
of VA in this patient population starts and ends with 
implantation is a disservice to the patient. This chapter 
will discuss management of VA in both the setting of 
acute ischemia/infarction and in chronic ICM. A detailed 
discussion of the primary prevention of VA and SCD in 
CAD is beyond the scope of this chapter.

VAs IN THE SETTING OF ACUTE 
ISCHEMIA AND INFARCTION

Incidence

Ventricular tachyarrhythmias occurring during 
acute ischemia or infarction are associated with a poor 
prognosis. Data from GUSTO-1 [1] indicate that, in the 
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thrombolytic era, VA occurred during acute ischemia or 
infarction in 10.2% of patients, with 3.5% presenting 
with sustained ventricular tachycardia (VT), 4.1% with 
ventricular fibrillation (VF), and 2.7% with both. The 
vast majority occurred within the first 48 h (80–85%). 
Risk factors for developing VT or VF acutely included 
older age, hypertension, prior myocardial infarction 
(MI), higher Killip class, anterior infarct, and depressed 
ejection fraction. Interestingly, these data indicate that 
both early (<2 days) and late (>2 days) occurrences of 
sustained VT or VF were associated with a higher risk of 
subsequent mortality, and having both VT and VF was 
a worse prognostic indicator than having either alone.

In the era of primary percutaneous coronary interven-
tion (PCI), data from the APEX AMI trial [2] in high-risk 
ST-elevation MI patients indicated that 329 out of 5745 
patients (5.7%) presenting for primary PCI had VT and/
or VF, with 90% occurring within 48 h of presentation 
(and 64% before the end of their cardiac catheteriza-
tion). Patients with VT/VF had a higher 90-day mortal-
ity compared with those without VT/VF (23.2% vs 3.6%; 
unadjusted hazard ratio 7.33, adjusted hazard ratio 3.63), 
with most of the excess in mortality occurring within the 
first 30 days. In addition, outcomes were worse if VT/
VF occurred late (i.e., after the cardiac catheterization) 
instead of early (90-day mortality of 33.3% vs 17.2%).

In perhaps a lower risk ST-elevation MI patient popu-
lation, the PAMI investigators [3] reported occurrence of 
VT/VF in 133 or 3065 patients (4.3%) during PCI. In con-
trast to the APEX AMI data, when comparing patients 
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with and without VT/VF there was no difference in in-
hospital mortality (3.0% vs 2.9%, respectively; p = 0.79) 
or mortality at 1 year (4.5% vs 5.5%; p = 0.72).

In non-ST-segment-elevation acute coronary syn-
dromes, data from the EARLY ACS trial [4], which 
enrolled 9211 patients, indicate that the cumulative inci-
dence of VT/VF was 1.5%, with 0.6% occurring within 
48 h, and 0.9% occurring after 48 h. Predictors of VT/VF 
included prior heart failure, ejection fraction less than 
30%, and 3-vessel CAD. Patients with VT/VF within 48 h 
had a higher 30-day mortality than those who did not 
have VT/VF within 48 h (13.0% vs 2.2%; adjusted odds 
ratio 6.73), and this risk persisted at 1 year. However, the 
risk of mortality in patients with VT/VF after 48 h was 
greater than for those having VT/VF within 48 h (hazard 
ratio 20.70 vs 7.45, respectively; compared with patients 
without VT/VF).

Substrate and Mechanism

Sustained VA in the setting of MI or injury occur 
due to the interplay of many different factors, including 
necrosis, reperfusion, the healing process, scar forma-
tion, electrolyte abnormalities, and autonomic changes. 
Animal studies have shown that the amount of ischemic 
injury and myocardial hypoperfusion is correlated with 
the rate of free radical formation with reperfusion, and 
reperfusion arrhythmias [5]. In addition, an increase in 
heart rate exacerbates the ischemic injury and increases 
the incidence of reperfusion arrhythmias [6].

With respect to VA associated with RCA infarct, one 
possible mechanism includes increased vagal tone via 
the Bezold–Jarisch reflex leading to a compensatory 
increase in sympathetic tone [7].

Treatment

For VA arising due to acute ischemia or injury, ther-
apy for the underlying cause of ischemia should be initi-
ated, including primary PCI, as indicated. In addition, 
correction of electrolyte disturbances, especially hypo-
magnesemia and hypokalemia, is recommended due to 
their potential contribution to VF. The use of β-blockers 
is associated with lower mortality in acute MI compli-
cated by VA. In the VALIANT Registry, in patients with 
sustained VT/VF, β-blocker therapy in the first 24 h after 
acute MI was associated with decreased early mortality 
without worsening heart failure (relative risk 0.28; p = 
0.013) [8].

VF should be immediately defibrillated using a non-
synchronized mode. For sustained monomorphic VT 
that is hemodyamically unstable, synchronized car-
dioversion should be immediately performed. If VT 
is hemodynamically tolerated, a 12-lead electrocardio-
gram should be performed and analyzed, followed by 

intravenous antiarrhythmic therapy. Specifically, intra-
venous procainamide or amiodarone is recommended 
for patients with recurrent or incessant polymorphic VT 
due to acute myocardial ischemia, following revascular-
ization and β-blockade (Class I indication). Intravenous 
procainamide is also reasonable for initial treatment of 
patients with stable sustained monomorphic VT (Class 
IIa indication), as is intravenous amiodarone for patients 
with hemodynamically unstable monomorphic VT 
refractory to conversion with countershock (Class IIa 
indication). Lidocaine may also be useful for treatment of 
stable monomorphic VT or polymorphic VT specifically 
associated with acute myocardial ischemia or infarction 
(Class IIb indication) [9]. Catheter ablation (CA) may be 
considered for patients with recurrent polymorphic VT 
or VF when there is a consistent PVC morphology that 
triggers these arrhythmias, or for recurring or incessant 
monomorphic VT [10].

VAs IN THE SETTING OF ICM

Incidence

The risk of VAs remains after the initial phases of 
acute MI and can present in variable ways. Patients can 
experience sustained, nonfatal VT post MI, but more 
concerning is the risk of SCD, presumably due to hemo-
dynamically significant VT or VF. While the exact inci-
dence of these arrhythmias as the cause of SCD is not 
clear, the advent of the ICD for primary prevention of 
SCD does allow for some estimate of the frequency of 
these arrhythmias in the ICM population. Two trials 
showed a mortality benefit of the ICD in patients with 
ICM, decreased EF with nonsustained VT and inducible 
sustained VT at electrophysiology study (EPS) [11,12]. 
The Multicenter Automatic Defibrillator Implantation 
Trial (MADIT) [11] randomized 196 patients with ICM 
and EF less than or equal to 35% to receive standard 
medical therapy or an ICD. The ICD arm experienced 
a 0.46 hazard ratio for all-cause mortality (95% confi-
dence interval, 0.26–0.82; p = 0.009) and a numerically 
decreased rate of arrhythmic death (13 in control group, 
3 in ICD group) [11]. There was also a decrease in non-
arrhythmic cardiac death in the ICD group (13 vs 7), felt 
by the investigators to reflect the difficulty in classify-
ing cause of death [11]. As such, assuming six of these 
deaths were actually arrhythmic, approximately 20% of 
this population would experience arrhythmic SCD at 
5 years. While EPS identifies a higher risk primary pre-
vention population, patients with NSVT without induc-
ible VA still have a cardiac arrest or arrhythmic death 
rate of 12% at 2 years and 24% at 5 years [13].

The MADIT II did not require NSVT or EPS, random-
izing patients with ICM and EF of 30% or less to standard 
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therapy or primary prophylaxis ICD. A hazard ratio of 
0.69 (95% confidence interval 0.51–0.93; p = 0.016) for 
all-cause mortality was seen in the ICD group [14]. In a 
follow-up study of the MADIT II, the 720 subjects that 
received an ICD were evaluated for device-treated VA. 
An analysis of first-treated arrhythmia revealed that by 
3 years, 19% of subjects received therapy for VT as their 
first VA while only 4% received therapy for VF as the 
first VA. Of the 701 treated VA episodes, 84% were for 
VT, the remainder being for VF [15].

Substrate and Mechanism of VAs

After an acute MI, the infarcted territory undergoes 
fibrosis. Scar deposition is rarely a homogeneous pro-
cess; usually, surviving myocardial fibers are inter-
spersed in areas of fibrosis [16]. While these surviving 
fibers do not participate in systolic function, they are 
capable of impulse conduction and do so during sinus 
rhythm [16–18]. Conduction in infarcted areas is gener-
ally slow due to decreased gap junctions at the interca-
lated disks and also due to more frequent conduction 
between parallel myocytes, leading to nonlinear, “zig-
zag” conduction [19,20]. Action potential characteristics 
in chronically infarcted areas have been shown to be 
normal in animal studies [21–23]. These areas of sur-
viving myocardium within scar display longer refrac-
tory periods and thus encounter transient unidirectional 
block due to premature ventricular contractions (PVCs) 
or changes in heart rate (such as supraventricular tachy-
cardia) [24]. The mechanism of these PVCs that initiate 
reentry is not completely understood, but likely result 
from abnormal automaticity of poorly coupled myo-
cytes [25,26]. Due to slow conduction in this “critical 
isthmus” of tissue, the site of unidirectional block has 
time to recover conduction. This allows for a reentrant 

circuit to be established within the scar (Figure 12.1). The 
initiating PVC may originate from the area of scar that 
connects the critical isthmus to the normal myocardium; 
the exit site [27]. The mechanistic underpinning for VF 
initiation is heterogeneity in ventricular refractoriness, 
especially in regions of myocardial scar, leading to unidi-
rectional conduction block and the formation of multiple 
reentrant wavelets [28,29]. The initiation of VF in ICM 
can be due to VT or PVC [30,31].

Prevention of Recurrence

The remainder of this chapter will discuss the man-
agement of VA in chronic ICM (secondary prevention). 
Much of the literature on this subject includes patients 
with ICM as well as those with other forms of cardiomy-
opathy (CMP). This management is rife with paradox. 
It is important to note that VA prevention and SCD pre-
vention are not one and the same. The prevention of the 
latter rests solely in the hands of the ICD, which does 
not actually prevent, merely terminates, VA. While life-
saving, the delivery of high-energy shocks from the ICD 
is associated with much morbidity and mortality and 
paradoxically requires interventions to prevent them 
altogether.

MEDICAL THERAPY

Antiarrhythmic Drugs

Antiarrhythmic drugs that act directly on the ion 
channels subtending the cardiac action potential can 
be effective in decreasing the burden of VA, but not 
enough to impart protection from SCD, and therefore, 
their use is largely adjuvant to prevent ICD therapies. 

FIGURE 12.1 Critical isthmus conduction. Each panel displays an area of myocardial scar composed of dense fibrosis (blue shapes) flank-
ing a zone of surviving myocardium displaying slow conduction (red stippled area), within normal myocardium (red). Left Panel: Conduction 
during sinus rhythm enters the isthmus from both sides. These wavefronts (yellow arrows) collide inside the isthmus. Middle Panel: A premature 
ventricular beat (yellow sun) occurs during the isthmus refractory period and conduction is blocked into the near side of the isthmus (black bar), 
but the wavefront (yellow arcs) conducts around the scar allowing time for the far side of the isthmus to recover excitability. Right Panel: As the 
wavefront (dashed arrow) enters the far side of the isthmus, it conducts slowly, allowing for the near side of the isthmus to recover excitability, 
therefore enabling reentry.
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Proarrhythmia can increase the risk of SCD in patients 
with CMP [32,33]. Sotalol has been shown to decrease 
ICD shocks or death from any cause by 44% compared 
to placebo in patients with ICD for secondary preven-
tion [34]. The OPTIC trial randomized patients receiv-
ing ICD shocks for VA to three AAD arms: Amiodarone 
plus β-blockers, sotalol, and β-blockers alone. At 1 year, 
the percentage of patients receiving ICD therapy for 
VA (ATP or shocks) was as follows: Amiodarone plus 
β-blockers 13%, followed by sotalol 38.9%, and then 
β-blockers alone 45% [35]. Of note, the rate of drug 
discontinuation was 18.2% for amiodarone and 23.5% 
for sotalol (vs 5.3% for β-blocker alone), due to side 
effects [35], highlighting a significant issue with AAD 
treatment. Additionally, an 11-year follow-up of the 
Canadian Implantable Defibrillator Study (CIDS) trial 
showed a 5.5% per year mortality and a 50% discontinu-
ation rate with amiodarone therapy [36]. One other Class 
III AAD has been suggested to decrease ICD therapy for 
VA; dofetilide. In one brief observational report, 50% 
of patients had a decrease in ICD therapies after start-
ing treatment with dofetilide [37]. Additionally, Baquero 
et  al. found a significant reduction in monthly VT/VF 
episodes (1.8 ± 4.5/month before vs 1.0 ± 3.5/month on 
dofetilide, p = 0.006) in 30 patients with ICDs that had 
failed at least one other AAD (63% amiodarone) [38].

β-Blocker
β-Blockers are considered a Class II AAD in the 

Vaughan-Williams classification. In addition to positive 
effects on mortality in patients with prior MI, data sug-
gest a decrease in recurrent VA as well. Observational 
studies in patients with prior SCD and hemodynami-
cally relevant VT have reported a decrease in recurrence 
[33,39,40]. Hallstrom et al. [33] reported an adjusted rela-
tive risk reduction of 38% related to β-blocker therapy in 
survivors of cardiac arrest. In this same study, a higher 
mortality was seen with AAD use. In the Antiarrhythmics 
Versus Implantable Defibrillators (AVID) registry [39], 
patients on β-blocker but not treated with AAD or ICD 
showed an approximately 50% reduction in adjusted rel-
ative risk of mortality due to β-blocker therapy. Hreybe 
et al. also showed an increase in time to first ICD shock 
for VA in patients treated with β-blocker compared to 
those that were not [40]. In a randomized comparison 
to sotalol, metoprolol [41] showed a greater survival free 
of ventricular tachyarrhythmias in patients with implant-
able defibrillators. This is in contrast to the OPTIC trial, 
which showed greater efficacy for sotalol [35].

Nontraditional Agents

While many agents lacking direct ion channel effects 
have been shown to prevent SCD, few have been shown 
to prevent the recurrence of VA. It is important to 

remember that most of these agents may act in prevent-
ing the formation/progression of the substrate that leads 
to VA, thus enacting an indirect “antiarrhythmic” effect. 
Agents such as angiotensin-converting enzyme inhibi-
tors, angiotensin receptor blockers, aldosterone inhibi-
tors, and HMG-CoA reductase inhibitors have not been 
shown to prevent recurrence of VA.

Fish Oil
Poly-unsaturated fatty acids (PUFAs) commonly 

found in the oil of certain fish may have antiarrhythmic 
effects to prevent recurrences of VA. The data on these 
compounds is somewhat contradictory. While some 
studies suggest a benefit [42–44], others have shown an 
effect [45] or an actual increase in VA in patients with 
ICD [46], leading to increased therapies. A recent meta-
analysis of over 30,000 patients in nine trials showed no 
significant effect on VA [47]. At this time, PUFA cannot be 
recommended as a viable treatment for VA suppression.

Anti-Anginal Agents

The recent addition of ranolazine to the anti-anginal 
armamentarium has led to discovery of antiarrhythmic 
properties of this drug, following in the footsteps of 
amiodarone. Ranolazine is a late sodium channel blocker 
that has antiarrhythmic properties [48]. While no ran-
domized trials have shown definitive efficacy for VA, 
case reports and series do suggest this compound may 
have promise [49–51]. These reports have mostly been 
in patients with recurrent PVCs or ICD therapies for VA 
who were also on traditional AAD that were ineffective 
(usually amiodarone). The addition of ranolazine coin-
cided with an interruption of VT storm or suppression 
of further ICD therapies [49–51].

IMPLANTABLE CARDIAC 
DEFIBRILLATOR

The utility of the ICD in primary and secondary 
prevention of SCD in patients at risk is supported by 
multiple randomized, multicenter trials, establishing 
this device as the first-line therapy in patients with ICM 
and VA. It is important to note that while the ICD does 
prevent SCD, it does NOT prevent VA. Sustained VAs 
are terminated either with a high-energy shock or, if 
monomorphic VT of a rate slow enough to respond, with 
anti-tachycardia pacing (ATP).

Secondary Prevention Trials

There are three randomized trials of ICD for second-
ary prevention of SCD from VA. Two of these trials, the 
CIDS [52] and the CASH [53], showed a nonsignificant 
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decrease in total mortality. CIDS also showed a non-
significant decrease in arrhythmic death, while CASH 
did show a significant reduction in recurrent SCD. Of 
note, CIDS also included patients with syncope from 
VT, VT greater than 150 bpm with presyncope or angina 
and an EF less than 35%, or unmonitored syncope 
with subsequent VT greater than 10 s or sustained VT 
induced at electrophysiologic study. Both trials com-
pared the ICD to amiodarone. Additionally, CASH 
included treatment arms consisting of metoprolol and 
propafenone. While the metoprolol arm showed similar 
results to amiodarone, the propafenone arm was discon-
tinued early after showing an unacceptably high mortal-
ity rate.

The Antiarrhythmics Versus Implantable Defibril-
lators (AVID) randomized over 1000 subjects to initial 
treatment with an ICD or treatment with an AAD (amio-
darone or sotalol) in patients with VF or VT with syn-
cope, or VT with EF less than 40% and symptoms of 
hemodynamic compromise [54]. As opposed to CIDS 
and CASH, AVID showed a clear mortality benefit at 
1, 2, and 3 years of follow-up as compared to AAD 
(89.3% vs 82.3%, 81.6% vs 74.7%, and 75.4% vs 64.1%, 
respectively, p < 0.02). These three trials were instru-
mental in establishing the ICD as first-line therapy for 
hemodynamically significant VA in patients with CMP. 
It is, however, important to note that these trials do not 
address those patients with hemodynamically tolerated 
VT, or those with ICM and normal/near-normal ven-
tricular function, these data have been generalized to 
these patient populations in the guidelines [55].

While the ICD has been a life-saving therapy for many 
patients with VA and CMP, it is by no means infallible. 
Sudden death can still occur at a rate of about 1.3–4.5% 
[56–59] with 16–38% due to refractory VA [60,61].

Cardiac Resynchronization

Cardiac resynchronization therapy (CRT) has been a 
great advance in device therapy for patients with CHF. 
The primary effect of CRT is on clinical CHF symptoms, 
but many have reported a decrease in VA as well [62,63]. 
The mechanism for this is likely multifactorial, includ-
ing improvement in clinical CHF class, reverse remodel-
ing, and direct electrophysiologic effects [62,64,65]. That 
said, it must be noted that a number of case reports 
and series have described the initiation of VT storm in 
some patients after institution of CRT [66–69], likely 
due to direct stimulation of the substrate responsible 
(infarcted area) for reentrant VA [70] and increased dis-
persion of repolarization [71]. As no randomized trials 
have been designed to specifically determine if CRT is 
antiarrhythmic, VA alone is not an indication for CRT 
and patients should meet traditional criteria for implan-
tation as well.

Shock Morbidity and Mortality

Additionally, ICD therapies can cause significant psy-
chological morbidity. There is a dose-dependent effect of 
shock frequency on the development of anxiety-related 
disorders (panic disorder, agoraphobia, and generalized 
anxiety) and depression [72,73]. Ironically, depression 
can lead to an increase in ICD therapies [74] as well.

In a seeming paradox, recent data has shown an asso-
ciation between ICD shocks and increased mortality. In 
an analysis of the Sudden Cardiac Death in Heart Failure 
(SCD HeFT) trial, patients that experienced appropriate 
shocks had a hazard ratio of 5.68 for mortality [75]. It is 
unclear if shocks contribute to, or are simply a marker 
for, risk of death. Those with a high burden of VA may 
simply have more advanced disease. One would expect 
that those being treated with ATP (see below) would 
have the same mortality if this were so. Data regarding 
this are conflicting [76–78]. Most recently, an analysis 
of the Multicenter Automatic Defibrillator Implantation 
Trial-Reduce Inappropriate Therapy (MADIT-RIT) trial 
[79] showed that appropriate shocks increased mortal-
ity, while appropriate ATP did not; however, any inap-
propriate therapies (shocks or ATP for supraventricular 
tachyarrhythmias) were also associated with higher 
mortality [80]. The authors concluded that this study 
does provide evidence of the link between ICD shocks 
for VA and mortality.

Shock Prevention

Due to the clear morbidity and possible mortality 
associated with ICD shocks, it is imperative to prevent 
recurrence. While AAD can be effective in preventing 
recurrent shocks for VA as discussed above, evidence-
supported ICD programming is crucial in preventing 
the delivery of shocks that may not be necessary in the 
first instance.

Modern ICDs are not only capable of delivering 
shocks to treat VA, but can also attempt to terminate 
VT by overdrive pacing, or ATP. ATP terminates VT 
by causing conduction block within the VT circuit [81], 
without the discomfort and potential morbidity of ICD 
shocks. While originally applied only to slower VT due 
to the fear of inefficacy, syncope, and acceleration to 
VF when utilized for VT greater than 200 bpm, subse-
quent studies largely dispelled these concerns [82,83]. 
The PainFree Rx II trial randomized patients to receive 
ATP versus shocks for VT of rates 188–250 bpm [83]. 
The investigators found that ATP effectively terminated 
fast VTs in 81% of episodes without any difference in 
mortality, syncope, or acceleration of VT to VF [83]. 
Additionally, the investigators detected an improvement 
in quality of life in the ATP arm over that seen in the 
shock arm [83].
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Since the results of the PainFree Rx II trial, many 
trials have evaluated overall programming protocols to 
reduce the incidence of ICD shocks. These trials have uti-
lized ATP as well as delaying the delivery of therapies in 
the hopes that VA may actually prove to be nonsustained 
and terminate spontaneously without any detriment to 
the patient. In addition, therapies for slower VT have 
been minimized in the belief that they pose little risk 
for sudden death.

The aforementioned MADIT-RIT trial compared three 
ICD programming protocols in a primary prevention 
population: A “standard” protocol that would treat VT 
of 170–200 bpm within 2.5 s and greater than 200 bpm 
after 1 s; a “delayed therapy” protocol that would treat 
VT 170–200 bpm after 60 s of tachycardia, 200–249 bpm 
after 12 s, and greater than 250 bpm after 2.5 s; and a 
“high-rate” protocol that would treat only VA greater 
than 200 bpm after 2.5 s [79]. ATP was utilized in all 
arms of the trial. This trial showed a significant reduc-
tion in mortality, appropriate therapies (mostly ATP) 
and inappropriate therapies in both the delayed ther-
apy and high-rate protocols compared with the standard 
programming, thus proving that more conservative ICD 
programming is preferable in primary prevention ICD 
recipients [79].

The Effect of Long-Detection Interval versus Standard-
Detection Interval for Implantable Cardioverter-
Defibrillators on Antitachycardia Pacing and Shock 
Delivery (ADVANCE III) trial [84] also evaluated delay-
ing ICD therapy delivery, but in both primary and sec-
ondary prevention ICD recipients. In this trial, prolonged 
detection time was defined by number of intervals in the 
tachycardia zone (30 out of 40 in the prolonged detec-
tion group; 18 out of 24 for the control group). For pri-
mary prevention patients, VA greater than 188 bpm were 
treated, whereas in the secondary prevention group, VA 
detection was based on the patients clinical tachycardia 
[84]. This trial also showed a decrease in both appro-
priate and inappropriate ICD therapies with prolonged 
detection time, but without any difference in mortality 
[84]. In a subgroup analysis of the secondary prevention 
patients in ADVANCE III, the prolonged detection arm 
experienced the same results [85].

Ablation

CA for the treatment of VA has evolved substan-
tially over the past few decades, vastly aided by greater 
understanding of the arrhythmogenic substrate, as well 
as technological advances in computer mapping systems 
and delivery of ablation energy. Initially only an option 
in the minority of patients with hemodynamically stable 
VT, CA can now be offered to most patients with VT and 
VF in the setting of ICM.

Ablation of monomorphic VT in the setting of remote 
MI requires detailed mapping of the substrate area 
responsible for the arrhythmia. The critical isthmus of 
the VT circuit (see above) is located within scar utiliz-
ing electrode-tipped catheters and rendered electrically 
inert with ablation energy (most frequently radiofre-
quency electrical energy). This technique is based on 
the early experience of surgical subendocardial resection 
of infarcted myocardium pioneered at the University 
of Pennsylvania [86,87]. CA offers a minimally inva-
sive approach with less morbidity and has largely sup-
planted surgical resection.

Contemporary VT ablation utilizes modern tools 
to enhance both the mapping and ablation processes. 
Computer mapping systems are able to follow catheter 
movements in three-dimensional (3D) space and collect 
data points that denote location and electrical param-
eters such as activation timing and tissue voltage [88]. 
These “electroanatomic mapping systems” allow for the 
reproduction of the endocardial and/or epicardial sur-
face in the computer space, which can be used to guide 
catheter manipulation with minimal fluoroscopy [89]. 
Locations with signals of interest can be tagged on the 
reconstructed geometry and revisited for ablation later 
in the procedure (Figure 12.2). Signals showing low volt-
age consistent with scar/fibrosis, especially those that 
display multicomponent fractionation, can be involved 
in VT circuits [17,18,90,91].

Mapping can be performed during sinus rhythm and 
VT. A voltage map is often constructed during sinus 
rhythm to locate areas of scar [92]. A mapping catheter 
is moved throughout the ventricle and placed in contact 
with the myocardium over many cardiac cycles. A 3D 
geometry of the chamber is created on the mapping 
system. Confluent areas of low voltage are color-coded 
and fractionated signals and late potentials (occurring 
after the end of the QRS complex) are tagged on the 
map to be revisited after VT is induced. If the VT is 
hemodynamically tolerated, the circuit can be mapped 
by annotating the activation timing at sites throughout 
the chamber in reference to the QRS complex and per-
forming pacing maneuvers to prove the site is a part 
of the circuit [93–95]. The critical isthmus will display 
activation during diastole (between QRS complexes), 
as this low-voltage activity in the scar cannot be seen on 
the surface ECG. Once this critical isthmus is defined, 
ablation can terminate the VT and prevent recurrence 
[95,96]. In addition, patients that exhibit frequent PVC 
may benefit from their ablation by better targeting reen-
trant VT and allowing for some improvement in LV 
function [27,97,98].

Unfortunately, most VT (~90% [99]) are not hemody-
namically tolerated long enough for traditional map-
ping. Modern techniques for VT mapping and ablation 
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focus on modification of the scar (“substrate modifica-
tion”) guided by induced VT that is quickly terminated. 
The potential critical isthmus of an observed VT can 
be located by pacing inside the scar area (“pacemap-
ping”) during a stable rhythm (sinus or right ventricu-
lar paced rhythm). If the resultant paced QRS matches 
the VT QRS, the site is likely at or near the isthmus 
and is ablated [100,101]. During most VT ablation pro-
cedures, a combination of mapping during VT that is 
tolerated, and pacemapping those that are not, is utilized 
to maximize outcomes. It is important to note that mul-
tiple VT can often be induced during a single procedure 
and that outcomes are best if all are targeted [102,103]. 
Observational studies of this approach in ICM patients 
[103] and both ICM and NICM patients [100] experienc-
ing frequent ICD shocks for VT showed a significant 
reduction in episodes after ablation.

The most current ablation techniques consist of exten-
sive ablation targeting all signals that display evidence of 
slow conduction in the hope of interrupting all possible 
VT circuits. The complete elimination of all these sites, 
both endocardially and epicardially, does show promise 
and does predict long-term success independent of non-
inducibility of VT at the end of a procedure [104,105].

Two randomized trials of VT ablation in patients with 
ICM have been published. The Prophylactic Catheter 
Ablation for the Prevention of Defibrillator Therapy 
(SMASH-VT) trial randomized 128 patients with a recent 

implantation of ICD for VA or had a recent ICD ther-
apy for VA after a recent implant, to ablation (substrate 
modification) or standard medical therapy (patients on 
Class I or III AAD were excluded). There was a significant 
decrease in ICD therapies between the standard medical 
therapy and ablation groups (33% vs 12%, p = 0.007) [106].

The Catheter Ablation of Stable Ventricular Tachy-
cardia Before Defibrillator Implantation in Patients with 
Coronary Heart Disease (VTACH) trial randomized 107 
patients with hemodynamically tolerated monomorphic 
VT to ablation prior to ICD implantation or ICD and 
standard medical therapy (without AAD) [107]. The 
ablation approach included traditional mapping of the 
stable VT and substrate modification as needed for other 
induced VT. The intention-to-treat analysis showed that 
the ablation group enjoyed a longer ICD therapy-free 
interval (18.6 vs 5.9 months) and greater VA-free sur-
vival at 2 years (47% vs 29%), with the greatest benefit 
seen in patients with EF greater than 30% [107]. A follow-
up on treatment analysis (13% of the ablation group did 
not undergo the procedure, 19% of the control group 
were ablated) did show a greater effect of ablation when 
compared to the intention-to-treat analysis: Relative risk 
reduction of VA 49% versus 39% and relative risk reduc-
tion in cardiac hospitalization 52% versus 45% [108].

While the majority of VT circuits in ICM can be 
ablated endocardially, some patients have extension 
of their substrate to the deeper myocardium and 

FIGURE 12.2 Electroanatomic map of endocardial scar in a patient with ischemic cardiomyopathy due to a large anteroseptal infarction. 
A large anteroseptal scar area is shown (dense scar in read, normal tissue in purple, border zone in yellow and green). The gray spheres indicate 
fibrotic areas without any voltage. Black, blue, and green spheres indicate areas with fractionated signals consistent with slow conduction zones. 
Red and pink spheres denote ablation lesion placement. A right anterior oblique view is on the left and a left anterior oblique view is on the right.
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epicardium (Figure 12.3). The advent of a percutane-
ous subxiphoid approach to accessing the pericardial 
space for VT ablation has allowed for targeting of many 
VT previously unaccessible [109,110]. The ability to 
identify and ablate mid-myocardial circuits remains a 
challenge. In refractory cases, selective intracoronary 
alcohol ablation can be effective, but needs to be used 
cautiously [111]. New ablation technologies able to 
deliver deeper lesions will hopefully address this issue 
in the near future [112,113].

Once considered an arrhythmia not amenable to abla-
tion, techniques to address VF have been pioneered over 
the past few years. As SMASH-VT suggests, ablation of 
VT has the additional effect of decreasing ICD therapies 
for VF as well [106], likely explained by the fact that 
many VF episodes begin as VT, but also likely due to 
the extensive substrate ablation. Specifically, surviving 
Purkinje fibers located in areas of scar can induce VF in 
ICM [114]. These areas can be identified as displaying 
early signals that precede the QRS during sinus rhythm 
and during ectopic beats. Ablation of these areas can 
prevent further VF episodes, even if the exact site of 
ectopic beat origination is not identified [114].

Despite the extensive body of literature on ablation 
and the expanding application to multiple VA substrates 
and areas of origin, a definitive mortality benefit has 
not been proven. Additionally, randomized comparisons 
with AAD or ICD have not been published. For these 
reasons, at this writing ablation of VA in SHD is largely 
adjunctive to the ICD in patients that fail, do not tolerate 
or do not wish to take AAD.

Autonomic Modulation

Based on the known benefits of β-adrenergic block-
ade previously discussed, and the success of left cardiac 
sympathetic denervation for long QT syndrome patients 
[115], invasive approaches to autonomic modulation 
have generated increasing interest for the treatment of 
VA in CMP. The stellate ganglia provide direct sympa-
thetic innervation to the heart. A number of case reports 
and series have investigated the surgical destruction of 
the lower third to half of the stellate ganglia for arrhyth-
mia control [116,117]. In 41 patients refractory to AAD 
and ablation for VA, Vaseghi et al. found bilateral stel-
late ganglia destruction more effective than left-sided 
ganglion destruction alone (ICD shock free survival 48% 
vs 30%, p = 0.04) [117].

The development of renal artery denervation for the 
treatment of hypertension has generated much interest 
in the effects on arrhythmia prevention. A number of 
case reports and series have displayed potential benefit 
in CMP patients with refractory VA [118–120]. These data 
must be tempered by uncertain efficacy of renal dener-
vation for the treatment of hypertension [121]. Lastly, 
direct spinal cord stimulation, which can help prevent 
angina by suppressing sympathetic effects on the heart, 
has been utilized in two patients with refractory VA with 
good effect [122]. These invasive approaches to cardiac 
sympathetic blockade offer unique insights into arrhyth-
mogenesis and offer potential future therapies, but have 
yet to be proven in large-scale trials.

FIGURE 12.3 Transmural infarction with epicardial scar. A large anterior infarction displays low endocardial voltage (END) encompassing 
the entire anterior/anteroseptal wall. This substrate extends to the epicardium (EPI) surrounding the left anterior descending artery (yellow 
dashed line). The left panel displays an electrogram (M1-M2) with a very delayed component epicardially (blue line) that occurs after the end 
of the sinus rhythm QRS complex, as displayed on the ECG leads under this signal. Color coding and spherical markers are displayed as in 
Figure 12.2.
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referenCes

CONCLUSIONS

The treatment of VA in patients with ICM has evolved 
over the decades from a primarily medical approach 
to one dominated by technology and invasive inter-
ventions. While the ICD has offered extended life to 
many patients, recurrent VAs are the cause of significant 
morbidity still. A complex, multi-modality approach by 
expert clinicians is necessary for successful manage-
ment of these patients. Future technological advances 
will allow for the effective treatment of more patients.
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INTRODUCTION

Invasive coronary angiography (ICA) and cardiac com-
puted tomographic angiography (CCTA) are currently 
used as the diagnostic tools to identify and characterize 
coronary artery disease in the epicardial coronary arteries. 
Coronary magnetic resonance angiography (MRA) is an 
emerging noninvasive imaging tool to evaluate the epicar-
dial coronary arteries. In this chapter, we will discuss the 
advantages of coronary MRA relative to ICA and CCTA, 
techniques involved in performing coronary MRA, indi-
cations for the use of coronary MRA, and clinical applica-
tions, clinical trial results, and future developments.

TECHNIQUE

Radiation and Contrast

Magnetic resonance imaging (MRI) has two advan-
tages compared to ICA and CCTA. MRI does not require 
the use of ionizing radiation and can be performed with-
out iodine-based contrast agents. MRI allows clinically 
reliable and validated information about the anatomy 
of coronary arteries to be obtained in conjunction with 
evaluation of function and wall motion in a single set-
ting without radiation or contrast agents. In certain 
scenarios, coronary MRA can be performed with stress 
agents to evaluate myocardial function and wall motion 
abnormalities, allowing for a comprehensive cardiac 
evaluation without radiation or contrast.
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Radiation

Medically related radiation exposure has increased in 
the United States. A New England Journal of Medicine 
report showed an increase in computed tomography 
(CT) imaging tests from 3 million in 1980 to 62 million 
in 2006 [1]. The growth in the use of CT imaging tests 
that use ionizing radiation has resulted in an increase in 
the overall radiation exposure to the population of the 
United States as well as the medically related radiation 
exposure [2,3]. The biological risks of radiation include 
deterministic effects and stochastic effects. While the 
precise dose relationship between ionizing radiation and 
malignancy is controversial, radiation remains a poten-
tial concern for both ICA and CCTA [4,5]. Coronary MRI 
does not use radiation in order to visualize the vessels. 
The technique, which will be discussed in subsequent 
sections, uses signal generated via a magnetic field to 
visualize the coronary arteries. The lack of use of radia-
tion removes both the stochastic and deterministic effects 
of radiation from the imaging modality.

Contrast Agents

ICA and CCTA require the use of contrast agents to 
visualize the blood vessels. While ICA requires a smaller 
volume of contrast due to its intra-arterial administration 
compared to the intravenous administration of contrast for 
CCTA, the use of contrast is not without risks. The risks 
include contrast induced nephropathy, urticaria, throat 
closure, and/or full blown anaphylaxis [6]. The risk of 
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contrast in patients with prior reactions increases and can 
require premedication using a combination of steroid and 
diphenhydramine, which may also potentially complicate 
the safety and efficiency of obtaining CCTA or ICA [6].

Coronary MRA does not necessarily require the use 
of a contrast agent. While visualization of the epicar-
dial coronary arteries can be done using signal from 
blood flow within the epicardial coronary arteries, intra-
venous contrast can be given to enhance visualization. 
When gadolinium is administered as part of the imaging 
protocol, the signal-to-noise ratio (SNR) can be signifi-
cantly improved [7]. Gadolinium has a favorable safety 
profile when used in cardiac imaging. Data from the 
EuroCMR registry show a favorable profile with a low 
risk of events (0.05–0.42%), depending on the type of 
agent used (linear nonionic gadodiamide vs linear ionic 
gadobenate dimeglumine) [8].

CORONARY MRA TECHNIQUE

The utilization of cardiac MRI is growing in the prac-
tice of cardiac imaging. Medical centers are increasingly 
incorporating cardiac MRI in the evaluation of ischemia 
and cardiomyopathy. However, use of coronary MRA 
is not as widespread. The use of coronary MRA is less 
than CCTA and ICA due to the technical requirements to 
obtain images. The requirements include an MRI scan-
ner with suitable field strength, special sequences to 
acquire the images, and expertise in interpretation.

FIELD STRENGTH

MRI scanners use a magnetic field to generate signal 
from flowing blood. The strength of the magnetic field 
contributes to the strength of the signal used to generate 
images. There are two clinically available field strengths 
to perform coronary MRA: 1.5 Tesla (1.5 T) and 3.0 Tesla 
(3.0 T). The use of a higher field strength scanner has  
the potential to improve the signal, thereby increasing the  
SNR, and hence generating higher quality images. 
However, while high field imaging has the opportunity 
to improve coronary imaging using MRI, challenges 
in high field imaging such as field inhomogeneity and 
signal absorption rate remain an area of continued 
investigation [9].

ACQUISITION TECHNIQUES  
AVAILABLE FOR CORONARY MRA

Three techniques have been described to per-
form coronary MRA: Electrocardiography-triggered, 
breath-hold, two-dimensional (2D) coronary MRA, 

electrocardiography-triggered, free-breathing, targeted 
(thin slab), three-dimensional (3D) coronary MRA, and 
whole-heart 3D coronary MRA acquisitions [9]. Coronary 
MRA techniques have evolved since the early 1990s with 
three generations of techniques available.

First/Early Generation Techniques  
(Breath-Hold, 2D Coronary MRA)

The 2D breath-hold technique was first described in 
1991, and allowed for respiration motion to be mini-
mized and imaging time to be shortened. The reduced 
imaging time was achieved by filling k-space (where 
data is stored and used to generate an image) over fewer 
heart beats to generate a single image. This modality 
was further enhanced by techniques to both improve 
vessel signal through imaging in diastole and minimize 
fat signal (fat suppression), and served as the prototype 
for coronary MRA in clinical use [10].

Second Generation Techniques  
(3D Coronary MRA with Respiratory Gating)

Three-dimensional imaging allowed longer segments 
of the coronary arteries to be visualized with shorter 
breath-holds. In 3D imaging, instead of a single slice of a 
vessel being imaged over a single breath-hold, multiple 
slices are obtained over a single breath-hold. This is fur-
ther enhanced by the use of respiratory gating which can 
be accomplished by one of two techniques. Respiratory 
bellows gating is an early technique that utilizes a belt 
containing a displacement transducer placed around the 
upper abdomen to assess respiratory motion and appro-
priately gate the images. Navigator gating (NAV) is a 
newer modality that utilizes an initial 30 ms pulse deliv-
ered about 50 ms prior to acquisition that excites the right 
hemi-diaphragm tissue to track the lung–liver interface. 
The location of the interface provides a criterion to accept 
or reject the corresponding data segment over multiple 
breaths and hence allows for images to be obtained with-
out breath-holding [10,11]. Respiratory bellows gating 
or navigator echo gating are used to identify the posi-
tion of the diaphragm or heart to obtain a free-breathing 
sequence [11]. The technique allows for high resolution 
data with high SNRs. Contrast agents may used in this 
technique to improve differentiation between the coro-
nary blood flow and the myocardium [12].

Third Generation Coronary MRA  
(3D Acquisitions with Breath-Hold)

Whole-heart 3D coronary MRA represents a way to 
obtain multiple slices of the coronary arterial tree with 
a single breath-hold. This modality combines complex 
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techniques to improve the spatial resolution and tem-
poral resolution [10].

CORONARY MRA COMPARED TO CCTA

In addition to the absence of ionizing radiation and 
the potential to avoid contrast use, coronary MRA has 
several advantages compared to CCTA when evaluating 
the epicardial vessels. Coronary MRA allows heavily cal-
cified vessels to be evaluated (in contrast to CCTA) and 
provides improved temporal resolution compared to 
CCTA (30 ms). The spatial resolution of coronary MRA, 
however, is higher compared to CCTA and the imaging 
time is longer, requiring greater operator expertise com-
pared to CCTA (Table 13.1).

CURRENT APPLICATIONS

Coronary Artery Disease

Coronary MRA has successfully been used to evalu-
ate the coronary arteries for the presence of atheromatous 
plaque and to evaluate the extent of stenosis within the epi-
cardial coronary arteries. Given the recent developments in 
the evaluation of the coronary artery disease it is helpful 
to understand how coronary MRA compares with ICA, an 
established technique and CCTA, a competing emerging 
technology to which coronary MRA is compared.

Coronary MRA Compared to ICA

Multiple studies have been performed comparing the 
sensitivity and specificity of Coronary MRA to ICA with 
each generation of coronary MRA techniques. First gen-
eration coronary MRA (2D breath-hold) had up to 90% 
sensitivity and 92% specificity in a study by Manning 

in the evaluable vessels [14]. Second-generation coro-
nary MRA with retrospective respiratory gating had 
up to 83% sensitivity and 94% specificity in a study by 
Kessler with 219 evaluable vessel segments [15]. Second-
generation coronary MRA with prospective respiratory 
gating had up to 93% sensitivity and 42% specificity in 
a study by Kim with 109 vessel segments [16]. Third-
generation Coronary MRA with 3D breath-holding had 
up to 86% sensitivity and 91% specificity in a study by 
Regenfus evaluating up to 82 vessel segments [17]. The 
data suggest that, while coronary MRA is not as sensi-
tive or specific as ICA, coronary MRA could still play a 
role in the evaluation of coronary artery disease as MRA 
imaging techniques become more refined.

CCTA COMPARED TO CORONARY MRA

A meta-analysis comparing CCTA to Coronary MRA 
on a per-patient basis shows that coronary MRA has an 
sensitivity of 87.1% and specificity of 70.3% compared to 
CCTA which itself has a sensitivity of 97.2% and speci-
ficity of 87.4%. This suggests a greater sensitivity and 
specificity for CCTA in the diagnosis of coronary artery 
disease [13,18]. The data, however, include a much larger 
pool of CCTA studies compared with coronary MRA 
which may partially account for the differences between 
modalities [13,18]. Though CCTA has a negative predic-
tive value in excess of 98%, coronary MRA may play 
a larger role in patients who are unable to undergo a 
CCTA due to severe CT contrast allergy or who wish to 
avoid ionizing radiation [19].

Plaque Characterization and Coronary MRA

The evaluation of atheromatous plaque in the coro-
nary arteries is challenging as a result of the cardiac 
and respiratory motion, the non-linear course of the ves-
sels, and the small vessel size [20]. While assessment 
of plaque burden has been successfully performed, 
plaque characterization has proved to be more difficult 
[19]. Atherosclerotic lesions in rabbit models have been 
successfully monitored for both atherosclerotic burden 
and plaque characterization [20]. Characterization of 
plaque in human subjects along with identification of 
high-risk plaque remains the subject of ongoing research 
involving intravascular MRI and pulse sequences [21]. 
Intravascular MRI involves two approaches, placing an 
intravascular coil to detect signal in an external mag-
netic field or a system design where the magnet coil 
and detector are combined into a signal catheter [22]. Ex 
vivo analysis of plaque type has been performed, while  
in vivo assessment remains the subject of continued 
investigation [21].

TABLE 13.1 CCtA versus Coronary MRA

Characteristic CCTA Coronary MRA

Ionizing radiation Yes No

Contrast media Yes Can be performed 
without

Temporal resolution 75–200 ms Can be <75 ms

Calcification Reduces 
accuracy

Less impacted by 
accuracy

Spatial resolution 0.6 mm At least 1.0 mm

Imaging time <10–15 s >10–15 s

Operator experience and cost Lower Higher

Source: Adapted from Ref. [13].
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Wall Characterization and Coronary MRA

The wall of the epicardial coronary arteries can be 
evaluated to examine for changes related to remodeling 
of the wall or changes in the mediators involved with 
inflammatory injury to the wall [23]. One marker that 
has been reported involves patients with Type 1 diabe-
tes or abnormal renal function who have increased wall 
thickness on black blood imaging [23,24].

Animal studies investigating new contrast agents that 
reflect increased endothelial permeability (albumin bound 
gadolinium agent) and/or increased neo-vascularization 
are being tested and show early promise [23,25]. Increased 
accumulation of iron-oxide particles reflects increased 
endothelial permeability and vessel wall inflammation 
from intraplaque macrophages in the carotid system, and 
may be able to be used as a marker in the coronary sys-
tem as coronary MRA matures and imaging technology 
advances [26]. Some molecules are being examined as 
molecular targets of inflammation, such as intercellular 
adhesion molecule-1 (ICAM-1), vascular adhesion mol-
ecule-1 (VCAM-1), or matrix metalloproteinase (MMP), 
and these may allow for early detection of endothelial 
inflammation [27]. Thrombus labeling using a fibrin-
specific contrast agent, and the targeting of elastin for 
the evaluation of extracellular matrix remodeling are new 
and promising techniques that may also contribute to the 
evaluation of plaque vulnerability [23].

Calcified Plaque and Coronary MRA

Patients with large amounts of calcified plaque are 
not ideal candidates to undergo a CCTA secondary to 
blooming artifact which reduces the sensitivity and 
accuracy of the study. In patients with calcium scores 
greater than 100, coronary MRA has a better diagnos-
tic performance and improved image quality compared 
to 64-slice CCTA [28]. Specifically, coronary segments 
with nodal calcification are of higher image quality com-
pared to those segments with diffuse calcification due to 
limits of spatial resolution in diffusely calcified vessel 
segments [28]. In addition the area under the curve in 
the receiver operating characteristic curves was higher 
in coronary MRA compared to 64-slice CCTA and the 
specificity of coronary MRA was higher compared to 
64-slice CCTA [28].

Prognostic Value of Coronary MRA

The value of coronary MRA extends beyond the diag-
nosis of coronary artery disease and detection of vessel 
stenosis and can provide prognostic value. In a study by 
Yoon, 207 patients who underwent whole-heart coronary 
MRA scanning were followed over a 25-month period 
[29]. The presence of significant stenosis on coronary 

MRA was associated with a greater than 20-fold hazard  
increased risk of a cardiac event (death, non-fatal  
myocardial infarction, unstable angina and late revascu-
larization), and a higher severe cardiac event rate and 
overall cardiac event rate [29]. This work indicates that 
a larger study is needed to better understand how coro-
nary MRA may yield prognostic information and where 
it might fit in the diagnosis and management of coronary 
artery disease.

ROLE OF CORONARY MRA IN  
SPECIFIC PATIENT POPULATIONS

Congenital Heart Disease

Congenital heart disease has an estimated preva-
lence of 0.4% in the population [30]. Coronary MRA, 
using free-breathing techniques has a role in evaluating 
coronary artery anomalies, particularly in the pediat-
ric population in an effort to minimize radiation expo-
sure. Most recently, free-breathing, 3D coronary MRA 
has been investigated as a tool to evaluate for coronary 
artery anomalies [31]. Monney showed that coronary 
MRA was a robust tool that accurately assessed the 
segmental cardiac anatomy in 93–96% of patients and 
successfully visualized the left anterior descending, left 
circumflex, and right coronary arteries in 93%, 87%, and 
98% of all patients [31].

Kawasaki Disease

Coronary MRA can have a role in the evaluation of 
patients with Kawasaki disease [32]. Whole-heart coro-
nary MRA can reveal not only the dilated lumen, but 
show the wall thickening of the vessel, thereby allowing 
for risk stratification and therapeutic monitoring [33,34]. 
Grell has shown that there was complete agreement 
between ICA and coronary MRA in detecting aneurysms 
with excellent agreement in determining maximal diam-
eter, length from the ostium, and length of the aneu-
rysms [33,34]. This technique may reduce the need for 
serial ICA and allow for better monitoring of response 
to treatment and progression of disease [33,34].

Coronary Artery Bypass Grafts

White described the role of coronary MRA in evaluat-
ing bypass grafts in 1988 [35]. MRA can be reasonably 
easily used to evaluate graft lesions due to the relative 
immobility of the bypass grafts throughout the cardiac 
cycle [36]. Coronary MRA has been shown to have a 
high specificity (93.8%) and sensitivity (89.9%) both for 
the detection and quantification of graft occlusion and 
for delineation of the path of the graft. Flow velocity 
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mapping can be used as a tool to quantify the severity of 
stenosis in bypass grafts [37,38]. An evolving challenge 
to evaluation of bypass grafts is artifact from metal clips 
which can obscure both the anastomotic sites and vari-
ous segments of the graft [23].

CONCLUSIONS

Coronary MRA is a technically complex imaging tool 
that is early in its life cycle. It continues to mature as an 
imaging tool that can be used not only for the evalua-
tion of coronary artery disease, bypass graft disease, and 
congenital anomalies, but also as a tool whose findings 
may have prognostic value. It remains an area of ongo-
ing research which seeks to combine molecular imaging 
and structural imaging, not only to examine stenotic 
lesions, but to identify markers of inflammation that can 
be used to determine areas at risk in the vascular wall.
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Coronary artery disease (CAD) is the leading cause 
of mortality internationally. Traditionally, CAD was 
assessed using coronary angiographic guidance. 
Significant lesions were determined by the coronary 
angiographer. However, interobserver variability dem-
onstrated a significant limitation of interpretation of 
coronary angiography [1]. In addition, stent deployment 
and apposition were evaluated based on angiographic 
appearance only. Risk factors for stent thrombosis and 
in-stent restenosis such as incomplete stent apposition, 
edge dissection, and thrombus presence were often not 
detected [2]. However, in the last 10 years, the field of 
interventional cardiology has benefitted from the use 
of more objective measures of the severity of CAD. 
Fractional flow reserve (FFR), intravascular ultrasound 
(IVUS), and optical coherence tomography (OCT) have 
assisted in determining the severity and exact compo-
sition of lesions. IVUS and OCT have also assisted in 
lesion characterization and have helped guide the per-
formance of percutaneous coronary interventions (PCI). 
This chapter describes these different technologies and 
discusses overlap and their impact on future clinical 
practice.

FRACTIONAL FLOW RESERVE

Over the last 10 years, FFR has become a reference 
standard for the invasive assessment of CAD. Its mea-
surement assesses the functional severity of coronary 
artery stenoses and the need for coronary revascular-
ization [3,4]. FFR is calculated by dividing the distal 
coronary pressure by the proximal coronary pressure 
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during maximal hyperemia [3]. In an ideal situation with 
no limitation to coronary flow, these pressures should 
be equal. The hemodynamic significance of a coronary 
lesion is determined by the ratio of these pressures. Pijils 
et  al. showed in follow-up of patients in the Deferral 
of Percutaneous Coronary Intervention (DEFER) study 
that an FFR cutoff of 0.75 was excellent in predicting 
5-year outcome after deferral of PCI of an intermediate 
coronary stenosis [5]. This study showed that PCI of a 
functionally nonsignificant stenosis indicated by a FFR 
of ≥0.75 is no benefit to the patient [5]. This study also 
showed that the coronary lesions at greatest risk of caus-
ing cardiovascular death or myocardial infarction are 
those that are functionally significant as indicated by a 
FFR < 0.75 [5].

The FFR versus Angiography for Guiding 
Percutaneous Coronary Intervention (FAME) trials fur-
ther solidified the role of FFR in the treatment of patients 
with multivessel CAD [6,7]. In the FAME 1 trial, FFR-
guided PCI with drug-eluting stents was shown to have 
a lower composite of death, myocardial infarction, and 
repeat revascularization as compared to interventions 
done based on an angiographic assessment alone [6]. 
The 1-year rate of death, nonfatal myocardial infarction, 
and repeat revascularization in the 1005 patients with 
multivessel CAD randomized to PCI with drug-eluting 
stents guided by coronary angiography alone or to FFR 
measurements plus coronary angiography was 18.3% 
(91 patients) in the coronary angiography alone group 
versus 13.2% (67 patients) in the FFR group (p = 0.02) [6]. 
At 1-year follow-up 78% of the coronary angiography 
alone group and 81% of the FFR group were free from 
angina pectoris (p = 0.20) [6].
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The utility of FFR was again shown in the FAME 2 
trial, which demonstrated that PCI in addition to maxi-
mal medical therapy was superior to maximal medical 
therapy alone in 888 randomized patients with hemody-
namically significant lesions as demonstrated by a FFR 
value of <0.80 [7]. The primary endpoint of death, myo-
cardial infarction, or urgent revascularization was 4.3% 
in the PCI group versus 12.7% in the maximal medical 
therapy alone group (hazard ratio = 0.32, p < 0.001) [7]. 
This was driven primarily by a decrease in the amount 
of urgent coronary revascularization in the PCI group 
(1.6%) than in the maximal medical therapy alone group 
(11.1%) (hazard ratio = 0.13, p < 0.001) [7]. In patients 
without myocardial ischemia, the outcome was favorable  
with maximal medical therapy alone [7].

The implications of these findings are of importance. 
The Clinical Outcomes Utilizing Revascularization 
and Aggressive Drug Evaluation (COURAGE) trial 
demonstrated that PCI offered no mortality benefit 
in patients with stable CAD as compared to optimal 
medical therapy [8]. However, in patients with signifi-
cant myocardial ischemia, there may be a reduction in 
major cardiovascular events with PCI. Therefore, FFR, 
when used as a surrogate marker for ischemia, allows 
for a direct intervention to an ischemia-causing lesion, 
which may result in a reduction in major cardiovascular 
events. In addition, FFR assessment of CAD can also 
cause deferral of revascularization of lesions that are not 
hemodynamically significant. The International Study 
of Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA) trial is enrolling sta-
ble ischemic heart disease patients with at least mod-
erate ischemia who are asymptomatic or symptomatic 
with or without previous revascularization to investi-
gate whether an invasive strategy with revascularization 
will improve prognosis compared with optimal medical 
therapy [9].

Sant’Anna et al. showed that FFR assessment in mul-
tivessel CAD has shown a reduction in the number of 
significant lesions [10]. In this study of 250 patients with 
471 coronary stenoses scheduled for PCI, 32% of the 
coronary stenoses and 48% of the patients would have 
received a different treatment if a FFR measurement 
was not made [10]. Other studies have similarly shown 
that in multivessel CAD, FFR-guided PCI leads to fewer 
arteries being treated than angiographically treated  
vessels [11].

Trials have mostly suggested that the risk of major 
adverse cardiovascular outcomes after FFR-based defer-
ral of PCI is low. However, studies have been variable 
with respect to the rate of future intervention on these 
vessels, with the majority suggesting a rate of <10% at 
1 year. Depta et al. recently showed that deferral of PCI 
based on FFR resulted in delayed intervention of 5.3% at 
1 year and 18% within 4 years [12]. A clinical prediction 

model including age, history of tobacco use, history of 
CAD, higher creatinine, and multivessel CAD plus the 
FFR value can help predict the risk of deferred lesion 
intervention in the first year after FFR assessment [12].

Left main coronary artery stenosis is also an important 
dilemma. Angiographically, the severity of left main cor-
onary artery lesions can vary based on the view selected. 
A hemodynamic assessment of the left main coronary 
artery stenosis may help with this ambiguity in light of 
the potential clinical implications. Courtis et al. showed 
that an FFR-guided assessment of left main coronary 
artery stenosis resulted in similar outcomes in patients 
treated with revascularization versus medical therapy 
[13]. This study investigated 142 patients with ambigu-
ous or intermediate LM lesions and decided on coronary 
revascularization based on whether the FFR was <0.75 
or >0.80. Those lesions which were <0.75 were treated 
with coronary revascularization therapy (60 patients) 
and those with FFR values >0.80 were treated with 
medical therapy (82 patients). At 14-months follow-up, 
the incidence of major adverse cardiac events was 13% 
in the medical therapy group versus 7% with coronary 
revascularization (p = 0.27) [13].

INTRAVASCULAR ULTRASOUND

Intracoronary imaging is increasingly becoming a 
useful tool in the assessment of CAD [14]. Its value lies 
in the ability to view the three layers of an artery using 
ultrasound technology. IVUS is based on the emission, 
attenuation, and backscattering of ultrasonic waves. 
The amplitude of this signal is used to form a gray-
scale image. The IVUS catheter is placed over a guide-
wire, which has been placed down the coronary artery 
of interest. The tip of the catheter is placed beyond the 
lesion of interest. While the guidewire is kept stationary, 
the IVUS catheter is retracted, usually under motorized 
control at a speed of 0.5 mm/s. Theoretically, IVUS was 
thought to have promise in its ability to identify vulner-
able plaque. While ruptured plaque can be identified 
by IVUS, vulnerable plaque is more difficult to identify. 
Vulnerable plaque is more likely to exhibit ultrasound 
attenuation, which can indicate fibrolipidic composition 
and a necrotic core. Thrombi, eccentric patterns, and an 
echolucent zone are further characteristics of vulnerable 
plaque [14]. The effectiveness of IVUS in assessing vul-
nerable plaque is yet to be studied in a prospective trial.

The role of IVUS in determining whether a lesion 
is significant has been studied. A study of 226 patients 
randomized to PCI based on angiography with an IVUS 
minimal lumen area of <4.0 mm2 versus an FFR value 
of <0.8 showed that outcomes were similar among all 
groups although there was a trend toward more revas-
cularizations when an IVUS minimal lumen area of  
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<4.0 mm2 was used [15]. More recent literature indicates 
that perhaps a smaller minimum lumen area correlates 
to a lesion that should be revascularized. In a study 
of 881 lesions assessed by IVUS and FFR, a minimal 
lumen area of 2.75 mm2 was best seen to correlate with 
an already established FFR value of <0.8 [16].

Perhaps the major benefit of IVUS lies in its abil-
ity to guide angioplasty. However, studies to date have 
been mixed with regard to the effectiveness of IVUS to 
guide angioplasty. The use of IVUS was hypothesized 
to result in less stent thrombosis and restenosis through 
larger post procedure lumen diameters, recognition of 
dissection and thrombus, and avoidance of stent under 
expansion. All of these factors have been IVUS-guided 
predictors of stent restenosis and thrombosis [17–19].

Schiele et  al. showed in the Restenosis After IVUS-
Guided Stenting (RESIST) trial that there was a non-
significant decrease in the restenosis rate of vessels 
treated with IVUS-guided PCI. This was possibly due 
to the small sample size of the study (n = 164) [20]. 
Restenosis was looked again in the Optimization With 
IVUS to Reduce Stent Restenosis (OPTICUS) study [21]. 
This study also showed that IVUS-guided PCI was not 
superior to angiographically guided PCI in terms of in-
stent restenosis, lumen diameter or major adverse car-
diac events [21]. This may have been related to newer 
techniques including high-pressure insufflation to pre-
vent inadequate stent expansion, which is a primary 
mechanism of in-stent restenosis.

There is a significant amount of literature that supports 
the use of IVUS-guided PCI, not because of a reduction 
in major adverse clinical events, but rather because of 
a significant decrease in the need for repeat coronary 
revascularization. A meta-analysis of eight randomized 
controlled trials performed by Neto et al. showed a 27% 
reduction (95% CI, 3–46%) in angiographic restenosis 
with use of IVUS compared to coronary angiography 
alone [22]. This meta-analysis also showed a significant 
12% reduction in percutaneous revascularization and a 
27% significant reduction in overall revascularization in 
the IVUS-treated group, with no significant difference 
in surgical revascularization between the two treated 
groups [22].

Multiple studies have also demonstrated that IVUS-
guided interventions result in larger post-stent lumen 
diameters [23]. The Angiography Versus IVUS-Directed 
Stent Placement (AVID) trial showed that IVUS-directed 
bare-metal stent placement resulted in larger acute stent 
dimensions without increased complications and a sig-
nificantly lower 1-year target lesion revascularization 
for vessels ≥2.5 mm by coronary angiography and for 
coronary arteries with high-grade prestent stenosis [23]. 
However, for the entire study group analyzed on an 
intention-to-treat basis, IVUS-directed bare-metal stent 
placement did not significantly reduce the 12-month rate 

of target lesion revascularization when compared with 
bare-metal stent placement guided by coronary angiog-
raphy alone [23]. A study of 550 patients with 670 native 
lesions demonstrated that angiographic restenosis was 
highest in cases where the stent lumen area was <5.5 mm2 
and the stent length was >40 mm, indicating that larger 
stented lumen diameters have clinical benefit [24].

A reduction in major adverse cardiac events has been 
seen in some studies using IVUS, primarily driven by a 
reduction in subacute stent thrombosis [25]. Roy et  al. 
showed in 884 patients undergoing IVUS-guided drug-
eluting stent implantation that use of IVUS resulted in 
significantly lower rates of in-stent thrombosis and a 
trend toward lower target lesion revascularization at  
12 months compared with the outcomes of a propensity-
score matched population undergoing implantation of 
drug-eluting stents [25]. At 30 days, the primary end-
point of definite stent thrombosis was 0.5% in the IVUS 
group versus 1.4% in the no IVUS group (p = 0.046). At 
12 months, the primary endpoint of definite stent throm-
bosis was 0.7% in the IVUS group versus 2.0% in the 
no IVUS group (p = 0.014). At 12 months, the incidence 
of target lesion revascularization was 5.1% in the IVUS 
group versus 7.2% in the no IVUS group (p = 0.07) [25]. 
The incidence of major adverse cardiac events at 1 year 
was not significantly different between both groups [25]. 
Increased stent thrombosis was primarily seen within 
the first 30 days after stent deployment. The decreased 
rate of stent thrombosis with IVUS use was primarily 
attributed to more postdilation, greater cutting balloon 
use, and greater use of rotational atherectomy. Being 
able to characterize the content of the plaque, such as the 
degree of calcification with the use of IVUS allowed for 
improved preparation prior to stent deployment such as 
the use of rotational atherectomy.

The use of IVUS in patients with acute myocardial 
infarction is more controversial. While stent thrombosis 
and restenosis is a known complication of primary PCI in 
patients with acute myocardial infarction, studies have 
not demonstrated a clear clinical benefit to the use of 
IVUS in this situation [26]. In a study of 909 consecutive 
patients who underwent primary PCI for acute myocar-
dial infarction discharged alive, 382 patients underwent 
IVUS-guided PCI [26]. The 1-year incidence of death, 
myocardial infarction, and target lesion revascularization 
study did not support the routine use of IVUS-guided 
PCI in patients with acute myocardial infarction [26]. 
The utility of IVUS in patients with acute myocardial 
infarction may lie in ensuring proper lesion coverage 
and stent expansion in cases that are questionable for the 
operator. Overall, while growing as an important tool 
for experienced operators, IVUS has not demonstrated 
clear reproducible benefit. This may change as opera-
tors become more comfortable with interpretation, and 
the exact indications are understood. Coronary artery 
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calcium scores determined by computer tomography do 
not accurately predict significant obstructive CAD deter-
mined by IVUS [27].

OPTICAL COHERENCE TOMOGRAPHY

Optical coherence tomography (OCT) is a technology 
that uses near infrared light to produce images. It can 
be technically more challenging than IVUS to perform. 
Older OCT systems utilized an over the wire low-pres-
sure occlusion balloon catheter with distal flush ports. 
Saline or lactated ringers were infused to clear the lumen 
of blood in order to limit signal attenuation. Newer sys-
tems with accelerated pullback utilize a high-speed bolus 
dose of contrast to clear the vessel lumen of blood [28]. 
Images are generated by measuring the echo time delay 
and intensity of light that is reflected from the arterial 
wall. Higher band widths used in OCT result in higher 
image resolution as compared to IVUS. It also provides 
greatly improved contrast between the vessel wall and 
lumen. This allows for potentially better assessment of 
incomplete stent apposition, edge dissection, and throm-
bus presence. However, visualization of residual plaque 
behind the stent is viewed better with IVUS, which exhib-
its better tissue penetration [29]. While it may be easier 
with OCT to identify complications such as edge dissec-
tion, it is unclear if this has a clinical benefit. In a study of 
73 patients who underwent OCT after stent implantation, 
there was a 25% incidence of edge dissection [29]. Despite 
being able to identify the edge dissection, this finding did 
not lead to an increase in intrahospital events [30].

OCT has also demonstrated promise in its ability to 
assess and treat in-stent restenosis [31]. Typically, in-stent 
stenosis with bare-metal stents demonstrates a homog-
enous tissue band with OCT, while in-stent stenosis with 
drug-eluting stents shows a layered heterogenous band. 
OCT can also allow for the detection of unstable features 
such as intracoronary thrombus or ruptured plaque, 
which can influence management [31]. However, pro-
spective trials are needed to determine whether more 
detection by OCT leads to improved outcomes.

The major value of intracoronary imaging with OCT 
comes with its ability to guide PCI. In an observational 
study of 670 patients undergoing PCI, 335 patients had 
angiographic plus OCT guidance and 335 matched 
patients had angiographic guidance only [32]. The pri-
mary endpoint was the 1-year incidence of cardiac death 
or myocardial infarction. Angiographic plus OCT guid-
ance was associated with a significantly reduced risk of 
cardiac death or myocardial infarction at extensive mul-
tivariable analysis adjusting for baseline and procedural 
differences between the two groups (odds ratio = 0.49; 
95% CI, 0.25–0.96; p = 0.037) and at propensity-score 
adjusted analyses. Because of the improved resolution 

with OCT, OCT was proposed to be a better alterna-
tive to IVUS for the guidance of PCI. This observational 
study suggested that use of OCT can improve clinical 
outcomes of patients undergoing PCI [32].

However, Habara et al. showed that the use of OCT 
was associated with smaller stent expansion and more 
frequent residual reference segment stenosis when com-
pared with IVUS guidance [33]. The inferiority of OCT 
in this case was hypothesized to be due to difficulty 
in viewing the vessel border. OCT has demonstrated a 
lesser degree of interobserver variability, however, when 
compared with IVUS [34]. Despite these observations, 
OCT has not been extensively studied prospectively. In 
addition, its use of more contrast and requirement for 
total vessel ischemia has likely contributed to operator 
reluctance to use OCT.

IVUS AND FFR IN ASSESSMENT  
OF LEFT MAIN DISEASE

Perhaps one of the most clinically important applica-
tions of these methods is the assessment of the degree 
of left main CAD. Traditionally, visual assessment of left 
main CAD has been variable and can be clinically impor-
tant. Diffuseness of the atherosclerotic process seems to 
be the major reason for angiographic underestimation of 
narrowing of coronary arteries [35].

Bech et al. determined FFR in 54 consecutive patients 
with angiographically equivalent left main CAD [36]. 
The FFR was ≥0.75 in 24 of 54 patients (44%) who were 
treated medically. Coronary artery bypass graft surgery 
was performed in the 30 of 54 patients (56%) who had 
a FFR <0.75 [36]. Survival at 3 years was 100% for the 
medical group and 97% for the surgical group [36]. 
Event-free survival at 3 years was 76% for the medical 
group and 83% for the surgical group [36].

In 213 patients with an angiographically equivocal 
left main coronary artery stenosis, quantitative coronary 
angiography, and measurements of FFR were performed 
[37]. The FFR was <0.80 in 75 patients and ≥0.80 in 
138 patients. When the FFR was < 0.80, coronary artery 
bypass surgery was performed. When the FFR was  
≥0.80, the patients were treated medically or another 
coronary artery stenosis was treated by coronary angio-
plasty (the nonsurgical group). The 5-year survival esti-
mates were 85.4% in the surgical group versus 89.8% 
in the nonsurgical group (p not significant). The 5-year 
event-free survival estimates were 82.8% in the surgi-
cal group versus 74.2% in the nonsurgical group (p not 
significant). Percent diameter stenosis measured by 
quantitative coronary angiography correlated with FFR  
(p < 0.001), but a very large scatter was present. In 23% 
of patients with a diameter left main coronary artery 
stenosis, the left main coronary artery stenosis was 
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hemodynamically significant by measurement of FFR 
[37]. These data suggest that FFR should be measured 
in patients with equivocal stenosis of the left main coro-
nary artery before making a decision about the need for 
coronary revascularization [37].

Still, there is some controversy as to which FFR value 
should be used as the value for coronary revasculariza-
tion and how distal left main coronary artery stenosis 
should be approached. Perhaps, IVUS is most useful 
in cases where borderline FFR readings are attained. 
Ostial and mid-shaft left main CAD may be able to be 
reliably assessed with FFR, but distal left main CAD 
can be more cumbersome as the disease often extends 
into the daughter vessels. Some coronary interventional-
ists advocate a pressure wire pullback method from the 
daughter vessels into the left main coronary artery to 
localize the most significant disease [38].

Multiple studies have investigated the role of IVUS 
in left main coronary artery stenosis assessment and 
intervention. Often, FFR has been used as the gold stan-
dard for the assessment for functional stenosis. Jasti 
et al. showed that a minimal lumen diameter of 2.8 and 
a minimum lumen area of 5.9 strongly correlate with a 
significant functional stenosis in ambiguous left main 
coronary artery stenoses with FFR as the gold standard 
[39]. Using FFR as the reference standard for the severity 
of left main coronary artery stenoses, Park et al. showed 
in 112 patients with isolated ostial and shaft intermediate 
left main coronary artery stenoses that a minimum lumen 
area of ≤4.5 mm2 could be the cutoff for functionally sig-
nificant stenosis and a useful index of a FFR of ≤0.80 [40].

Subsequent studies have investigated different IVUS 
minimal lumen areas such as ≥7.5 mm2 [41], and more 
recently ≥6.0 mm2 [42], with each measure exhibiting 
promise as a cutoff for coronary revascularization. In a 
prospective study of 354 patients from 22 centers, left 
main coronary artery revascularization was performed 
in 152 of 168 patients (90.5%) with a minimal lumen area 
of <6 mm2 and was deferred in 179 of 186 patients with a 
minimal lumen area of ≥6.0 mm2 [42]. At 2-year follow-
up, cardiac death-free survival was 94.5% in the coronary 
revascularization group and 97.7% in the deferred group 
(p not significant) [42]. Event-free survival was 80.6% 
in the coronary revascularized group versus 87.3% in 
the deferred group (p not significant) [42]. Only eight 
patients (4.4%) in the deferred group needed coronary 
revascularization during the 2-year follow-up [42].

While assessing the severity of a left main coronary 
artery stenosis is one of the applications of IVUS, its 
ability to guide left main coronary artery PCI may 
be more valuable. In the revascularization for unpro-
tected left main coronary artery stenosis: Comparison 
of Percutaneous Coronary Angioplasty Versus Surgical 
Revascularization (MAIN-COMPARE) registry, left main 
coronary artery intervention with IVUS guidance was 

shown to potentially reduce long-term mortality when 
drug-eluting stents were used [43]. In 145 matched pairs 
of patients treated with drug-eluting stents, the 3-year 
incidence of mortality was 4.7% with IVUS guidance 
versus 16.0% with coronary angiography guidance (log-
rank p = 0.048; hazard ratio = 0.39; 95% CI, 0.15–1.02; 
Cox model p = 0.055) [43]. The use of IVUS guidance 
did not reduce mortality in 47 matched pairs of patients 
treated with bare-metal stents in this study [43]. The risk 
of myocardial infarction or target vessel revasculariza-
tion was not associated with use of IVUS guidance [43].

With diffuse circumferential left main coronary artery 
stenosis, IVUS can be important in ensuring adequate 
stent coverage and the degree and presence of calcifica-
tion. In addition, for distal left main coronary artery steno-
sis, IVUS can be used to ensure adequate stent expansion 
at the origin of the left anterior descending and/or left 
circumflex coronary arteries. Therefore, IVUS is generally 
recommended to guide left main coronary artery PCI [43].

NEAR INFRARED SPECTROSCOPY

Near infrared (NIR) spectroscopy assess lipid content 
of coronary plaques and thus identify lipid-rich plaques 
is a novel application of a technology well established 
in the field of physical sciences. The addition of NIR 
spectroscopy technology to IVUS helps to further char-
acterize the plaques identified by IVUS [44].

Oemrawsingh et al. performed NIR spectroscopy in a 
prospective observational study in a nonculprit coronary 
artery in 203 patients referred for coronary angiography 
because of stable angina pectoris or an acute coronary 
syndrome [45]. The primary endpoint was all-cause 
mortality, nonfatal acute coronary syndrome, stroke, 
and unplanned coronary revascularization. The 1-year 
cumulative incidence of the primary endpoint was 10.4% 
[45]. The cumulative 1-year rate in patients with a lipid 
core burden index greater than or equal to the median of 
43.0 was 16.7% versus 4.0% in patients with a lipid core 
burden index <43.0 (adjusted hazard ratio = 4.04; 95% 
CI, 1.33–12.29; p = 0.01) [45]. The association between the 
lipid core burden index and the primary endpoint was 
similar in the patients with stable angina pectoris or an 
acute coronary syndrome [45].

The Chronometric Observations of Lipid Core 
Containing Plaques of Interest in Native Coronary 
Arteries (COLOR) registry is an ongoing prospective 
observational study of patients undergoing NIR spectros-
copy prior to PCI [46]. This study showed in 62 patients 
undergoing PCI with stenting that periprocedural myo-
cardial infarction occurred in 7 of 14 patients (50%) with 
a maximal lipid core burden index (4 mm) measured by 
NIR spectroscopy of ≥500 versus in two of 48 patients 
(4.2%) with a maximal lipid core burden index (4 mm) 
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<500 (p = 0.0002) [46]. The proposed mechanism is by 
a higher rate of distal embolization of lipid-core plaque 
constituents during PCI, thus suggesting that the use 
of embolic protection devices in patients with extensive 
lipid-core plaques might have better outcomes [46]. The 
addition of NIR spectroscopy to the armamentarium of 
the available intravascular imaging modalities has the 
potential to help in identifying vulnerable plaques and 
the clinical benefit of an intervention.

CONCLUSIONS

The invasive assessment of CAD with the use of FFR, 
IVUS, OCT, and NIR spectroscopy is a growing and 
exciting development in the treatment of patients with 
CAD. However, despite the obvious benefits of being 
able to objectively assess the severity and components of 
a lesion, hard clinical benefit through prospective stud-
ies have not been uniformly demonstrated. This fact can 
be used to question its cost effectiveness. However, the 
use of imaging such as IVUS and OCT in the guidance 
of complex PCI has demonstrated slightly more benefit, 
and it is frequently used in specific cases such as in 
patients with left main coronary artery stenosis-guided 
PCI. Perhaps, with the improved comfort and training 
of operators, their use will be more clearly established.
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RISK FACTOR REDUCTION

Coronary artery disease (CAD) is the leading cause of 
death. Modifiable risk factors should be treated. Smokers 
should be strongly encouraged to stop smoking because it 
will reduce cardiovascular mortality and all-cause mortality 
in patients with CAD. The American College of Cardiology 
Foundation (ACCF)/American Heart Association (AHA) 
2011 guidelines recommend that patients should be asked 
about tobacco use at every office visit [1]. A smoking cessa-
tion program should be recommended to smokers. Patients 
should be advised at every office visit to avoid exposure 
to environmental tobacco smoke at work, at home, and at 
public places [1]. Nicotine replacement therapy [2], bupro-
pion [3], and varenicline [4] are approved pharmacologic 
therapies for promoting smoking cessation.

Hypertension should be treated initially with sodium 
restriction not to exceed 1.5 g daily, weight reduction if 
necessary, cessation of drugs that increase blood pres-
sure, avoidance of caffeine and tobacco, limiting alcohol 
intake to no more than two drinks per day in men and 
one drink per day in women and light weight men, an 
increase in physical activity, a reduction of dietary satu-
rated fat and cholesterol, and maintenance of adequate 
dietary potassium, calcium, and magnesium intake [5].

Antihypertensive drugs have been demonstrated to 
decrease new coronary events in men and women with 
hypertension and CAD [5]. Hypertension is present in 
69% of patients with a first myocardial infarction (MI) 
[6]. A meta-analysis of 147 randomized trials includ-
ing 464,000 persons with hypertension showed that 
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beta-adrenergic blockers were the best drugs to use in 
patients after MI [7].

Patients with prior MI and hypertension should be 
treated with beta-blockers and angiotensin-converting 
enzyme (ACE) inhibitors [1,5,7–12]. Atenolol should 
be avoided [12]. If a third drug is needed, aldoste-
rone antagonists may be used based on the EPHESUS 
trial [13]. Patients treated with aldosterone antagonists 
should not have significant renal dysfunction or hyper-
kalemia. The 2014 American Society of Hypertension/
International Society of Hypertension guidelines state 
If the patient with hypertension has CAD, the first drug 
should be a beta-blocker plus an ACE inhibitor or angio-
tensin receptor blocker (ARB) [14].

In addition to beta-blockers, patients with hyper-
tension and congestive heart failure (CHF) should be 
treated with diuretics and ACE inhibitors or ARBs and 
patients with persistent severe symptoms with aldoste-
rone antagonists [5,11,14,15]. ACE inhibitors or ARBs 
should also be administered to patients with diabetes 
mellitus or chronic kidney disease [5,11,14,16,17]. The 
blood pressure should be lowered to 130–139/80–89 mm 
Hg in patients younger than 80 years [5,11,14]. The sys-
tolic blood pressure should be reduced to 140–145 mm 
Hg if tolerated in patients aged 80 years and older [5] 
or to less than 150/90 mm Hg unless these patients have 
diabetes mellitus or chronic kidney disease when a goal 
of less than 140/90 mm Hg can be considered [14].

Patients with CAD should be treated with a Step II AHA 
diet. They should achieve and maintain an ideal body 
weight. Cholesterol intake should be less than 200 mg/day. 
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Less than 30% of total caloric intake should be fatty acids. 
Saturated fatty acids should comprise less than 7% of total 
calories, polyunsaturated fatty acids should account for 
up to 10% of total calories, and monounsaturated fatty 
acids should comprise 10–15% of total calories. Protein 
intake should account for 10–20% of total calories. 
Carbohydrates should comprise 50–60% of total calories.

Numerous double-blind, randomized, and placebo-
controlled trials have shown that patients with CAD treated 
with statins have a reduction in cardiovascular events and 
in mortality [18–22]. The lower the serum low-density lipo-
protein (LDL) cholesterol reduced by statins, the greater 
the reduction in cardiovascular events and mortality. In the 
Heart Protection Study, where 5806 of the 20,536 men and 
women at increased risk for cardiovascular events ran-
domized to simvastatin or to double-blind placebo were 
70–80 years of age at study entry and were 75–85 years 
of age at follow-up, 5 years of simvastatin therapy pre-
vented myocardial infarction, stroke, and revasculariza-
tion in 70–100 persons per 1000 treated patients regardless 
of age, gender, or initial levels of serum lipids [21]. In this 
study, reduction of serum LDL cholesterol in patients with 
a baseline serum LDL cholesterol of less than 100 mg/dL 
(2.6 mmol/L) was as effective in reducing cardiovascular 
events and mortality as reducing serum LDL cholesterol 
in patients with higher serum LDL cholesterol levels [21].

The 2013 ACC/AHA lipid guidelines recommend the 
use of high-dose statins to adults aged 75 years and 
younger with atherosclerotic cardiovascular disease 
(ASCVD) (CAD, stroke, transient ischemic attack, or 
peripheral arterial disease) unless contraindicated with a 
class I indication [23]. Moderate-dose or high-dose statins 
are reasonable to administer to patients with ASCVD 
older than 75 years with a class IIa indication [23].

High-dose statins (rosuvastatin 20–40 mg daily and 
atorvastatin 40–80 mg daily) reduce LDL cholesterol 
50% or more [23]. Moderate-dose statins (rosuvastatin 
5–10 mg daily, atorvastatin 10–20 mg daily, simvastatin 
20–40 mg daily, pravastatin 40–80 mg daily, lovastatin 
40 mg daily, fluvastatin XL 80 mg daily, fluvastatin 40 mg 
twice daily, and pitavastatin 2–4 mg daily) reduce LDL 
cholesterol 30–49% [23].

These guidelines also state that there is no additional 
ASCVD reduction from adding nonstatin therapy to 
further lower nonhigh-density lipoprotein (HDL) cho-
lesterol once an LDL cholesterol goal has been reached. 
Clinical trials have demonstrated no reduction in car-
diovascular events or mortality in persons treated with 
statins by addition of nicotinic acid, fibric acid deriva-
tives, ezetemibe, or drugs that raise HDL cholesterol. We 
are awaiting the results from ongoing clinical trials to 
see if addition of an inhibitor of pro-protein convertase 
subtilisin kexin (PCSK)-9 to treatment with high-dose 
statins will further reduce cardiovascular events and 
mortality in patients with CAD [24].

Diabetic patients are more often obese and have 
higher serum LDL cholesterol and triglycerides levels 
and lower serum HDL cholesterol levels than do non-
diabetics. Diabetics also have a higher prevalence of 
hypertension and left ventricular hypertrophy than do 
nondiabetics. These risk factors contribute to the higher 
incidence of new coronary events in diabetics than in 
nondiabetics. Diabetics with microalbuminuria have 
more severe angiographic CAD than diabetics without 
microalbuminuria [25]. Diabetics also have a signifi-
cant increasing trend of hemoglobin A1c levels over the 
increasing number of vessels with CAD [26].

Diabetics with CAD should be treated with dietary 
therapy, weight reduction if necessary, and appropriate 
drugs if needed to control hyperglycemia. Other coro-
nary risk factors such as smoking, hypertension, dyslipid-
emia, obesity, and physical inactivity should be controlled. 
Hypertension should be treated with an ACE inhibitor 
or ARB [5,11,14,16]. High-dose statins should be admin-
istered. Because there are data showing an increased 
incidence of coronary events and of mortality in diabet-
ics with CAD treated with sulfonylureas [27–29], these 
drugs should be avoided if possible in these patients. 
Metformin should be the initial drug to treat hypergly-
cemia in most patients [16,30]. The hemoglobin A1c level 
should be reduced to <7% in patients with diabetes mel-
litus [16]. Hypoglycemia must be avoided in patients 
with CAD. In 10, 251 high-risk diabetics in the Action 
to Control Cardiovascular Risk in Diabetes (ACCORD) 
Study, patients randomized to a hemoglobin A1c of 6.4% 
rather than 7.5% had at 3.5-year follow-up a 22% increase 
in all-cause mortality from 4.0% to 5.9% [31].

Obese patients with CAD must undergo weight 
reduction [1]. Weight reduction is also a first approach 
to controlling hyperglycemia, mild hypertension, and 
dyslipidemia. Regular aerobic exercise should be added 
to diet in treating obesity. The body mass index should 
be reduced to 18.5–24.9 kg/m2 [1].

Physical inactivity is associated with obesity, dys-
lipidemia, hyperglycemia, and hypertension. Exercise 
training programs are not only beneficial in prevent-
ing CAD [32] but also have been shown to improve 
endurance and functional capacity in patients with CAD 
[33,34]. The goal to be achieved is at least 30 min of exer-
cise daily for 7 days per week with a minimum of 5 days 
of physical exercise per week [1].

ASPIRIN

Aspirin decreases the aggregation of platelets exposed 
to thrombogenic stimuli by inhibiting the cyclooxygen-
ase enzyme reaction within the platelet and thereby 
blocking synthesis of thromboxane A2, a powerful stim-
ulus to platelet aggregation and vasoconstriction [35].



169AnTiCoAgulAnTS

TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

Randomized trials involving 20,006 patients showed 
that aspirin and other antiplatelet drugs administered 
to patients after MI decreased the incidence of recur-
rent MI, stroke, or vascular death by 36 events per 1000 
patients treated for 2 years [36]. The benefit of aspirin in 
decreasing MI, stroke, or vascular death in patients after 
MI was irrespective of age, sex, blood pressure, and dia-
betes mellitus [36]. Aspirin and other antiplatelet drugs 
administered to 2920 patients with stable angina pectoris 
in seven randomized trials reduced the incidence of MI, 
stroke, or vascular death by 33% [36].

Data from the Multicenter Study of Myocardial 
Ischemia in 936 patients enrolled 1–6 months after an 
acute MI (70% of patients) or unstable angina pectoris 
(30% of patients) showed at 23-month follow-up that 
the cardiac mortality rate was 1.6% for aspirin users and 
5.4% for nonusers of aspirin [37]. Cardiac mortality was 
reduced 90% in aspirin users who underwent thrombo-
lytic therapy compared with nonusers of aspirin who 
underwent thrombolytic therapy [37].

Of 5490 survivors of acute MI aged 65 years and older 
with no contraindications to aspirin, 4149 patients (76%) 
received aspirin at the time of hospital discharge [38]. At 
the 6-month follow-up evaluation, aspirin users had a 
significant 23% reduction in mortality [38].

In an observational prospective study of 1410 patients, 
mean age 81 years, with prior MI and a serum LDL cho-
lesterol of 125 mg/dL or higher, 832 patients (59%) were 
treated with aspirin [39]. At 3-year follow-up, the use of 
aspirin caused a 52% significant independent reduction 
in new coronary events (95% CI, 0.41–0.55) [39]. The use 
of statins caused a 54% significant independent reduc-
tion in the incidence of new coronary events (95% CI, 
0.40–0.53) in this study [39].

On the basis of the available data, all patients with 
CAD should receive aspirin in a dose of 160–325 mg on 
the first day of acute MI and continue aspirin in a dose 
of 75–162 mg daily for an indefinite period unless there 
is a specific contraindication to its use [1].

CLOPIDOGREL

Clopidogrelis also an excellent antiplatelet drug 
which is effective in reducing MI, ischemic stroke, and 
vascular death in postinfarction patients [40]. The ACC/
AHA guidelines recommend the use of clopidogrel in 
postinfarction patients who cannot tolerate aspirin for 
an indefinite period unless there is a specific contrain-
dication to its use [1].

VORAPAXAR

Vorapaxar is a protease-activated receptor 1 antago-
nist. At 3-year follow-up of 26,449 patients with a history 

of MI, peripheral arterial disease, or ischemic stroke, 
compared with placebo, patients randomized to vora-
paxar reduced the primary endpoint of cardiovascular 
death, MI, or stroke 12% from 10.5% to 9.3% (p < 0.001) 
but increased moderate or severe bleeding 66% from 
2.5% to 4.2% (p  <  0.001) and intracranial hemorrhage 
from 0.5% to 1.0% (p  <  0.001) [41]. A US Food and 
Drug Administration Cardiovascular and Renal Drugs 
Advisory Committee Meeting in 2014 recommended 
approval of this drug for the secondary prevention of 
atherothrombotic events in stable patients at least 2 
weeks after MI or those with a history of peripheral arte-
rial disease in addition to standard antiplatelet therapy 
for the given condition [42]. Vorapaxar is not a substitute 
for aspirin or P2Y12 inhibitors [42]. Vorapaxar should not 
be given to patients with a history of stroke or transient 
ischemic attack. Further investigation is needed to deter-
mine the benefit of voraxapar in patients weighing less 
than 60 kg [42]. No data are available to comment on the 
safety or efficacy of voraxapar with antiplatelet drugs 
other than aspirin and clopidogrel [42].

ANTICOAGULANTS

The routine use of warfarin after MI is controversial 
[43]. However, three well-controlled studies have shown 
a reduction in mortality and/or morbidity in patients 
receiving long-term oral anticoagulation therapy after 
MI [44–46]. The Sixty Plus Reinfarction Study Group 
reported at 2-year follow-up after MI that compared with 
placebo, acenocoumarin, or phenprocoumon caused a 
26% nonsignificant decrease in mortality, a 55% signifi-
cant reduction in recurrent MI, and a 40% nonsignifi-
cant decrease in stroke [44]. The Warfarin Reinfarction 
Study Group showed at 37-month follow-up after MI of 
patients that compared with placebo, warfarin caused 
significant reductions in mortality (24%), recurrent MI 
(34%), and stroke (55%) [45]. The anticoagulation in the 
secondary prevention of events in Coronary Thrombosis 
Research Group reported at 37-month follow-up after MI 
of patients that compared with placebo, nicoumalone, or 
phenprocoumon caused a 10% nonsignificant decrease 
in mortality, a 53% significant reduction in recurrent MI, 
and a 42% significant decrease in stroke [46].

The ACCF/AHA guidelines recommend as Class I 
indications for long-term oral anticoagulant therapy 
after MI (i) secondary prevention of MI in post-MI 
patients unable to tolerate daily aspirin or clopidogrel; 
(ii) in post-MI patients with persistent atrial fibrillation; 
and (iii) in post-MI patients with left ventricular throm-
bus [1]. Long-term warfarin should be administered in 
a dose to achieve an INR between 2.0 and 3.0 [1]. If 
there is a compelling reason for use of oral anticoagulant 
therapy in patients with CAD such as atrial fibrillation, 
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prosthetic heart valve, left ventricular thrombus, or 
concomitant venous thromboembolic disease, warfarin 
should be administered in addition to aspirin 75–81 mg 
daily [1]. Use of warfarin in combination with aspirin or 
clopidogrel is associated with an increased risk of bleed-
ing and should be monitored closely [1].

BETA-ADRENERGIC BLOCKERS

Beta-blockers are very effective antianginal and 
antiischemic agents and should be administered to all 
patients with angina pectoris or silent myocardial isch-
emia due to CAD unless there are specific contraindi-
cations to their use [11,47]. Teo et  al. [48] analyzed 55 
randomized controlled trials comprising 53,268 patients 
that investigated the use of beta-blockers after MI. Beta-
blockers significantly decreased mortality by 19% in 
these studies [48]. A randomized, double-blind, placebo-
controlled study of propranolol in high-risk survivors of 
acute MI at 12 Norwegian hospitals demonstrated a 52% 
reduction in sudden cardiac death in patients treated 
with propranolol for 1 year [49].

Metoprolol [50], timolol [51,52], and propranolol [53] 
caused a greater decrease in mortality after MI in older 
patients than in younger patients. The reduction in mor-
tality after MI in patients treated with beta-blockers was 
due both to a reduction in sudden cardiac death and recur-
rent MI [51–53]. In patients with a left ventricular ejection 
fraction (LVEF) ≤40% after MI, compared with placebo, 
patients aged 25–90 years randomized to carvedilol had a 
23% significant reduction in mortality at 1.3-year follow-
up [54]. A retrospective cohort study also showed that MI 
patients aged 60–89 years treated with metoprolol had an 
age-adjusted mortality decrease of 76% [55].

In the Beta Blocker Heart Attack Trial, propranolol 
caused a 27% decrease in mortality in patients with a his-
tory of CHF and a 25% decrease in mortality in patients 
without CHF [56]. In this study, propranolol caused a 
47% reduction in sudden cardiac death in patients with 
a history of CHF and a 13% reduction in sudden cardiac 
death in patients without CHF [56].

In the Beta-Blocker Pooling Project, results from nine 
studies involving 3519 patients with CHF at the time of 
acute MI demonstrated that beta-blockers caused a 25% 
decrease in mortality [57]. In the Multicenter Diltiazem 
Post-Infarction Trial, the 2.5-year risk of total mortal-
ity in patients with a LVEF <30% was 24% for patients 
receiving beta-blockers (relative risk = 0.53) versus 
45% for patients not receiving beta-blockers [58]. Beta-
blockers have also been found to reduce mortality in 
patients with CAD and CHF associated with a LVEF 
≤35% [59–62] or ≥40% [62,63].

An observational prospective study was performed 
in 477 patients, mean age 79 years, with prior MI and a 

LVEF <40% (mean LVEF 31%) [9]. At 34-month follow-
up, patients treated with beta-blockers without ACE 
inhibitors had a 25% significant reduction in new cor-
onary events and a 41% significant reduction in CHF 
[9]. At 41-month follow-up, patients treated with both 
beta-blockers and ACE inhibitors had a significant 37% 
reduction in new coronary events and a significant 60% 
reduction in CHF [9].

A retrospective analysis of the use of beta-blockers after 
MI in a New Jersey Medicare population from 1987 to 1992 
showed that only 21% of older patients after MI without 
contraindications to beta-blockers were treated with beta-
blockers [61]. Older patients who were treated with beta-
blockers after MI had a 43% decrease in 2-year mortality 
and a 22% decrease in 2-year cardiac hospital readmis-
sions than older patients who were not treated with beta-
blockers [64]. Use of a calcium channel blocker instead of 
a beta-blocker after MI doubled the risk of mortality [64].

Beta-blockers have also been demonstrated to reduce 
mortality in patients with complex ventricular arrhyth-
mias after MI and a LVEF ≥40% [65] or ≤40% [66]. The 
decrease in mortality in patients with heart disease and 
complex ventricular arrhythmias caused by propranolol 
is due more to an antiischemic effect than to an antiar-
rhythmic effect [67]. In these patients, propranolol also 
markedly decreased the circadian variation of ventricu-
lar arrhythmias [68], abolished the circadian variation 
of myocardial ischemia [69], and abolished the circadian 
variation of sudden cardiac death or fatal MI [70].

A meta-analysis of trials also showed that the use 
of beta-blockers after non-ST-elevation-MI is likely to 
reduce mortality and recurrent MI by 25% [71]. Therefore, 
patients with Q-wave MI or non-Q-ST-elevation MI 
without contraindications to beta-blockers should be 
treated with beta-blockers after MI. Beta-blockers with 
intrinsic sympathomimetic activity should not be used. 
The ACCF/AHA guidelines recommend that patients 
without a clear contraindication to beta-blocker therapy 
should receive beta-blockers within a few days of MI (if 
not initiated acutely) and continue them indefinitely if 
there is abnormal LVEF [1]. Carvedilol, metoprolol suc-
cinate, and bisoprolol are recommended [1]. Beta-blocker 
therapy should be administered for 3 years or longer in 
patients with an MI or an acute coronary syndrome and a 
normal LVEF [1]. Beta-blockers should be administered to 
patients with a LVEF ≤40% without prior MI or CHF [1].

NITRATES

Long-acting nitrates are effective antianginal and 
antiischemic drugs [72]. These drugs should be admin-
istered along with beta-blockers to patients after MI who 
have angina pectoris. The dose of oral isosorbide dini-
trate prescribed should be gradually increased to a dose 
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of 30–40 mg administered three times daily if tolerated. 
Isosorbide-5-mononitrate in a dose of 60 mg may also 
be administered once daily. To avoid nitrate tolerance, 
there should be a nitrate-free interval of 12 h each day 
[73]. Beta-blockers should be used to prevent angina 
pectoris and rebound myocardial ischemia during the 
nitrate-free interval.

OTHER ANTIANGINAL DRUGS

If patients with CAD have persistent angina pecto-
ris despite treatment with beta-blockers and long-acting 
nitrates, a nondihydropyridine CCB such as verapamil 
40–120 mg three times daily or diltiazem 30–90 mg three 
times daily should be added to the therapeutic regimen 
if the LVEF is normal [47]. If the LVEF is abnormal, amlo-
dipine or felodipine should be added to the therapeutic 
regimen [47]. If angina pectoris persists despite treat-
ment with beta-blockers, long-acting nitrates, and CCBs, 
ranolazine should be added to the therapeutic regimen 
in the management of patients with stable angina pecto-
ris [47,74]. The recommended dose of sustained release 
ranolazine is 750 mg or 1000 mg twice daily.

Other drugs under investigation for the management 
of stable angina pectoris and being considered for USA 
Food and Drug Administration approval include nicor-
andil and ivabradine. Nicorandil is a coronary vaso-
dilator with a unique dual mechanism of action that 
involves a nitrate-like effect and a potassium ion channel 
opening action [75]. The Impact of Nicorandil in Angina 
(IONA) study showed at 1.6-year follow-up in patients 
with stable angina pectoris that 2565 patients random-
ized to nicorandil 20 mg twice daily had a 17% signifi-
cant reduction in CAD death, nonfatal MI, or unplanned 
hospital admission for cardiac chest pain compared with 
2561 patients randomized to placebo [76].

Ivabradine is a heart rate lowering drug that acts spe-
cifically on the sinoatrial node [77]. Ivabradine caused 
dose-dependent improvements in exercise tolerance and 
time to development of ischemia during exercise [78]. 
In a subgroup of patients with heart rate of 70 beats per 
minute or higher, ivabradine did not affect the primary 
endpoint of cardiovascular death or hospital admission 
for fatal and nonfatal MI [79]. However, ivabradine did 
reduce the secondary endpoint of hospital admission for 
fatal and nonfatal MI by 36% (p = 0.001) and coronary 
revascularization by 30% (p = 0.016) [79].

ANGIOTENSIN-CONVERTING-ENZYME 
INHIBITORS

An overview of 32 randomized trials comprising 7105 
patients with CHF showed that ACE inhibitors reduced 

mortality by 23% and mortality or hospitalization for 
CHF by 35% [80]. Patients with CAD who develop CHF 
should be treated with ACE inhibitors unless there are 
specific contraindications to their use [1].

ACE inhibitors reduce mortality in patients after MI 
[8,81–85]. In the Survival and Ventricular Enlargement 
Trial, asymptomatic patients with a LVEF ≤40% treated 
with captopril 3–16 days after MI had at 42-month 
follow-up compared with placebo, a 19% reduction in 
mortality, a 21% decrease in death from cardiovascular 
causes, a 37% reduction in development of severe CHF, 
a 22% decrease in development of CHF requiring hos-
pitalization, and a 25% reduction in recurrent MI [81]. 
Captopril decreased mortality independent of age, sex, 
blood pressure, LVEF, and use of thrombolytic therapy, 
aspirin, or beta-blockers [81].

In the Heart Outcomes Prevention Evaluation Study, 
9217 patients aged ≥55 years with MI (53%), cardiovas-
cular disease (88%), or diabetes mellitus (38%) but no 
CHF or abnormal LVEF were randomized to ramipril 
10 mg daily or placebo [8]. At 4.5-year follow-up, com-
pared with placebo, ramipril significantly reduced the 
incidence of MI, stroke, and cardiovascular death by 22% 
(95% CI, 0.70–0.86) [8]. At 4.2-year follow-up of 13,655 
patients with prior MI and stable CAD in the European 
trial on reduction of cardiac events with perindopril  
in stable CAD, compared with placebo, patients  
randomized to perindopril had a 20% significant reduc-
tion in cardiovascular death, recurrent MI, or cardiac 
arrest [85].

On the basis of the available data, ACE inhibitors 
should be administered to all patients with CAD and 
a LVEF ≤40% and in those with hypertension, diabetes 
mellitus, or chronic kidney disease and continued indefi-
nitely unless there are specific contraindications to their 
use [1]. It is reasonable to use ACE inhibitors in all other 
patients with CAD [1]. The use of ARBs is recommended 
in patients with CAD who have CHF or a prior MI with 
a LVEF ≤40% and who are ACE-inhibitor intolerant [1]. 
It is reasonable to use ARBs in other patients with CAD 
who are ACE-inhibitor intolerant [1].

ALDOSTERONE ANTAGONISTS

At 16-month follow-up of 6632 patients after MI 
with a LVEF ≤40% and either CHF or diabetes melli-
tus treated with ACE inhibitors or ARBs and 75% with 
beta-blockers, compared with placebo, patients random-
ized to eplerenone 50 mg daily had a significant 15% 
reduction in mortality and a 13% significant reduction 
in death from cardiovascular causes or hospitalization 
for cardiovascular events. [86]. The ACCF/AHA guide-
lines recommend an aldosterone antagonist in patients 
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after MI treated with ACE inhibitors plus beta-blockers 
if they have a LVEF ≤40% with either CHF or diabetes 
mellitus if they do not have significant renal dysfunction 
or hyperkalemia [1].

CALCIUM CHANNEL BLOCKERS

Teo et  al. [48] analyzed randomized controlled tri-
als comprising 20,342 patients that investigated the use 
of CCBs after MI. Mortality was insignificantly higher 
(relative risk = 1.04) in patients treated with CCBs [48]. 
A meta-analysis of randomized, clinical trials of the use 
of CCBs in patients with MI, unstable angina pectoris, 
and stable angina pectoris showed that the relative risk 
for mortality in the trials using dihydropyridines such 
as nifedipine that increase heart rate was 1.16 [87]. The 
CCBs diltiazem and verapamil which reduce heart rate 
had no effect on survival [87].

Furberg et  al. [88] performed a meta-analysis of the 
effect of nifedipine on mortality in 16 randomized sec-
ondary prevention clinical trials in patients with CAD. 
In this study, the relative risk for mortality was 1.06 for 
patients treated with nifedipine 30–50 mg daily, 1.18 
for patients treated with nifedipine 60 mg daily, and 2.83 
for patients treated with nifedipine 80 mg daily [88].

The Multicenter Diltiazem Postinfarction Trial dem-
onstrated at 25-month follow-up in patients after MI 
that compared with placebo, diltiazem caused no signifi-
cant effect on mortality or recurrent MI [89]. However, 
in patients with pulmonary congestion at baseline or 
a LVEF <40%, diltiazem caused a significant increase 
in new cardiac events (hazard ratios = 1.41 and 1.31, 
respectively) [89]. In this study, diltiazem also increased 
the incidence of late-onset CHF in patients with a LVEF 
<40% [90]. Use of a CCB instead of a beta-blocker after 
MI in a New Jersey Medicare population also doubled 
the risk of mortality [64].

Since no CCB has been shown to improve survival 
after MI except for the subgroup of patients with normal 
LVEF treated with verapamil in the Danish Verapamil 
Infarction Trial II [91], CCBs should not be used in  
the treatment of patients after MI. However, if patients 
after MI have persistent angina pectoris despite treat-
ment with beta-blockers and nitrates, a nondihydro-
pyridine calcium channel blocker such as verapamil or 
diltiazem should be added to the therapeutic regimen if 
the LVEF is normal. If the LVEF is abnormal, amlodipine 
or felodipine should be added to the therapeutic regi-
men. The ACC/AHA guidelines state that there are no 
Class I indications for the use of calcium channel block-
ers after MI [92].

ANTIARRHYTHMIC THERAPY

Class I Drugs

A meta-analysis of 59 randomized controlled trials 
comprising 23,229 patients that investigated the use of 
quinidine, procainamide, disopyramide, imipramine, 
moricizine, lidocaine, tocainide, phenytoin, mexiletine, 
aprindine, encainide, and flecainide after MI demon-
strated that mortality was significantly higher in patients 
receiving class I antiarrhythmic drugs than in patients 
receiving no antiarrhythmic drugs (odds ratio = 1.14) 
[45]. None of the 59 studies showed a decrease in mortal-
ity by class I antiarrhythmic drugs [48].

In the Cardiac Arrhythmia Suppression Trials I and 
II, older age also increased the likelihood of adverse 
effects including death in patients after MI receiving 
encainide, flecainide, or moricizine [93]. Compared with 
no antiarrhythmic drug, quinidine or procainamide did 
not decrease mortality in patients with CAD, normal or 
abnormal LVEF, and presence versus absence of ven-
tricular tachycardia (VT) [94]. On the basis of the avail-
able data, patients with CAD should not receive class I 
antiarrhythmic drugs.

d, l-Sotalol and d-Sotalol

Studies comparing the effect of d, l-sotalol with pla-
cebo on mortality in patients with complex ventricular 
arrhythmias have not been performed. Compared with 
placebo, d, l-sotalol did not reduce mortality in post-
MI patients followed for 1 year [95]. In the Survival 
with Oral d-Sotalol (SWORD) Trial, 3121 survivors of MI 
with a LVEF ≤40% were randomized to d-sotalol or pla-
cebo [96]. Mortality was significantly higher at 148-day 
follow-up in patients treated with d-sotalol (5.0%) than 
in patients treated with placebo (3.1%) [96]. On the basis 
of the available data, d, l-sotalol and d-sotalol should 
not be used to treat patients after MI.

Amiodarone

In the European Myocardial Infarction Amiodarone 
Trial, 1486 survivors of MI with a LVEF ≤ 40% were 
randomized to amiodarone (743 patients) or to placebo 
(743 patients) [97]. At 2-year follow-up, 103 patients 
treated with amiodarone and 102 patients treated with 
placebo had died [97]. In the Canadian Amiodarone 
Myocardial Infarction Arrhythmia Trial, 1202 survivors 
of MI with nonsustained VT or complex ventricular 
arrhythmias were randomized to amiodarone or to pla-
cebo [98]. Amiodarone was very effective in suppressing 
VT and complex ventricular arrhythmias. However, the 



173Hormone replACemenT THerApy

TRANSLATIONAL RESEARCH IN CORONARY ARTERY DISEASE

mortality rate at 1.8-year follow-up was not significantly 
different in the patients treated with amiodarone or pla-
cebo [98]. In addition, early permanent discontinuation 
of drug for reasons other than outcome events occurred 
in 36% of patients taking amiodarone [98].

In the Sudden Cardiac Death in Heart Failure Trial 
(SCD-HEFT), 2521 patients, mean age 60 years, with 
Class II or III CHF, a LVEF of ≤35%, and a mean QRS 
duration on the resting ECG of 120 ms, were randomized 
to placebo, amiodarone or an automatic implantable car-
dioverter-defibrillator (AICD) [99]. At 46-month median 
follow-up, compared with placebo, amiodarone insig-
nificantly increased mortality by 6% [99]. At 46-month 
median follow-up, compared with placebo, ICD therapy 
significantly reduced all-cause mortality by 23% [99].

In the Cardiac Arrest in Seattle: Conventional Versus 
Amiodarone Drug Evaluation Study, the incidence of 
pulmonary toxicity was 10% at 2 years in patients receiv-
ing amiodarone in a mean dose of 158 mg daily [100]. 
The incidence of adverse effects for amiodarone also 
approaches 90% after 5 years of therapy [101]. On the 
basis of the available data, amiodarone should not be 
used in the treatment of patients with CAD.

Beta-Adrenergic Blockers

However, beta-blockers have been demonstrated to 
reduce mortality in patients with nonsustained VT or 
complex ventricular arrhythmias after MI in patients 
with normal or abnormal LVEF [65,66,102,103]. On the 
basis of the available data, beta-blockers should be used 
in the treatment of patients with CAD, especially if non-
sustained VT or complex ventricular arrhythmias are 
present, unless there are specific contraindications to 
their use [1].

Automatic Implantable 
Cardioverter-Defibrillator

The ACCF/AHA guidelines recommend in patients 
with a LVEF less than 35% due to prior MI at least 
40 days previously and New York Heart Association 
(NYHA) class II or III symptoms implantation of an 
AICD with a Class I indication [104]. These guidelines 
recommend in patients with a LVEF less than 30% due 
to prior MI at least 40 days previously and NYHA class 
I symptoms implantation of an AICD with a Class I 
indication [104]. These guidelines also recommend with 
a Class I indication implantation of an AICD in patients 
with nonsustained VT due to MI, a LVEF less than 40%, 
and inducible ventricular fibrillation (VF) or sustained 
VT at electrophysiologic study [104]. Other Class I indi-
cations for implantation of an AICD in patients with 

CAD are cardiac arrest due to VF or VT not due to a 
transient or reversible cause, spontaneous sustained VT, 
and syncope of undetermined origin with clinically rel-
evant, hemodynamically significant sustained VT or VF 
induced at electrophysiologic study when drug therapy 
is ineffective, not tolerated, or not preferred [104].

HORMONE REPLACEMENT THERAPY

The Heart Estrogen/Progestin Replacement Study 
(HERS) investigated in 2763 women with documented 
CAD the effect of hormonal replacement therapy versus 
double-blind placebo on coronary events [105]. At 
4.1-year follow-up, there were no significant differences 
between hormonal replacement therapy and placebo in 
the primary outcome (nonfatal MI or CAD death) or in 
any of the secondary cardiovascular outcomes. However, 
there was a 52% significantly higher incidence of non-
fatal MI or death from CAD in the first year in patients 
treated with hormonal replacement therapy (relative 
hazard = 1.52; 95% CI, 1.01–2.29) than in patients treated 
with placebo [105]. Women on hormonal replacement 
therapy had a significantly higher incidence of venous 
thromboembolic events (relative hazard = 2.89; 95% CI, 
1.50–5.58) and a significantly higher incidence of gall-
bladder disease requiring surgery (relative hazard = 
1.38; 95% CI, 1.00–1.92) than women on placebo [105].

The Estrogen Replacement and Atherosclerosis Trial 
randomized 309 postmenopausal women, mean age 66 
years, with coronary angiographic evidence of signifi-
cant CAD to estrogen plus progestin, estrogen alone, 
or double-blind placebo [106]. At 3.2-year follow-up, 
quantitative coronary angiography showed no between-
group differences in progression of coronary atheroscle-
rosis [106].

At 6.8-year follow-up in the HERS Trial, hormonal 
replacement therapy did not reduce the risk of cardio-
vascular events in women with CAD [107]. The inves-
tigators concluded that hormonal replacement therapy 
should not be used to reduce the risk of coronary events 
in women with CAD [107]. At 6.8-year follow-up in 
the HERS trial, all-cause mortality was insignificantly 
increased 10% by hormonal replacement therapy (rela-
tive hazard = 1.10; 95% CI, 0.92–1.31) [104]. The over-
all incidence of venous thromboembolism at 6.8-year 
follow-up was significantly increased 208% by hor-
monal replacement therapy (relative hazard = 2.08; 95% 
CI, 1.28–3.40) [108]. At 6.8-year follow-up, the overall  
incidence of biliary tract surgery was significantly 
increased 48% (relative hazard = 1.48; 95% CI, 1.12–1.95), 
the overall incidence for any cancer was insignificantly 
increased 19% (relative hazard = 1.19; 95% CI, 0.95–1.50), 
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and the overall incidence for any fracture was insigni-
ficantly increased 4% (relative hazard = 1.04; 95% CI, 
0.92–1.31) [108].

The estrogen plus progestin component of the 
Women’s Health Initiative (WHI) Study included 16,608 
healthy postmenopausal women aged 50–79 years with 
an intact uterus who were randomized to estrogen plus 
progestin or to placebo [109]. At 5.2-year follow-up, this 
component of the WHI study was prematurely discon-
tinued because the excess risk of events included in 
the global index was 19 per 10,000 person-years [109]. 
Absolute excess risks per 10,000 person-years included 
7 more coronary events, 8 more strokes, 8 more epi-
sodes of pulmonary embolism, and 8 more invasive 
breast cancers, while absolute risk reductions per 10,000 
person-years were 6 fewer colorectal cancers and 5 fewer 
hip fractures [109]. On the basis of the available data, 
hormonal replacement therapy should not be used in 
postmenopausal women with CAD [92].

INFLUENZA VACCINATION

Evidence from cohort studies and a randomized clini-
cal trial indicate that annual vaccination against seasonal 
influenza prevents cardiovascular morbidity and mor-
tality in patients with cardiovascular disease [110]. The 
ACCF/AHA guidelines recommend influenza immuni-
zation with inactivated vaccine administered intramus-
cularly as part of secondary prevention in persons with 
CAD or other atherosclerotic vascular disease with a 
Class I indication [1,110].

DEPRESSION

For patients with recent MI or coronary artery bypass 
graft surgery, it is reasonable to screen for depression 
if patients have access to a mental health specialist [1]. 
Treatment of depression has not been found to improve 
cardiovascular outcomes in patients with CAD but may 
be reasonable for its other clinical benefits [1].

CARDIAC REHABILITATION

A cardiac rehabilitation program is useful in treat-
ing patients with stable CAD [1]. A home-based car-
diac rehabilitation program can be substituted for a 
supervised, center-based program for low-risk patients 
[1]. Cardiac rehabilitation training programs have been 
shown to be safe and to improve aerobic fitness capacity, 
muscular strength, mental depression, and cardiovascu-
lar risk factors in patients with stable CAD [111]. Cardiac 
rehabilitation programs also increase survival in patients 

with stable CAD and may reserve and prevent cardiac 
disability [111]. However, cardiac rehabilitation partici-
pation is low in patients with stable CAD due largely to 
low referral rates [111].

CORONARY REVASCULARIZATION

Medical therapy alone is the preferred treatment in 
patients with stable CAD. The two indications for coro-
nary revascularization in patients with CAD are pro-
longation of life and relief of unacceptable symptoms 
despite optimal medical management [112]. However, 
a randomized trial of 2287 patients with stable CAD 
and myocardial ischemia treated with optimal medical 
therapy alone or optimal medical therapy plus percuta-
neous coronary intervention showed at 4.6-year follow-
up no significant difference in death, MI, or other major 
cardiovascular events [113]. If coronary revasculariza-
tion is performed, aggressive medical therapy must be 
continued. The management of patients with unstable 
angina pectoris [47] and of acute MI [114] is discussed 
extensively elsewhere.
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HISTORY

No other field in medicine has witnessed such a tre-
mendous rate of innovation and development in the last 
four decades, as the field of interventional cardiology. 
Charles T. Dotter is credited with the first percutaneous 
transluminal treatment of obstructive peripheral arte-
rial lesions using guide and dilating catheters [1]. The 
Zurich-born doctor Andreas Gruntzig performed the first 
percutaneous transluminal coronary angioplasty in 1977 
using catheter mounted dilatation balloons [2,3]. Balloon 
angioplasty showed immense promise in obstructive 
discrete coronary lesions and obstructed bypass grafts; 
however, it was associated with early and chronic recoil 
and adverse remodeling leading to restenosis in up to 
40–60% of patients. It was in 1986 that the first vascu-
lar scaffolds were inserted in coronary arteries to avoid 
these limitations of balloon angioplasty [4]. From the first 
percutaneous coronary angioplasty, the field of interven-
tional cardiology has witnessed immense improvement 
in guiding catheters, guidewires, intra-coronary stents 
and devices, and interventional techniques. Percutaneous 
coronary intervention (PCI) is now available at most hos-
pitals in the United States and is continuously utilized 
to manage sick patients with acute coronary syndromes 
(ACSs) and symptomatic stable coronary artery disease 
(CAD) [5,6]. This chapter discusses the indications for 
PCI, vascular access, intracoronary devices, recent data on 
antiplatelet therapy, controversies, and future directions.
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INDICATIONS

Broadly, PCI is indicated for either survival benefit 
or improvement of symptoms in patients with CAD. 
PCI offers survival benefit in patients with ACS and 
in cardiac arrest patients in whom ischemia-mediated 
arrhythmia due to significant stenosis (≥70%) of an 
epicardial coronary artery is likely [7]. PCI is recom-
mended to improve symptoms in patients with chronic 
stable CAD who are symptomatic (despite maximal tol-
erated goal-directed medical therapy) and have signifi-
cant stenosis of the epicardial coronary artery (class I,  
level of evidence A) [7]. In the Clinical Outcomes 
Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial, PCI added to optimal 
medical therapy offered no survival benefit over opti-
mal medical therapy alone during a median follow-up 
of 4.6 years; however, PCI was associated with higher 
rates of angina relief compared to optimal medical 
therapy alone [7a]. Patients with more severe angina 
are likely to benefit more from PCI combined with 
goal-directed medical therapy [8]. Interestingly, a large 
Bayesian network meta-analysis of 100 randomized 
controlled trials reported a survival benefit of the newer 
generation of drug-eluting stents (DESs) (everolimus 
and zotarolimus) over medical therapy in patients  
with stable CAD. This benefit was not observed for 
bare metal stents (BMSs) or older DES (sirolimus and 
paclitaxel) [9].
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Multivessel and Left Main Disease

Clinically relevant multivessel disease is defined as 
presence of significant obstructive disease in more than 
one epicardial vessel (≥70% in one major epicardial vessel 
and at least ≥50% in another major epicardial vessel). 
The improvements in surgical technique for Coronary 
Artery Bypass Graft (CABG) surgery, increased opera-
tor experience, and procedural advancements in PCI  
have led to greater options for revascularization in 
this subset of patients. The Synergy Between PCI With  
Taxus and Cardiac Surgery (SYNTAX) trial was a land-
mark trial that randomized untreated 3-vessel disease 
and left main disease to PCI (paclitaxel-eluting stent) 
or CABG. The composite major adverse cardiovascular 
and cerebrovascular events (MACCEs) were higher in 
the PCI group secondary to increased repeat revascu-
larization rates at 1 year. Stroke, however, was higher 
in the CABG group. The SYNTAX score was a predic-
tive model of adverse events and patients with higher 
SYNTAX scores did better with CABG [10]. Selected 
nondiabetic patients with low SYNTAX scores and nor-
mal ejection fraction are ideal candidates for multivessel 
PCI with DESs.

Obstructive left main disease is a particularly high-risk 
scenario for the patient as it has the potential to jeopar-
dize a significant amount of myocardium. It is associated 
with significant morbidity and mortality. CABG surgery 
continues to be utilized for significant left main disease 
(stenosis ≥50%) irrespective of other significant stenosis. 
However, there has been a recent trend toward utilizing 
PCI for management of “unprotected” left main disease 
(absence of open surgical graft) especially at high-
volume centers after the safety and acceptable interme-
diate outcomes were reported in nonrandomized studies 
[11,12]. The Revascularization for Unprotected Left Main 
Coronary Artery Stenosis: Comparison of Percutaneous 
Coronary Angioplasty versus Surgical Revascularization 
(MAIN-COMPARE) registry reported similar long-term 
hard outcomes (death, myocardial infarction (MI), 
and stroke) between PCI of the left main group and 
CABG. As expected the surgical groups had lower rates 
of target-lesion revascularization compared with PCI 
for unprotected left main disease [13]. The Premier of 
Randomized Comparison of Bypass Surgery versus 
Angioplasty Using Sirolimus-Eluting Stent in Patients 
with Left Main Coronary Artery Disease (PRECOMBAT) 
trial reported noninferiority of PCI with sirolimus- 
eluting stents to CABG in patients with unprotected left 
main stenosis [14]. Recently reported 5-year outcome data 
of the SYNTAX trial showed similar MACCEs between 
PCI with paclitaxel-eluting stents and CABG in patients 
with left main disease and low/intermediate SYNTAX 
scores. Patients with CABG had higher stroke rates and 
lower repeat revascularization rates when compared 

with the PCI group. The PCI group had higher MACCE 
when utilized for patients with higher SYNTAX scores 
(≥33) [15,16]. Although trials using newer generation 
DESs are ongoing, both CABG and contemporary PCI 
are viable strategies for patients with low/intermediate 
SYNTAX scores, but patients with diffuse CAD or high 
SYNTAX scores should undergo CABG if feasible. The 
current guidelines have a class IIa recommendation for 
PCI in culprit lesion-unprotected left main stenosis in 
patients with ACSs [7] (Figure 16.1). PCI for left main 
stenosis can also be considered in symptomatic patients 
who are high-risk surgical candidates or symptomatic 
patients with PCI-amenable left main disease and low 
SYNTAX scores (class IIa) [7].

Chronic Total Occlusions

Chronic total occlusions (CTOs) are defined as cor-
onary lesions with thrombolysis in myocardial infarc-
tion (TIMI) grade flow of 0 (true CTO) or TIMI grade 
flow 1 (functional CTO) and present for more than or 
equal to 3 months [17]. They are present in up to 15% 
of diagnostic angiograms and often challenge operators  
with decision making regarding percutaneous inter-
vention, technical issues, and lack of randomized 
data. Registry data have suggested that intervening on  
CTOs is associated with improvement in quality of life 
and symptoms, left ventricular ejection fraction, and 
reduced need for CABG [18–21]. A recent meta-analysis 
also suggested lower associated long-term mortality 
with successful CTO revascularization (RR 0.54; 95% 
confidence interval (CI) 0.45–0.65; p < 0.001) as well as 
a lower need for CABG (RR 0.25; 95% CI 0.21–0.30; p < 
0.001) [22]. No large randomized data sets are available 
for comparison of percutaneous treatment of CTO ver-
sus medical therapy alone. CTO recanalization should 
be considered in patients with exercise limiting cardiac 
symptoms and moderate- to high-risk reversible isch-
emia on stress testing in the CTO territory. Myocardial 
viability using dobutamine echocardiography or car-
diac magnetic resonance imaging may be useful prior 
to CTO-PCI. CTO recanalization should be attempted 
in high-volume centers with experienced operators 
preferably using DES as CTO interventions are associ-
ated with higher restenosis, procedural complexity, and 
higher complications and failure rates compared with 
non-CTO interventions.

Saphenous Venous Graft Interventions

Saphenous venous grafts (SVGs) are often utilized 
as conduits during CABG. They are, unfortunately, 
associated with higher restenosis rates and atheroma-
tous degeneration. SVGs have a patency rate of 40–50% 
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compared with 95% patency rates for internal mam-
mary conduits at 10 years. Distal embolization is very 
common during PCI of SVG and is associated with no 
reflow, periprocedural angina, MI, or even death. Hence, 
distal embolization protection devices (discussed later 
in the chapter) are given a class I indication for SVG-
PCI. Predictors of worse 30-day outcomes for SVG-PCI  
are lesion length, higher estimated plaque volume, and 
angiographic degeneration of SVGs [23,24]. SVG inter-
vention should be considered in symptomatic patients 
with angiographic evidence of significant stenosis in the 
presence of ischemia on noninvasive testing in the ter-
ritory of the graft. It might be prudent at times to inter-
vene on the native coronary artery rather than the SVG 
to improve overall outcomes and procedural success. 
Is Drug-Eluting-Stenting Associated with Improved 
Results in Coronary Artery Bypass Grafts (ISAR-CABG) 
demonstrated the superiority of DESs over BMSs in 
SVG-PCI in terms of the primary outcome (compos-
ite of death, MI, or target lesion revascularization at 1 
year; 0.64; 95% CI 0.44–0.94; p = 0.02) [25]. Numerous 
meta-analyses have also demonstrated better outcomes 
and safety of DES compared with BMS for SVG-PCI 
[26–28]. DES should be used in SVG-PCI whenever fea-
sible, though stent sizing issues do not always allow 
DES use. Sometimes, pre-dilatation with an undersized 

balloon to facilitate passage of embolic protection filters 
prior to stenting the lesion is needed. Although the best 
outcomes after CABG can be achieved by minimizing 
SVG utilization either in the form of pan-arterial revas-
cularization or hybrid coronary revascularization using 
DES to the non-LAD vessels, SVGs continue to be uti-
lized extensively around the globe and efforts should 
be made by proceduralists to minimize periprocedural 
complications associated with SVG-PCI.

VASCULAR ACCESS

Femoral artery puncture is the most commonly 
employed access route for coronary interventions 
across the world. However, femoral access is associated 
with complications in the form of pseudo-aneurysm, 
hematoma formation (both local and retroperitoneal), 
prolonged immobilization, and longer hospital stays. 
Femoral artery access site complications are associ-
ated with significant morbidity and even mortality. The 
trend is now shifting toward increased utilization of the 
radial artery for access [29]. One out of six PCIs are per-
formed in the United States using radial access [29]. The 
radial artery offers fewer bleeding complications and 
shorter hospital stays and is the preferred route for obese 

FIGURE 16.1 Seventy-five-year-old male with type II diabetes mellitus, hypertension, and a 40-pack year smoking history presented with 
non-ST elevation myocardial infarction and incessant ventricular tachycardia on admission. Emergent cardiac catheterization revealed a critical 
distal left main stenosis (A, white arrow). Patient was treated with a drug-eluting stent with TIMI grade 3 flow immediately post stent place-
ment (B).
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patients and those with previous femoral graft surgeries. 
The RadIal Vs femorAL access for coronary intervention 
(RIVAL) randomized controlled trial demonstrated that 
radial access (compared with femoral access) was asso-
ciated with fewer vascular complications in the form of 
large hematomas (hazard ratio (HR) 0.40; 95% CI 0.28–
0.57; p < 0.0001) and pseudo-aneurysms requiring sur-
gical attention (HR 0.30; 95% CI 0.13–0.71; p = 0·006) in 
patients presenting with ACSs [30]. In a subgroup analy-
sis of the RIVAL trial, Mehta et al. reported that radial 
access was associated with lower death/MI/stroke and 
all-cause mortality when utilized in patients present-
ing with ST-elevation MI [31]. These findings were also 
reproduced in the Radial Versus Femoral Randomized 
Investigation in ST-Elevation Acute Coronary Syndrome 
(RIFLE-STEACS) randomized controlled trial [32]. 
Superiority of radial access over femoral access (primar-
ily driven by lower bleeding rates and hence net adverse 
clinical events) was also demonstrated in patients pre-
senting with ACS in the recently concluded Minimizing 
Adverse Haemorrhagic Events by TRansradial Access 
Site and Systemic Implementation of angioX (MATRIX) 
trial [33].

Radial access is associated with slightly longer door-
to-balloon times and has a steeper learning curve. In 
STEMI, it should be used primarily in high-volume cen-
ters by experienced “radial” operators. The most recent 
guidelines give a class IIa recommendation for radial 
artery access (Level of Evidence: A) [7].

INTRACORONARY DEVICES

Balloon Angioplasty and Intracoronary Stenting

Plain old balloon angioplasty is associated with 
very high restenosis rates due to elastic recoil and is 
seldom used today other than for vessels too small to 
stent. BMS scaffold systems, offering radial support and 
prevention of elastic recoil, were first used in man in 
1986 and received the Food and Drug Administration 
(FDA) approval in 1994. Unfortunately, they are also 
associated with high restenosis rates due to neointimal 
hyperplasia. Currently, balloon angioplasty and BMS are 
recommended for use in patients who are deemed high 
risk for bleeding, and who will be unable to tolerate 
prolonged dual antiplatelet therapy (DAPT) [7]. DESs 
were developed to inhibit neointimal hyperplasia and 
were first FDA approved in 2003. DESs are made up 
of three components—stent platform (stainless steel in 
older generation stents and cobalt–chromium and plati-
num–chromium in newer generation stents), polymer 
coating for drug delivery, and antiproliferative agents 
(sirolimus and paclitaxel in older generation stents and 
everolimus and zotarolimus in newer generation stents). 

First-generation DESs are associated with increased risk 
of stent thrombosis (due to incomplete endothelization 
and impaired arterial healing) and require longer DAPT 
compared with BMS [34,35]. Second-generation DESs 
appear to have a lower rate of stent thrombosis than 
first-generation DESs and even than BMSs [36–38]. DESs 
with a biodegradable polymer (polylactic acid) are also 
available outside of the United States. A recent network 
meta-analysis reported superiority of biodegradable 
polymer based biolimus-eluting stents over BMSs and 
first-generation DESs and similar rates of cardiac events 
as newer generation DES [39].

Fully biodegradable stents may bring a new era in 
stent technology. They are made up of a biodegradable 
scaffold, a biodegradable polymer, and an antiprolifera-
tive agent (everolimus in the ABSORB bioresorbable vas-
cular scaffold system, Abbott Vascular, USA). The stent 
is fully biodegradable except small platinum markings 
at the end for fluoroscopy detection. Theoretically, they 
offer the advantage of vessel restoration after revascu-
larization. Data from the ABSORB II trial comparing 
an everolimus-eluting bioresorbable scaffold with an 
everolimus-eluting metallic stent reported similar recoil 
between both groups and a slightly lower luminal gain 
in the bioabsorbable stent group at 1 year. Cumulative 
rates of recurrent angina were lower in the bioabsorbable 
stent group [40]. The interventional community awaits 
further long-term data on hard end points, including 
stent thrombosis, before widespread acceptance of fully 
bioabsorbable stents.

Mechanical Thrombectomy Devices

Thrombus burden is associated with suboptimal 
or no TIMI flow post-intervention and worse clinical 
outcomes. Almost all patients with ACS have varying 
degrees of thrombus burden and it is associated with 
worse short-, medium-, and long-term outcomes and 
increased risk of stent thrombosis. Thrombectomy 
devices are available to decrease the thrombus burden 
and improve procedural outcomes during primary PCI. 
Thrombectomy devices are of two types—manual or 
mechanical extraction devices.

Mechanical thrombectomy devices (e.g., Ultra Angiojet 
Rheolytic Thrombectomy device, Bayer Interventional/
Boston Scientific, USA) are more cumbersome to use 
and require longer preparation times. They work by the 
principle of disrupting the thrombus with simultane-
ous extraction. Platelet disruption and adenosine release 
were associated with advanced heart block and neces-
sitated temporary pacemaker insertion in older gen-
eration systems; however, newer generation AngioJet 
systems may not require routine temporary pacemaker 
insertion. The AngioJet Rheolytic Thrombectomy Before 
Direct Infarct Artery Stenting With Direct Stenting 
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Alone in Patients With Acute Myocardial Infarction 
(JETSTENT) trial demonstrated better ST-resolution 
in patients undergoing rheolytic thrombectomy prior 
to primary PCI [41]. Larger clinical trials and further  
data are needed for recommending routine use  
during primary PCI as they are cumbersome to use and 
may not be a feasible choice during emergency situa-
tions after work-hours with minimal healthcare person-
nel on call.

Manual or aspiration thrombectomy devices are the 
easiest to use and have two lumens—one for the guide-
wire and advancement of the device, and the other for 
manual aspiration by the operator. The most commonly 
used aspiration devices are Export (Medtronic Inc., USA) 
and Pronto (Vascular Solutions, Inc., USA). The Pronto 
extraction catheter was studied in the Dethrombosis to 
Enhance Acute Reperfusion in Myocardial Infarction 
(DEAR-MI) trial and resulted in better ST-segment resolu-
tion and myocardial blush grade in patients with STEMI 
undergoing primary PCI [42]. The Thrombus Aspiration 
during Percutaneous Coronary Intervention in Acute 
Myocardial Infarction Study (TAPAS) trial randomized 
patients with STEMI to either thrombus aspiration using 
the 6-French Export catheter or conventional PCI. The 
patients undergoing aspiration thrombectomy showed 
better ST-resolution, myocardial blush grade, and 30-day 
mortality compared with the patients undergoing con-
ventional PCI [42a]. Meta-analyses confirmed these bene-
fits [43,44]. However, larger studies such as the Thrombus 
Aspiration in ST-Elevation Myocardial Infarction in 
Scandinavia (TASTE) trial and the recently published 
Trial of Routine Aspiration Thrombectomy with PCI 
versus PCI Alone in Patients with STEMI (TOTAL) have 
demonstrated no improved short- or long-term outcomes 
with manual thrombectomy [45,46]. Data from the TOTAL 
trial also provide evidence of a possible increased risk of 
strokes with manual aspiration thrombectomy prior to 
primary PCI at 30 days [46]. Adding to these data is the 
registry analysis of greater than 10,000 patients from the 
United Kingdom that reported no mortality benefit of 
routine aspiration thrombectomy prior to primary PCI 
at a median 3-year follow-up [47]. The recent guidelines 
(published before the larger trials) have a class IIa recom-
mendation for manual thrombectomy prior to primary 
PCI [7]. The data regarding a possible increased risk of 
stroke without a mortality benefit should preclude the 
routine use of manual thrombectomy in the majority of 
patients with STEMI.

Distal Embolization Protection Devices

SVG interventions are prone to complications second-
ary to distal embolization of friable atherothrombotic 
debris. Major adverse cardiac events are higher with SVG-
PCI compared with PCI in the native vessel. The most 

current guidelines have a class I recommendation for 
the use of distal embolization protection devices during 
SVG-PCI when feasible [7]. Two types of distal protection 
devices are available—distal occlusion devices and distal 
filter devices. The Saphenous vein graft Angioplasty Free 
of Emboli Randomized (SAFER) trial demonstrated a 42% 
reduction in major adverse cardiovascular events with a 
distal occlusion device during PCI compared with con-
ventional PCI alone [48]. The FilterWire EX Randomized 
Evaluation (FIRE) trial demonstrated the noninferiority 
of the distal filter devices to the distal occlusion devices 
for SVG-PCI with a similar major adverse cardiac event 
rate at 30 days [49]. The exact choice of device depends 
on operator preference, though vein graft anatomy is not 
always suitable to use these devices.

Fractional Flow Reserve

Interventional cardiologists are often faced with coro-
nary lesions that are equivocal and in vessels supply-
ing viable myocardium in patients who are referred for 
symptomatic stable angina pectoris. Anatomic assess-
ment is sometimes misleading secondary to its two-
dimensional nature and lack of data on the eccentricity 
and length of lesions especially in patients with diffuse 
multivessel disease. Fractional flow reserve (FFR) is a 
physiological assessment of these lesions in the cardiac 
catheterization lab. FFR is essentially an indirect flow 
measurement. It is calculated using ratio of mean pres-
sure distal to the lesion (Pd) and mean aortic pressure 
(Pa) under hyperemic conditions (flow = pressure/resis-
tance, flow approximates pressure in maximal hyper-
emia; using intravenous or intracoronary adenosine). 
A 0.014-in. pressure-wire system is placed distal to the 
stenosis to get the mean Pd and the mean Pa is obtained 
simultaneously from the guiding catheter. Under ideal 
conditions FFR is 1 and FFR less than or equal to 0.80 has 
an accuracy of more than 90% for detecting ischemia-
causing stenoses. The Fractional Flow Reserve versus 
Angiography for Multivessel Evaluation (FAME) trial 
reported that in patients with chronic stable angina, FFR 
guided PCI with DES reduced the composite end point of 
death, nonfatal MI, or revascularization at 1-year follow-
up versus PCI based on angiography alone [50]. In the 
subsequent FAME II trial, FFR guided PCI with DES plus 
optimal medical therapy reduced the need for urgent 
revascularization when compared with optimal medical 
therapy alone in patients with chronic stable angina and 
multivessel disease [51]. Integration of angiographic and 
physiologic data can improve patient outcomes in multi-
vessel disease, intermediate lesions, diffuse disease, and 
selected cases of left main disease. Current guidelines 
have a class IIa recommendation for FFR guided PCI 
in intermediate coronary lesions (50–70% stenosis) in 
patients with stable ischemic heart disease [7].
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ANTIPLATELET AGENTS

Aspirin

Historically, the first antiplatelet agent to show ben-
efit in ACS was aspirin. Aspirin irreversibly inhibits 
cyclooxygenase-1 and thus blocks the production of 
thromboxane A2 thereby decreasing platelet activation 
and aggregation. Several trials have consistently demon-
strated reduction in cardiovascular events with aspirin 
treatment in patients with ACS [52]. Although the mini-
mum effective aspirin dosage in the setting of PCI has 
not been established, patients already on chronic daily 
aspirin therapy should receive 81–325 mg aspirin before 
PCI [7]. Patients not on aspirin therapy should be given 
nonenteric aspirin 325 mg at least 2 h, and preferably 
24 h, before PCI. After PCI, aspirin should be continued 
indefinitely at a daily dose of 75–100 mg since there is no 
additional demonstrated benefit from higher doses, but 
a reduction in gastrointestinal bleeding with the lower 
doses [53–55].

P2Y12 Receptor Antagonists

Adenosine diphosphate released from platelets acts 
on Gi-coupled P2Y12 receptors to inhibit the adenyl-
ate cyclase–mediated signaling pathway resulting 
in decreased intracellular cAMP levels, and reduced 
phosphorylation of the vasodilator-stimulated phos-
phoprotein, thus inducing activation of the Gp IIb/IIIa 
receptor and platelet aggregation. The thienopyridines 
(ticlopidine, clopidogrel, and prasugrel) and non-thieno-
pyridines (ticagrelor, cangrelor, and elinogrel) cause irre-
versible and reversible antagonism of P2Y12 receptors, 
respectively, thus inhibiting platelet aggregation. The 
use of a P2Y12 receptor antagonist, in combination with 
aspirin, is recommended for the prevention of ischemic 
events during both the acute and the long-term phases 
after ACS.

Ticlopidine, a first-generation thienopyridine, was 
the first FDA-approved P2Y12 receptor antagonist [56]. 
However, ticlopidine is now rarely used due to its 
adverse effect profile, including an increased risk of life-
threatening hematological disorders. Clopidogrel is a 
second-generation thienopyridine with a more favorable 
safety profile than ticlopidine [57,58]. The Clopidogrel in 
Unstable Angina to Prevent Recurrent Events (CURE) 
trial was the landmark trial that established the benefits 
of addition of clopidogrel (300 mg loading dose followed 
by 75 mg daily maintenance dose) to aspirin in patients 
with non ST-elevation ACS, showing a 20% relative risk 
reduction in the composite outcome of cardiovascular 
death, nonfatal MI, or stroke, compared with placebo 
over 12 months [59]. There was an increase in CURE 
major bleeding, but no increase in life-threatening 

bleeding or hemorrhagic strokes with the combination 
of clopidogrel and aspirin. The benefits of addition of 
clopidogrel to aspirin were also seen in patients less 
than or equal to 75 years of age with STEMI who were 
treated with fibrinolysis in the Clopidogrel as Adjunctive 
Reperfusion Therapy–Thrombolysis in Myocardial 
Infarction (CLARITY–TIMI) 28 trial [60]. There was an 
absolute reduction of 6.7% in the rate of primary effi-
cacy end point (composite of an occluded infarct-related 
artery defined by a TIMI flow grade of 0 or 1 on angiog-
raphy, death, or recurrent MI before angiography) with 
clopidogrel compared with placebo. The rates of major 
bleeding and intracranial hemorrhage were similar in 
the two groups. Several studies have shown that a dou-
ble-loading dose (600 mg rather than 300 mg) of clopi-
dogrel results in faster and greater platelet inhibition, as 
well as improved clinical outcomes. In the prespecified 
analysis of 17,263 patients with ACS who underwent 
PCI in the Clopidogrel and Aspirin Optimal Dose Usage 
to Reduce Recurrent Events–Seventh Organization to 
Assess Strategies in Ischemic Syndromes (CURRENT–
OASIS 7) trial, a 7-day double-dose clopidogrel regi-
men was associated with a reduced rate of the primary 
outcome (cardiovascular death, MI, or stroke at 30 days) 
as well as stent thrombosis, although at the expense of 
an increase in major bleeding [61]. Current guidelines 
recommend a 600 mg loading dose of clopidogrel in 
patients undergoing primary PCI [7]. The loading dose 
of clopidogrel for patients undergoing PCI after fibrino-
lytic therapy should be 300 mg within 24 h and 600 mg 
more than 24 h after receiving fibrinolytic therapy. All 
post-PCI patients should receive clopidogrel 75 mg daily 
for at least 12 months after DES implantation, and for 
a minimum of 1 month and ideally up to 12 months 
for BMS implantation (unless the patient is at increased 
risk of bleeding in which case it should be given for a 
minimum of 2 weeks for BMS).

Prasugrel is a third-generation thienopyridine that, 
similar to clopidogrel, requires conversion from an inac-
tive form to an active metabolite via cytochrome P450 
(CYP) enzymes. However, prasugrel is a more potent 
P2Y12 receptor antagonist with a more rapid onset 
of action and higher levels of platelet inhibition than 
clopidogrel [62–64]. The clinical efficacy of prasugrel 
was investigated in the Trial to Assess Improvement  
in Therapeutic Outcomes by Optimizing Platelet 
Inhibition with Prasugrel–Thrombolysis in Myocardial 
Infarction (TRITON–TIMI) 38 trial, which randomly 
assigned 13,608 patients with moderate-to-high-risk 
ACS with scheduled PCI to receive prasugrel (60 mg 
loading dose and 10 mg daily maintenance dose) or 
clopidogrel (300 mg loading dose and a 75 mg daily 
maintenance dose), for 6–15 months [65]. The primary 
efficacy end point (composite of cardiovascular death, 
nonfatal MI, or nonfatal stroke) occurred in 12.1% of 
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patients receiving clopidogrel and 9.9% of patients 
receiving prasugrel (HR for prasugrel vs. clopidogrel, 
0.81; 95% CI 0.73–0.90; p < 0.001). Prasugrel was also 
associated with significant reductions in the rates of MI, 
urgent target-vessel revascularization, and stent throm-
bosis. However, major bleeding was observed in 2.4% 
of patients receiving prasugrel and in 1.8% of patients 
receiving clopidogrel (p = 0.03), and prasugrel was also 
associated with increased rates of life-threatening bleed-
ing (1.4% vs. 0.9%; p = 0.01), including fatal bleeding 
(0.4% vs. 0.1%; p = 0.002). The net benefit of prasugrel 
over clopidogrel was particularly notable in patients 
with STEMI [66], those with diabetes mellitus [67], and 
in those experiencing recurrent cardiovascular events 
[68]. In contrast, prasugrel was associated with a net 
harm in patients with a prior history of stroke or tran-
sient ischemic attack and is therefore contraindicated 
in these patients [65]. In patients with ACS undergoing 
PCI who are at low risk of bleeding, prasugrel may be 
used as a 60 mg loading dose followed by 10 mg daily 
maintenance dose after stent placement.

Ticagrelor is a non-thienopyridine, direct-acting, 
reversible P2Y12 receptor antagonist. The drug acts rap-
idly and has more potent and consistent antiplatelet 
effects than clopidogrel. The Study of Platelet Inhibition 
and Patient Outcomes (PLATO) trial was a multicenter, 
double-blind trial of 18,624 patients with ACS, with or 
without ST-segment elevation, randomized to ticagre-
lor (180 mg loading dose, 90 mg twice daily thereafter) 
or clopidogrel (300–600 mg loading dose, 75 mg daily 
thereafter) [69]. At 12 months, the primary end point (a 
composite of death from vascular causes, MI, or stroke) 
occurred in 9.8% of patients receiving ticagrelor as com-
pared with 11.7% of those receiving clopidogrel (HR 
0.84; 95% CI 0.77–0.92; p < 0.001). Ticagrelor was also 
associated with lower rates of MI and death from vascu-
lar causes, but not stroke. These benefits were consistent 
across all subgroups. No significant difference in the 
rate of overall major bleeding was found between the 
ticagrelor and clopidogrel groups (11.6% vs. 11.2%; p = 
0.43), but ticagrelor was associated with a higher rate of 
major bleeding not related to CABG (4.5% vs. 3.8%; p = 
0.03). In the PLATO trial, there was a significant inter-
action (p = 0.045) between treatment effect and enroll-
ment region of the trial, with no benefit from ticagrelor 
in patients enrolled in North America. Although these 
findings could be caused by chance, a post hoc analysis 
attributed this treatment-by-region interaction to the use 
of high-dose (≥300 mg daily) aspirin, which was more 
common in North America than in the rest of the world 
[70]. Despite subsequent work demonstrating that aspi-
rin dosing does not alter the pharmacokinetic and phar-
macodynamic properties of ticagrelor, low-dose aspirin 
(≤100 mg) is currently recommended in patients treated 
with ticagrelor [71].

Cangrelor is a potent, intravenous, direct-acting 
inhibitor that reversibly binds to P2Y12 receptors. Platelet 
inhibition occurs immediately after administration of a 
bolus of cangrelor and can be maintained with a con-
tinuous infusion. The plasma half-life of cangrelor is 
approximately 3–5 min, and platelet function is restored 
within 1 h of cessation of the infusion [72]. The Clinical 
Trial Comparing Cangrelor to Clopidogrel Standard of 
Care Therapy in Subjects Who Require Percutaneous 
Coronary Intervention (CHAMPION PHOENIX) study 
randomly assigned 11,145 patients who were undergo-
ing either urgent or elective PCI to receive either bolus 
cangrelor (30 μg/kg) followed by infusion (4 μg/kg/min 
for 2–4 h), or clopidogrel (loading dose 300 or 600 mg, 
before or immediately after PCI, as per the institution’s 
standard protocol) [73]. Patients in the cangrelor arm 
also received a 600 mg loading dose of clopidogrel at 
the end of the infusion. The rate of the primary effi-
cacy end point (composite of death from any cause, MI, 
ischemia-driven revascularization, or stent thrombosis 
in the 48 h after randomization) was 4.7% in the cangre-
lor group and 5.9% in the clopidogrel group (adjusted 
OR 0.78; 95% CI 0.66–0.93; p = 0.005). The key second-
ary end point of stent thrombosis at 48 h developed in 
0.8% of the patients in the cangrelor group and in 1.4% 
in the clopidogrel group (OR 0.62; 95% CI 0.43–0.90; p = 
0.01). There was no difference in rates of severe bleed-
ing at 48 h between the two treatment groups. Cangrelor 
may have an important role across the full spectrum of 
patients undergoing PCI.

Elinogrel is another reversible, direct-acting P2Y12 
receptor antagonist [74]. The safety, efficacy, and toler-
ability of oral and intravenous elinogrel compared with 
clopidogrel in patients undergoing nonurgent PCI was 
determined in the INtraveNous and Oral administra-
tion of elinogrel to eVAluate Tolerability and Efficacy 
in nonurgent PCI patients (INNOVATE-PCI) phase 2b 
study [75]. Elinogrel achieved greater platelet inhibition 
than clopidogrel, without significant increase in TIMI 
major or minor bleeding, although elinogrel treatment 
was associated with an increased frequency of elevations 
in liver enzyme levels and dyspnea. Currently, no phase 
III trials of elinogrel are ongoing or planned.

Glycoprotein IIb/IIIa Inhibitors

The intravenous Gp IIb/IIIa inhibitors (abciximab, 
eptifibatide, and tirofiban) target the final common path-
way of platelet aggregation by competing with fibrino-
gen and von Willebrand factor for binding to Gp IIb/IIIa 
receptors. Most studies supporting the use of these agents 
during PCI were performed in the era before routine 
stenting, DAPT, and use of novel P2Y12 receptor antago-
nists [76]. Nonetheless, Gp IIb/IIIa inhibitors have been 
shown to improve clinical outcomes in patients with 
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ACS undergoing PCI, primarily by reducing ischemic 
complications, including periprocedural MI and recur-
rent ischemia. Use of intravenous GP IIb/IIIa inhibitors 
is, therefore, a reasonable treatment option in high-risk 
patients with ACS undergoing PCI, but their use is lim-
ited owing to high rates of bleeding complications.

Abciximab is a chimeric human-murine monoclonal 
antibody that irreversibly binds to the Gp IIb/IIIa recep-
tor on human platelets. The recommended dosage of 
abciximab is 0.25 mg/kg bolus, followed by 0.125 mcg/
kg/min (maximum 10 mcg/min) continuous infusion 
for 12 h. It may be reasonable to administer intracoro-
nary abciximab in patients with STEMI undergoing 
primary PCI, though there is no demonstrated benefit 
over intravenous administration [77,78]. Eptifibatide is 
a small-molecule cyclic peptide derivative that revers-
ibly binds to the Gp IIb/IIIa receptor. It is administered 
as a double bolus (180 mcg/kg boluses 10 min apart) 
and 2 mcg/kg/min continuous infusion for 18–24 h. 
The eptifibatide infusion must be reduced by 50% in 
patients with creatinine clearance less than 50 mL/min, 
and this drug should be avoided in patients on hemo-
dialysis. Tirofiban is a small-molecule peptide inhibitor 
of the Gp IIb/IIIa receptor that is administered as a 
high-bolus dose of 25 mcg/kg followed by 0.15 mcg/
kg/min infusion. Patients with creatinine clearance less 
than or equal to 60 mL/min should receive half the usual 
rate of infusion. Although Gp IIb/IIIa inhibitors differ 
in their structure, reversibility with platelet transfusion, 
and duration, several meta-analyses have shown no dif-
ference between their clinical efficacy in patients under-
going primary PCI [79].

Protease Activated Receptor-1 Antagonists

The thrombin receptor protease-activated recep-
tor-1 (PAR-1) mediates platelet activation at low throm-
bin concentrations and contributes to the formation of 
platelet-rich occlusive thrombi. Vorapaxar is a selective, 
potent, competitive antagonist of PAR-1 that blocks 
thrombin-mediated platelet activation without interfer-
ing with thrombin-mediated cleavage of fibrinogen [80]. 
The Thrombin Receptor Antagonist for Clinical Event 
Reduction in Acute Coronary Syndrome (TRACER) trial 
was a multinational, double-blind, randomized trial that 
enrolled 12,994 patients with NSTE-ACS and compared 
vorapaxar with placebo, in addition to standard therapy, 
which included aspirin and clopidogrel in 92% of patients 
[81]. PCI was performed in 57.8% of patients, of whom 
94.6% underwent stent placement (BMS or DES). Overall, 
vorapaxar was associated with a nonsignificant decrease 
in the primary efficacy end point at 2 years (a composite of 
cardiovascular death, MI, stroke, recurrent ischemia with 
rehospitalization, or urgent coronary revascularization; 
18.5% vs. 19.9%; HR 0.92; 95% CI 0.85–1.01; p = 0.07), at 

the expense of a significant increase in the rate of GUSTO 
moderate or severe bleeding (7.2% vs. 5.2%; p < 0.001), 
and a threefold increase in intracranial bleeding (1.1% 
vs. 0.2%; p < 0.001). The excess incidence of intracranial 
hemorrhage in patients with a history of stroke led to 
an unplanned safety review, which recommended early 
termination of the TRACER trial. However, data from 
TRA2P-TIMI 50 support the benefit of vorapaxar in sta-
bilized post-MI patients [82]. In this population, some 
patients underwent PCI and the drug appeared to be safe 
in this context.

ANTICOAGULANTS

Anticoagulation is recommended in all patients 
undergoing PCI. Unfractionated heparin (UFH) is the 
most commonly used anticoagulant during PCI with the 
dose and target activated clotted time (ACT) based on 
whether or not a Gp IIb/IIIa inhibitor is administered. 
The recommended dose of UFH is 50–70 U/kg intrave-
nous bolus to achieve a target ACT of 200–250 s if a Gp 
IIb/IIIa inhibitor is given, and 70–100 U/kg to achieve a 
target ACT of 250–300 s (HemoTec device) or 300–350 s 
(Hemochron device) if no Gp IIb/IIIa inhibitor is given 
[7]. Although prior studies [83] in the balloon angio-
plasty era demonstrated a strong relationship between 
ACT and ischemic complications, more recent studies 
from the coronary stent era have shown a more incon-
sistent relationship [84,85]. If no closure device has been 
used, early sheath removal is recommended when the 
ACT falls to less than 150–180 s. Full-dose anticoagula-
tion after successful PCI is not indicated unless there is 
a specific reason (such as atrial fibrillation).

Low-molecular-weight heparin or enoxaparin is a 
reasonable alternative to UFH in patients with NSTE-
ACS undergoing PCI and does not require monitoring. 
In the Superior Yield of the New Strategy of Enoxaparin, 
Revascularization and Glycoprotein IIb/IIIa Inhibitors 
(SYNERGY) trial of 10,027 high-risk patients with NSTE-
ACS to be treated with an early invasive strategy, there 
was no difference in the primary end point (composite 
of all-cause death or nonfatal MI during the first 30 
days after randomization) between patients treated with 
enoxaparin or UFH (14.0% vs. 14.5%; HR 0.96; 95% CI 
0.86–1.06) [86]. More TIMI major bleeding was seen in 
patients treated with enoxaparin (9.1% vs. 7.6%; p = 
0.008), particularly in those patients treated with enoxa-
parin who also received UFH at the time of PCI. Similar 
results were seen in the 4687 SYNERGY patients who 
underwent PCI [87]. The recommended dose of enoxa-
parin is 1 mg/kg subcutaneously (SC) every 12 h until 
PCI is performed, with an additional 0.3 mg/kg intra-
venous dose at the time of PCI in patients who have 
received less than two therapeutic SC doses or received 
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the last SC enoxaparin dose 8–12 h before PCI. Patients 
who undergo PCI more than 12 h after the last SC dose 
should be treated with full-dose de novo anticoagulation 
using an established regimen.

Bivalirudin is a direct thrombin inhibitor that has 
been used as an alternative to UFH in patients under-
going PCI. Several randomized controlled trials and 
meta-analyses have shown that bivalirudin, as com-
pared to UFH with or without Gp IIb/IIIa inhibitor, is 
associated with a reduction in major bleeding, but an 
increase in acute stent thrombosis (at least in primary 
PCI for STEMI) [88–90]. In 13,819 moderate-to-high risk 
ACS patients in the Acute Catheterization and Urgent 
Intervention Triage Strategy (ACUITY) trial, bivaliru-
din was noninferior to UFH plus Gp IIb/IIIa inhibitor 
in reducing the composite ischemic end point (death, 
MI, or unplanned revascularization for ischemia), and 
significantly reduced rates of major bleeding and the 
net clinical outcome end point [91]. Similarly, in the 
Harmonizing Outcomes with Revascularization and 
Stents in Acute Myocardial Infarction (HORIZONS-
AMI) [92], the European Ambulance Acute Coronary 
Syndrome Angiography (EUROMAX) [93], and the 
Bivalirudin in Acute Myocardial Infarction vs Heparin 
and GPI Plus Heparin Trial (BRIGHT) [94] trials, in 
patients undergoing primary PCI, bivalirudin as com-
pared with heparin plus Gp IIb/IIIa inhibitor was asso-
ciated with a decrease in net adverse clinical events, 
primarily due to a significant reduction in major bleed-
ing. In contrast, in the recently conducted, modestly 
sized, How Effective are Antithrombotic Therapies in 
Primary Percutaneous Coronary Intervention (HEAT-
PPCI) trial, heparin alone was found to be superior to 
bivalirudin in reducing major adverse ischemic events, 
with no difference in major bleeding [95]. Despite hepa-
rin’s lower cost, bivalirudin continues to predominate 
in PCI centers throughout the United States due to the 
lower rate of bleeding, especially with femoral access.

Fondaparinux is a synthetic polysaccharide inhibitor 
of factor Xa. In a prespecified analysis of 6238 patients 
enrolled in the Fifth Organization to Assess Strategies 
in Ischemic Syndromes (OASIS-5) trial who under-
went PCI, fondaparinux compared with enoxaparin 
reduced major bleeding (2.4% vs. 5.1%; HR, 0.46; p < 
0.00001) at day 9, with similar rates of ischemic events, 
resulting in superior net clinical benefit (death, MI, 
stroke, major bleeding: 8.2% vs. 10.4%; HR, 0.78; p = 
0.004) [96]. Catheter thrombosis was more common in 
patients receiving fondaparinux (0.9%) than enoxaparin 
alone (0.4%), but was largely prevented by using UFH 
at the time of PCI, without any increase in bleeding. 
Fondaparinux should not be used as the sole antico-
agulant to support PCI because of the risk of catheter 
thrombosis. An additional anticoagulant with anti-factor 
IIa activity should be administered [7].

COMPLICATIONS OF PCI

PCI is an invasive procedure and is associated with a 
number of complications, including death (Table 16.1). 
Periprocedural bleeding is the most common complica-
tion and merits discussion due to an associated increase 
in morbidity, mortality, length of stay, and cost [97–
100]. An analysis of greater than 10,000 PCIs reported 
a 5.4% incidence of major bleeding (hemorrhagic stroke 
or hematocrit drop >15 or 10–15 if clinical bleeding) 
[101]. Periprocedural bleeding was reported in 2.4% 
of patients undergoing PCI in data from the CathPCI 
registry [102]. Independent predictors of bleeding are 
advanced age, cardiogenic shock, use of intra-aortic bal-
loon pump, renal failure, female sex, ST-elevation MI, 
and emergent/salvage PCI [101,102]. Retroperitoneal 
hematoma is rare (0.57%) but is associated with high 
mortality [98]. Patients with high femoral arterial punc-
ture, female sex, use of Gp IIb/IIIa inhibitors, acute MI, 
and angioseal closure device are more likely to have 
retroperitoneal hematoma. Fluoroscopy or ultrasound 
guided femoral access, ideally using a micro-puncture 
needle, in elderly or obese patients may mitigate major 
access site related bleeding complications. Of course, 
radial artery access, when possible, would also be 

TABLE 16.1 Complications of Coronary angiography and 
Percutaneous Coronary Intervention

Vascular Acute vessel occlusion
Arterio-venous fistula
Compartment syndrome (radial access)
Dissection
Hematoma
Pseudo aneurysm
Retroperitoneal hematoma
Thrombosis and embolism
Vasospasm (radial access)

Systemic Bleeding
Cholesterol embolization syndrome
Contrast induced anaphylactoid reaction
Contrast induced nephropathy
Death
Heparin induced thrombocytopenia infections

Cardiac and 
cerebrovascular

Acute vessel closure
Air embolism
Arrhythmias
Cardiac tamponade
Coronary spasm
Death
Dissection and perforation of coronary and 
aortic vasculature
Guidewire fracture
Myocardial infarction
Retained devices
Stroke
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associated with lower rates of vascular complications 
and bleeding.

Patient selection for PCI is important as it is asso-
ciated with vascular complications, potential for 
life-threatening major bleeding secondary to DAPT, 
contrast-induced nephropathy, iatrogenic coronary 
artery dissection, acute vessel closure, and rarely, even 
death. Benefits of therapy have to be weighed against 
the risks of the procedure and the approach individu-
alized for each patient. PCI generally should not be 
offered to patients with terminal or metastatic cancer, 
severe liver or pulmonary disease, severe coagulopa-
thy, major life-threatening cerebral or gastrointestinal 
bleeding, patients who will be noncomplaint with 
medications, and those who refuse to undergo inva-
sive coronary angiography. Chronological age cut-off 
alone, however, should not be the sole criterion for not 
considering PCI [6].

CONTROVERSIES AND FUTURE 
DIRECTIONS

Complete Versus Culprit-Only Revascularization 
During ACSs

Emergent PCI on the infarct related culprit lesion 
is the recommended treatment of choice for acute 
ST-elevation MI. Intervention on the non-infarct related 
artery is not recommended during the cardiac catheter-
ization for STEMI in the current guidelines unless there 
is cardiogenic shock. However, approximately 50% of 
patients are found to have significant disease in the 
non-infarct related arteries at the time of emergent car-
diac catheterization and this is associated with worse 
30-day outcomes [103]. Recently, the dogma regarding 
culprit vessel only revascularization was challenged by 
three modestly sized prospective randomized controlled 
trials—PRAMI (Preventive Angioplasty in Myocardial 
Infarction) [104], CvLPRIT (Complete versus Lesion-
Only Primary PCI trial) [105], and DANAMI3-PRIMULTI 
(The Third DANish Study of Optimal Acute Treatment 
of Patients With STEMI: PRImary PCI in MULTIvessel 
Disease) [106]. It was hypothesized that complete revas-
cularization at the time of angiography for STEMI will 
reduce the ischemic burden and provide medium- and 
long-term benefits. PRAMI trial randomized 465 patients 
to either culprit-only revascularization (231 patients) or 
culprit and preventive revascularization (234 patients). 
The primary end point was a composite of death, non-
fatal MI, or refractory angina. At a mean 23-month 
follow-up, primary events were higher with culprit-only 
revascularization (53 patients vs. 21 patients, HRpreventive-

PCI 0.35; 95% CI 0.21–0.58; p < 0.001) [104]. The CvLPRIT 

trial randomized 296 patients to in-hospital complete 
revascularization (150 patients) or culprit-only revas-
cularization (146 patients). The primary outcome was 
death, recurrent MI, heart failure, or repeat ischemia 
driven revascularization within 12 months. In-hospital 
complete revascularization (non-culprit revasculariza-
tion performed either during primary PCI or during 
the hospital stay) was shown to be superior to culprit-
only revascularization (HR 0.45; 95% CI 0.24–0.84; p = 
0.009) [105,107]. These trials were well conducted but 
had modest sample sizes (and hence were not powered 
to demonstrate differences in hard outcomes such as 
death). A larger trial (Complete versus Culprit-only 
Revascularization to Treat Multi-vessel Disease After 
Primary PCI for STEMI; COMPLETE) scheduled to be 
completed in 2018 will hopefully answer more ques-
tions on individual hard end points and the role of FFR 
in these challenging situations. Additionally, the role of 
complete revascularization versus culprit-only revascu-
larization still needs to be further evaluated in non-ST-
elevation ACS [108].

At this time, we would consider intervening on 
the non-infarct related artery if there is hemodynamic 
compromise, ongoing clinical symptoms that are not 
resolved by intervention on the presumed culprit lesion 
(e.g., cases with inferior infarct on electrocardiogram and 
involvement of both right coronary artery and left cir-
cumflex systems), or unstable lesions in the non-infarct 
related artery (>90% stenosis, high thrombotic burden or 
ruptured plaque). Hemodynamically stable patients or 
patients with complex lesions that do not appear to be 
unstable should likely undergo staged intervention at a 
later date, preferably during the index hospitalization, 
pending the results of ongoing randomized trials.

The Long and Short of DAPT After DES 
Implantation

Current guidelines have a class I recommendation 
for 1 year of uninterrupted DAPT and lifelong aspirin 
after DES implantation due to risk of stent thrombosis 
and associated mortality. However, in patients who are 
at high risk of bleeding it is reasonable to discontinue 
clopidogrel less than 12 months and continue aspirin 
indefinitely (class IIa) [7]. The exact minimum (to pre-
vent stent thrombosis) and maximum duration of DAPT 
(to provide secondary prevention and systemic benefit 
beyond the culprit lesion) have been a matter of intense 
debate. Data from recent trials and meta-analyses using 
newer generations of DESs suggest that a minimum of 
3–6 months of DAPT might be noninferior to the con-
ventional 12 months of DAPT, and may be associated 
with a decreased risk of bleeding, at least in patients 
at relatively low risk of ischemic events [109–112]. The 
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DAPT trial demonstrated that long-term use of DAPT 
(30 months vs. 12 months) was associated with reduc-
tions in stent thrombosis, adverse cerebrovascular and 
cardiovascular events (including at non-culprit loca-
tions) with a significant increase in bleeding risk [113]. 
The study, however, was in patients who could tolerate 
long-term antiplatelet therapies and were not at a high 
bleeding risk after an initial 12 months of DAPT. Of con-
cern in the DAPT trial, there was an increase in all-cause 
mortality associated with prolonged DAPT, essentially 
confined to the subgroup of non-ACS patients [114]. In 
the ACS patients undergoing PCI, the risk benefit of 
DAPT was much more favorable [111].

Balancing the minimum required duration of DAPT 
for prevention of stent thrombosis with providing 
long-term vascular protection has challenged physi-
cians. On the one hand are the issues of identifying 
patients at high risk of stent thrombosis and on the 
other hand are the patients at risk for bleeding from 
prolonged use of DAPT. The approach has to be indi-
vidualized based on bleeding risk and risk of adverse 
thrombotic events—both stent thrombosis, but also the 
underlying atherothrombotic risk of the patient. After 
implantation of a newer generation DES, a minimum 
of 3–6 months seems prudent. After ACS, with or with-
out a stent, a minimum of a year seems indicated, with 
longer durations of DAPT likely beneficial in patients 
who remain at high ischemic risk and at low bleeding 
risk [115–117].

Hybrid Coronary Revascularization:  
Ready for Primetime?

Hybrid coronary revascularization has been in exis-
tence for almost two decades [118]. It involves left inter-
nal mammary artery (LIMA) graft anastomosis to a 
diseased left anterior descending (LAD) artery (usually 
by minimally invasive direct coronary artery bypass 
graft technique, or MIDCAB) and percutaneous stent-
ing of the revascularizable non-LAD territory (using 
newer generation DESs). The goal of this procedure is 
to shorten the hospital stay, offer revascularization to 
those at a high risk for conventional CABG, promote 
early ambulation, and improve patient satisfaction. 
The LIMA to LAD graft has patency rates approaching 
95% at 10 years and is relatively resistant to atheroscle-
rotic insult, unlike SVGs that have graft patency rates 
of only 32% at 15 years [119]. The newer generation 
DESs are an excellent choice for non-LAD territories 
as they have extremely low target vessel revascu-
larization rates. The procedure can be performed in 
a single-stage procedure (MIDCAB followed by PCI 
immediately) or two-stage procedure (MIDCAB first, 
followed by PCI or PCI first followed by MIDCAB). 

A single-stage procedure offers better patient comfort 
by offering the entire revascularization in a single sit-
ting, however, this approach requires hybrid operating 
rooms and the DAPT increases the risk of bleeding. 
The current guidelines prefer MIDCAB followed by 
PCI if a two-stage approach is selected as it offers 
the advantage of securing the LAD territory first and 
avoids perioperative bleeding in the setting of DAPT 
[120]. Hybrid coronary revascularization is not used 
widely: 0.5% of all CABG (85% staged) from 2011 to 
2013 according to the Adult Cardiac Surgery databases 
[121]. This lack of acceptance is likely secondary to the 
need for extensive resource and capital investment in 
the form of comprehensive cardiac care teams, hybrid 
operating rooms, skilled minimally invasive surgical 
operators, and also due to the lack of large random-
ized clinical trial data. The first, modestly sized, ran-
domized controlled trial comparing hybrid coronary 
revascularization to CABG (POL-MIDES, Prospective 
randomized Pilot Study Evaluating the Safety and 
Efficacy of Hybrid Revascularization in Multivessel 
Coronary Artery Disease) established the safety and 
feasibility of the procedure as there were no differences 
between the two groups in terms of mortality, repeat 
revascularization, MI, or major bleeding at 1 year [122]. 
It is yet to be seen if hybrid coronary revascularization, 
combining the advantages of PCI and minimally inva-
sive coronary surgery, is ready for primetime.

Drug-Coated Balloons

The US FDA recently approved drug-coated balloons 
(DCBs) for symptomatic femoro-popliteal peripheral 
artery disease [123]. DCBs offer the advantage of bet-
ter local drug uptake, theoretically less vessel distor-
tion secondary to stenting, and might offer therapeutic 
benefits to lesions that are not compatible with stenting 
(in-stent restenosis, small vessels, and complex carinal 
bifurcation lesions). The DCB surface is composed of 
an antiproliferative drug and a carrier substance. So far, 
data have been most promising for coronary in-stent 
restenosis and have shown noninferiority to paclitaxel-
eluting stents and superiority over balloon angioplasty 
alone [124]. DCB offers the potential to prevent adverse 
vessel remodeling due to repetitive stent placement. 
Trials comparing DCB to conventional DES have been 
performed for small coronary vessels [125] and bifurca-
tion lesions [126] and have not shown clinical benefit 
over DES. In a recent meta-analysis of 11 randomized 
controlled trials, target lesion revascularization was the 
lowest with DCB and DES when compared with plain 
old balloon angioplasty [127]. DCB hold promise in 
treating in-stent restenosis, but current data do not sup-
port their use in de novo lesions.
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CONCLUSIONS

Coronary angiography and PCIs are the most widely 
performed invasive cardiac procedures worldwide. The 
field of interventional cardiology has witnessed immense 
improvement in guiding catheters, guidewires, intra-
coronary stents and devices, interventional techniques, 
antiplatelet and anticoagulant adjunct therapies. From 
plain old balloon angioplasty to DCBs and bioabsorb-
able stents, we have come a long way in treating CAD. 
However, there are controversies and unresolved issues 
in the field that further research will attempt to answer.
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INTRODUCTION

Coronary artery bypass grafting (CABG) is an estab-
lished and highly effective method of coronary revascu-
larization. It has remained the mainstay of treatment for 
patients with symptomatic multivessel coronary artery 
disease (CAD) despite significant improvements in 
medical and percutaneous therapy. The purpose of this 
chapter is to review relevant topics in CABG including 
CABG versus percutaneous coronary intervention (PCI), 
multiarterial grafting, perioperative stroke, minimally 
invasive CABG, and hybrid coronary revascularization 
(HCR), and off- versus on-pump CABG.

CABG VERSUS PCI

CABG continues to be one of the most common sur-
gical procedures performed in the United States, with 
an estimated annual volume of 300,000 cases [1]. Both 
CABG and PCI have proven effective at alleviating 
symptoms but CABG has consistently been shown to 
have a survival advantage compared to PCI for patients 
with multivessel CAD. Numerous randomized trials 
and registry studies have been performed comparing 
PCI to CABG over the last 30 years but two random-
ized trials have received the most attention: SYNTAX 
[2] (SYNergy between PCI with TAXUS and Cardiac 
Surgery) and FREEDOM [3] (Future REvascularization 
Evaluation in patients with Diabetes mellitus: Optimal 
Management of multivessel disease).

In SYNTAX, a multicenter, international trial, 1800 
patients with multivessel and/or left main CAD were 
randomly assigned to multivessel CABG or PCI after 
being evaluated by both an interventional cardiologist 
and cardiac surgeon. For the primary endpoint of major 
adverse cardiac and cerebrovascular events (MACCE) 
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at 1 year, PCI failed to meet the goal of noninferior-
ity compared to CABG, because of a higher incidence 
of repeat revascularization with PCI [2]. At 3 years, the 
rates of MACCE, repeat revascularization, and myocar-
dial infarction (MI) were significantly increased with 
PCI compared to CABG [4]. After 5-years’ follow-up, 
MACCE remained significantly higher for PCI com-
pared to CABG (37.3% vs. 26.9%; p < 0.0001) [5]. Both 
MI (3.8% in the CABG group vs. 9.7% in the PCI group;  
p < 0.0001) and repeat revascularization (13.7% vs. 25.9%; 
p < 0.0001) were higher with PCI compared to CABG at  
5 years; but, all-cause mortality (11.4% in the CABG group 
vs. 13.9% in the PCI group; p = 0.10) and stroke (3.7% vs. 
2.4%; p = 0.09) were not significantly different between 
groups [5]. The advantages of CABG over PCI were most 
apparent in those with more complex coronary anatomy 
(medium to high SYNTAX scores), with higher 5 year 
MACCE in intermediate (25.8% vs. 36.0%; p < 0.0001)  
and high (26.8% vs. 44.0%; p < 0.0001) SYNTAX scores for 
PCI compared to CABG. Numerous post hoc subgroup 
analyses have been performed in this trial population, 
including patients with left main disease. Although these 
comparisons can be utilized to guide real world prac-
tice decisions, the results must be taken in context. The 
SYNTAX trial was originally designed and powered for 
the original MACCE endpoint and was a noninferiority 
design. PCI failed to meet the noninferiority endpoint. 
Thus, the results from all of the post hoc analyses should 
be considered hypothesis generating and not definitive. 
Important conclusions from this trial include: (i) CABG 
should be considered the standard therapy for all symp-
tomatic patients that present with multivessel CAD that 
warrant revascularization; (ii) the benefits from CABG are 
most apparent in those with complex CAD determined by 
the SYNTAX score; and (iii) low SYNTAX score patients, 
or those with less complex coronary anatomy may be con-
sidered for multivessel PCI. Although critics of this trial 
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criticize the use of first generation stents, it is important 
to concede that there is no definitive data, in contrast with 
CABG, that supports the superiority of PCI over medi-
cal therapy for mortality in patients with stable angina 
[6,7]. However, support for this argument comes from 
an individual patient-data meta-analysis comparing 4989 
patients randomized either to a new-generation DES ver-
sus early-generation DES, showing lower rates of death 
(3.2% vs. 5.1%), cardiac death or MI (4.4% vs. 6.3%) and 
stent thrombosis (0.7% vs. 1.7%) after 3 years of follow-up 
in those treated with newer-generation DES [8].

The second large multicenter randomized control trial 
that warrants discussion is FREEDOM [3]. In this trial, 
1900 patients with diabetes and multivessel CAD were 
enrolled in 140 international sites to CABG or multives-
sel PCI with DES. The primary outcome was a composite 
of all-cause mortality, nonfatal MI, and nonfatal stroke at 
5 years. The primary outcome occurred more frequently 
in the PCI group with 5-year rates of 26.6% in the PCI 
group and 18.7% in the CABG group (p = 0.005). The 
benefit of CABG was driven by differences in rates of 
both MI (p < 0.001) and death from any cause (p = 0.049) 
even though this study was powered on the compos-
ite endpoint and not all-cause mortality. This definitive 
study confirmed that CABG should be the first-line treat-
ment for patients with diabetes and multivessel CAD.

Recently published randomized data comparing 
everolimus-eluting stents versus CABG confirm the 
results from the other large randomized trials that there 
is a survival advantage for patients with multivessel dis-
ease treated with CABG [9]. In this study, patients with 
multivessel CAD were randomized to CABG versus PCI 
with everolimus-eluting stents. At a median follow-up 
of 4.6 years, the composite endpoint of death, MI, or 
repeat revascularization occurred more frequently with 
PCI versus CABG (17.0% vs. 11.7%; p = 0.04), even with 
the latest generation stent technology.

There are several explanations for the advantages of 
CABG over PCI in patients with multivessel CAD. One 
is the superiority of arterial grafting using the left inter-
nal mammary artery (LIMA) to bypass the LAD which 
largely accounts for the survival advantage with CABG 
[10]. This is attributable to the superior long-term patency 
of the LIMA compared to either stents or saphenous 
vein grafts [11]. Furthermore, with CABG, a vessel tar-
geted strategy is utilized over a lesion targeted strategy. 
Bypass grafting typically treats the proximal 2/3 of the 
native coronary artery such that the vessel in addition to 
the lesion is treated. This addresses not only the lesion 
responsible for ischemia but any future disease burden 
that may develop. This is in contrast to a lesion treat-
ment strategy that occurs with PCI, and this advantage 
of CABG will persist even with lower in-stent restenosis 
rates associated with newer generation stent technology, 
as seen with the BEST trial. Another advantage seen with 

CABG is that patients are more likely to undergo com-
plete revascularization with CABG compared to PCI [12], 
and that incomplete revascularization is associated with a 
higher risk of mortality, MI, and repeat revascularization 
[12,13]. Finally, graft failure results in different clinical 
sequelae compared to stent thrombosis. Although stent 
thrombosis rates have improved with newer generation 
stent technology and medical therapy, stent thrombosis 
usually results in vessel occlusion and distal ischemia; 
whereas graft occlusion does not always result in ischemic 
events. Because bypass grafts are usually sewn onto the 
distal third of the coronary artery, clinical events related 
to bypass graft occlusion usually involve less myocar-
dium. The impact of stent thrombosis compared to graft 
occlusion has been shown to have a negative impact on 
survival compared to graft occlusion in the 5-year results 
from SYNTAX [13,14].

Observational comparative effectiveness trials have 
generally supported the conclusions rendered by these 
two randomized trials. Weintraub and colleagues com-
pared 86,244 patients undergoing CABG to 103,549 
patients undergoing PCI (2004–2008) in patients 65 years 
of age or older with two- or three-vessel CAD presenting 
without acute MI [15]. Although there was no difference 
observed in all-cause mortality at 1 year, there was a sig-
nificantly lower mortality with CABG compared to PCI at 
4 years (16.4% vs. 20.8%; risk ratio, 0.79; 95% CI, 0.76–0.82). 
However, this study may not accurately reflect contempo-
rary practice with PCI using advanced drug-eluting stent 
technology or current techniques with CABG including 
multiarterial grafting strategies. Similarly, a recent meta-
analysis of randomized trials comparing CABG versus 
PCI found a mortality advantage with CABG across 
all types of patients, including those with multivessel 
CAD as well as diabetes [16]. Repeat revascularization 
declined from the prestent era to the drug-eluting stent 
era. Considerable attention has been given to the develop-
ment of second- and third-generation stents that promise 
to further reduce in-stent restenosis and stent throm-
bosis. It has been suggested that these improvements 
may further narrow the gap in mortality, MI, and repeat 
revascularization seen in the previous randomized tri-
als versus CABG. In an observational analysis, Bangalore 
and coworkers compared patients with multivessel CAD 
treated with CABG (9223) to patients undergoing PCI 
with everolimus-eluting stents (9223) [17]. Although fol-
low-up was relatively short (2.9 years), all-cause mortality 
was similar in both groups (3.1% per year and 2.9% per 
year, respectively; hazard ratio, 1.04; 95% CI, 0.93–1.17;  
p = 0.50). However, the randomized trial comparing 
everolimus-eluting stents with CABG revealed that the 
advantages of CABG did not emerge until longer follow-
up was obtained (4.6 years) [9]. Thus, the long-term ben-
efits of CABG for patients with multivessel CAD persist 
despite the use of second generation drug-eluting stents.
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Although historically delegated to surgical revas-
cularization, there has been increased interest in PCI 
for treatment of left main CAD. In SYNTAX, subgroup 
analysis of left main disease suggested equivalent out-
comes in the primary endpoint (MACCE) at 12 months 
for CABG and PCI (13.7% and 15.8%, respectively;  
p = 0.44) [2]. Although this suggests equipoise regarding 
the most effective treatment strategy for patients with iso-
lated left main disease or left main disease plus two- or 
three-vessel CAD, the statistical design was a noninferi-
ority assessment of all patients in the trial. Thus, the sub-
group analyses are observational in nature and hypothesis 
generating. In a relatively small randomized controlled 
trial, Park and colleagues compared PCI versus CABG for 
patients with left main disease [18]. Although the results 
suggested noninferiority at 1 year between treatment strat-
egies, the noninferiority margin was wide and follow-up 
short which limited the generalizability of the results. 

Fortunately, data from the EXCEL trial comparing PCI to 
CABG in patients with left main CAD will provide much 
needed clinical data to guide appropriate revasculariza-
tion strategies for patients with left main disease.

CABG has been definitively shown to be a highly 
effective revascularization modality for patients with 
multivessel and left main CAD with a survival advan-
tage compared to PCI. Although significant advances 
in PCI have enabled more patients to be treated effec-
tively with this strategy, significant advances have also 
occurred with surgical revascularization, including but 
not limited to multiarterial grafting strategies, off-pump 
CABG, improved perioperative care, and advanced myo-
cardial preservation strategies. Current guidelines by the 
American Heart Association and the American College of 
Cardiology [19], and the European Society of Cardiology 
and European Association for Cardio-thoracic Surgery 
[20] are summarized in Tables 17.1 and 17.2.

TABLE 17.1 Summary of aHa/aCC guidelines for revascularization to improve Survival Compared to Medical Therapy [19]

CLASS I INDICATIONS

CABG PCI

Unprotected left main disease Survivors of sudden cardiac death with presumed ischemia-induced VT

3-vessel CAD with or without proximal LAD disease

2-vessel CAD with proximal LAD disease

Recommended in preference to PCI in patients with 
diabetes and multivessel CAD

Survivors of sudden cardiac death with presumed 
ischemia-induced VT

CLASS IIA INDICATIONS

CABG PCI

CABG over PCI for patients with 3-vessel CAD (SYNTAX 
> 22) who are reasonable candidates for CABG

Unprotected LM disease for patients with SIHD with low risk of PCI procedural 
complications (SYNTAX ≤ 22, ostial or trunk), high likelihood of good long-term 
outcome, and high-risk surgical candidate (STS PROM ≥ 5%)

2-vessel CAD without proximal LAD disease with 
extensive ischemia

Unprotected LM disease for patients with UA/NSTEMI if not a CABG candidate

1-vessel proximal LAD disease using LIMA Unprotected LM disease for patients with STEMI with < TIMI 3 flow when PCI 
can be performed more rapidly and safely than CABG

EF 35–50%

CLASS IIB INDICATIONS

CABG PCI

EF < 35% without significant LM disease Unprotected LM disease for patients with SIHD with low-intermediate risk of 
PCI procedural complications (SYNTAX < 33, bifurcation LM) with increased 
surgical risk (STS PROM > 2%)

3-vessel CAD with or without proximal LAD disease

2-vessel CAD with proximal LAD disease

2-vessel CAD without proximal LAD disease

1-vessel proximal LAD disease
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MULTIARTERIAL GRAFTING

Despite the documented benefits of CABG for 
patients with multivessel CAD, one of the main limita-
tions is the failure rate of saphenous vein grafts (SVGs). 
The improved survival and symptom relief with CABG 
has been largely attributed to the superior long-term 
patency of the LIMA-LAD graft. Short- and long-term 
failure of SVGs has been well described [21–23], most 
notably in PREVENT-IV [24]. Despite these shortcom-
ings, most American surgeons continue to perform 
CABG procedures with a single IMA to the LAD and 
SVGs for non-LAD targets with fewer than 10% of 
CABG in the United States involving > 1 arterial graft 
[25]. The barriers to adoption are understandable. In 
the era of public reporting, surgeons are “graded” on 
30-day outcomes, not long-term survival. For surgeons 
considering bilateral internal mammary artery (BIMA) 
grafting, this increased risk of deep sternal wound infec-
tion, especially in an increasingly obese and diabetic 
population, is a major concern. Mediastinitis, one of the 
key Society of Thoracic Surgeons quality metrics used in 
public reporting, is no longer reimbursed by the Centers 
for Medicare and Medicaid Services, and the surgeon 
bears full responsibility for these events, both from the 
hospital as well as public reporting forums. Both BIMA 
and radial artery harvest frequently require additional 
operative time and personnel and remuneration may 

not be commensurate with the additional skill and effort 
required. Furthermore, it is often unclear which patients 
and what coronary targets may best be suited for addi-
tional arterial grafts. Thus, significant barriers exist 
that may dissuade surgeons from making a relatively 
straightforward case more complex.

Nevertheless, there is a resurgence of interest at the 
national and international level for surgeons to per-
form more arterial grafts. Most of the data in support of 
this comes from observational analyses. In all of these 
analyses, complex statistical methods such as propen-
sity matching have been used to balance comparisons 
between patients with single versus multiple arterial 
grafting strategies; and in almost all of these compar-
isons, data is harvested from large registries such as 
The Society of Thoracic Surgeons National Database. 
Frequently missing from these registries are details 
about coronary lesions and target anatomy (% stenosis, 
target quality, and size, etc.) as well as patient-related 
variables such as frailty. Nonetheless, the general con-
sensus from these studies is that long-term survival may 
be enhanced in carefully selected patient populations 
receiving additional arterial grafts. Locker and cowork-
ers showed that in propensity score-matched groups, 
patients undergoing multiarterial revascularization had 
estimated 15-year survival rates of 70% compared to 
60% for patients undergoing a single IMA (SIMA) plus 
SVG (hazard ratio, 0.73; 95% CI, 0.59–0.90; p = 0.003) [26]. 
Dorman and colleagues utilized propensity score match-
ing to compare median survival for patients undergo-
ing BIMA grafting compared to SIMA for multivessel 
disease (follow-up 6 weeks to 30 years, median 8.9 
years) [27]. The median survival for SIMA patients was 
9.8 years (95% CI, 8.6–10.5) compared with 13.1 years 
(95% CI, 12.2–13.9) for BIMA patients (p < 0.001). In 
an updated meta-analysis of published studies compar-
ing BIMA versus SIMA, the BIMA group demonstrated 
significantly better long-term survival than the LIMA 
group (hazard ratio, 0.78; CI, 0.72–0.84; p < 0.0001) [28]. 
Using multiple logistic regression analysis in diabet-
ics undergoing CABG, Raza and coworkers found that 
BIMA versus SIMA grafting was associated with a 21% 
lower late mortality (68% confidence limits, 16–26%) 
[29]. The incidence of deep sternal wound infection was 
significantly higher after BIMA versus SIMA grafting 
(3.4% vs. 2.1%, p = 0.01) which persisted after multivari-
able adjustment (p = 0.002). The conclusion was that 
BIMA grafting and complete revascularization provided 
the optimal revascularization strategy to maximize long-
term survival in diabetic patients, but the authors urged 
careful patient selection. Buxton and associates com-
pared patients undergoing a LIMA + SVG strategy to 
those undergoing revascularization with only arterial 
conduits [30]. After statistical modeling, total arterial 

TABLE 17.2 Summary of european Society of Cardiology and 
european association for Cardio-Thoracic Surgery guidelines [20]

CABG PCI

Rec LOA Rec LOA

1-2VD without proximal-LAD IIb C I C

Proximal-LAD I A I A

2VD with proximal-LAD I B I C

ULMD with SYNTAX ≤ 22 I B I B

ULMD with SYNTAX 23–32 I B IIa B

ULMD with SYNTAX > 32 I B III B

3-VD with SYNTAX ≤ 22 I A I B

3-VD with SYNTAX 23–32 I A III B

3-VD with SYNTAX > 32 I A III B

DIABETES MELLITUS

SYNTAX ≤ 22 I A IIa B

2VD with proximal-LAD I A – –

3VD I A – –

VD, vessel disease; LAD, left anterior descending coronary artery; LOA, level 
of evidence; Rec, recommendation; ULMD, unprotected left main disease.
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revascularization yielded a superior survival advantage 
on Cox proportional hazard analysis with a Hazard 
Ratio of 0.79 (95% CI 0.70–0.90; p < 0.001) [30]. In 384 
propensity-matched pairs, total arterial revasculariza-
tion patients had improved 15-year survival compared 
to single IMA patients (54 ± 3.3% vs. 41 ± 3.0, p = 0.0004). 
However, as in previously mentioned reports, selection 
bias probably had some impact on these results as one 
can question why patients at centers with a bias towards 
all arterial revascularization had such a large number of 
patients that received only one arterial graft.

Superior patency of either arterial conduit compared 
to SVG has also been demonstrated. In a multicenter 
randomized study comparing RA versus SVG patency 
(Radial Artery Patency Study, RAPS), the RA was ran-
domized to be grafted to either the circumflex or the right 
coronary artery, with the study SVG used for the other 
territory [31]. The frequency of functional graft occlusion, 
defined as lack of Thrombolysis In Myocardial Infarction 
flow grade 3, was lower in radial arteries compared with 
SVG (28 of 234 (12.0%) vs. 46 of 234 (19.7%), p = 0.03). The 
frequency of complete graft occlusion was also signifi-
cantly lower in RA compared with SVG (24 of 269 (8.9%) 
vs. 50 of 269 (18.6%), p = 0.002). Notably, the patency 
superiority of the RA occurred primarily in targets with 
at least 90% proximal stenosis, with relative equipoise 
between RA and SVG in targets with 75–90% stenosis [31]. 
In a sub-study of RAPS, Deb and colleagues examined 
5-year patency of RA versus SVG in diabetic patients less 
than 80 years old [32]. The within-patient randomization 
protocol, with the RA randomized to either the circum-
flex or right coronary territory (both with at least 75% 
proximal stenosis) and SVG utilized to the remaining ter-
ritory allowed patients to serve as their own control. The 
proportion of complete graft occlusion was significantly 
lower in the RA 4/83 (4.8%) versus saphenous grafts 
21/83 (25.3%), p = 0.0004. Cumulative patency rates for 
RA grafts, irrespective of diabetes status, were similar for 
diabetics and nondiabetic whereas cumulative patency 
rates of SVG were worse for diabetic patients suggesting 
the improved durability of the RA compared to SVG in 
this subset of patients. Transbaugh and colleagues, in a 
propensity matched comparison, concluded that there 
was no major patency benefit with the RIMA compared 
to radial artery when used to bypass the circumflex, and 
that radial artery use was associated with few in-hospital 
adverse events [33]. However, not all reports have been 
as supportive of a multiarterial grafting strategy. The sin-
gle center Radial Artery Patency and Clinical Outcomes 
randomized trial (RAPCO) showed no significant differ-
ence in clinical outcome or graft patency comparing the 
RA to SVG in patients older than 70 [34].

What is needed is a definitive large randomized 
trial with long-term follow-up to address the potential 

survival advantage of additional arterial grafts. Long-
term results of RAPCO will elucidate differences between 
RIMA and RA grafting in patients less than 70 years old 
and SVG compared to RA grafting in patients greater 
than 70 years old [34]. The 10-year multicenter Arterial 
Revascularization Trial (ART) of Taggart et al. has com-
pleted enrollment with 10-year data expected in 2018. 
This will help clarify the benefit of BIMA grafting com-
pared to SIMA grafting to the left coronary circulation 
[35]. It will also provide comparative effectiveness data 
of a LIMA plus radial artery strategy in a subgroup of 
patients. In their 1-year results, Taggart et  al. reported 
comparable short-term outcomes in terms of survival, 
MI, stroke, and repeat revascularization [35]. Importantly, 
the incidence of sternal wound complications requiring 
reconstruction was once again shown to be significantly 
higher in the BIMA group, 1.9% versus 0.6%.

Some general conclusions and recommendations 
can be made regarding additional arterial grafts during 
CABG until more definitive trial data becomes available:

1. The benefits of additional arterial grafts appear most 
pronounced when used to graft the second best left-
sided target. The benefit of right coronary grafting 
with arterial grafts is less clear.

2. Either the radial artery or an additional internal 
mammary artery (IMA) is an effective second 
arterial conduit to graft the second best left-sided 
target.

3. Radial artery use should be reserved for target 
vessels with at least 80% and preferably >90% 
stenosis to minimize complications associated with 
graft vasospasm and competitive flow.

4. The right internal mammary can be used as an 
in situ graft for the LAD, ramus intermedius, or 
high obtuse marginal if there is adequate length. 
Conversely, it can also be effectively used as a free 
graft.

5. BIMA harvesting is associated with a slightly 
albeit significantly higher risk of sternal wound 
complications, especially in diabetic patients. Other 
risk categories that may be associated with higher 
sternal complications include morbid obesity, 
immunosuppression, and chronic lung disease.

6. Additional arterial grafts should be reserved for 
patients with an anticipated life expectancy of 10 
years.

7. In appropriately selected patients, the use of a 
second arterial graft to an additional left-sided 
coronary target will likely result in a long-term  
(>10 years) survival advantage, lower incidence 
of repeat revascularization, and freedom from 
recurrent symptoms due to a lower incidence of 
graft failure with arterial grafts.
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OFF-PUMP VERSUS ON-PUMP CABG

Despite an abundance of literature comparing on-
pump and off-pump CABG (OPCAB) surgery, the opti-
mal surgical strategy remains controversial. OPCAB is 
a more technically challenging procedure and has been 
criticized for concern over completeness of revascular-
ization and graft patency, however, the technique has 
been associated with lower requirements for blood 
transfusion and fewer neurologic and renal complica-
tions. It is widely accepted that OPCAB is beneficial 
in certain clinical scenarios, such as severe aortic ath-
erosclerosis which increases the risk of atheroembolism 
with aortic clamping. In the current era dominated by 
the development of minimally invasive procedures, off-
pump CABG plays a key role in facilitating new tech-
nologies in coronary revascularization.

ROOBY was the first large-scale multicenter RCT com-
paring OPCAB versus on-pump CABG in Veteran Affairs 
centers [36]. ROOBY compared OPCAB versus on-pump 
CABG in 2203 patients at Veteran Affairs Centers. There 
was no difference in the short-term primary composite 
endpoint of death or major complications before discharge 
or within 30 days between OPCAB and on-pump CABG 
(7.0% vs. 5.6%, p = 0.19) [36]. However, OPCAB was associ-
ated with higher composite endpoint of mortality, MI, and 
repeat revascularization at 1 year (9.9% vs. 7.4%, p = 0.04). 
Criticisms of insufficient surgeon experience with OPCAB 
[37] and the low-risk patient population prompted two 
large RCTs, the CABG Off- or On-Pump Revascularization 
Study [38] (CORONARY) and the German Off-Pump 
CABG in Elderly (GOPCABE) Trial [39]. The CORONARY 
study randomized 4752 high-risk patients to OPCAB ver-
sus on-pump CABG [38]. The co-primary endpoints were 
death, stroke, MI or dialysis at 30 days and 1 year, and 
death, stroke, MI, dialysis, repeat revascularization at 5 
years. Surgeons were required to have >2 years’ experi-
ence after residency training and >100 cases of OPCAB, 
trainees could not be the primary surgeon, and the major-
ity of patients had additive EuroSCORE 3–5, thus being 
high risk. This trial also did not find differences in pri-
mary endpoints of mortality, MI, and stroke at 30 days 
[38] (9.8% vs. 10.3%, p = 0.59) and at 1 year [40] (12.1 
vs. 13.3, p = 0.24). However, there was a trend towards 
benefit with OPCAB for patients in higher EuroSCORE. 
Similarly, GOPCABE was a multicenter randomized trial 
of 2539 high-risk patients (mean logistic EuroSCORE 8.3) 
≥ 75 years of age comparing OPCAB versus on-pump 
CABG [39]. Importantly, OPCAB was “routinely per-
formed at all participating centers” and surgeons had an 
average 514 cases and median 322 cases with OPCAB. 
There was no difference in the primary endpoint, a com-
posite risk of death, stroke, MI, repeat revascularization, or 
new renal replacement therapy at 30 days (7.8% vs. 8.2%,  
p = 0.74) and at 1 year (13.1% vs. 14.0%, p = 0.48) [39].

Several registry studies powered by their large sam-
ple sizes were able to detect significant differences in 
adverse outcomes among a broad population of patients. 
In a study by Hannan et  al. [41], 49,830 patients from 
the New York state registry underwent risk-adjusted 
analysis (Cox proportional hazard models and propen-
sity analysis) comparing outcomes after OPCAB versus 
on-pump CABG. In this study, OPCAB patients had 
significantly lower 30-day mortality (OR 0.81; 95% CI 
0.68–0.97; p = 0.0022) as well as a lower incidence of post-
operative stroke (OR 0.70; 95% CI 0.57–0.86; p = 0.0006).  
However, the mechanisms responsible for the observed 
reduction in postoperative stroke were not defined. In 
a large registry study of California CABG outcomes, Li 
and colleagues also demonstrated a significant reduction 
in propensity-adjusted operative mortality with OPCAB 
compared with on-pump CABG (2.59% 95% CI 2.52–
2.67% vs. 3.22%, 95% CI 3.17–3.27%) [42]. An intention-
to-treat retrospective analysis of 42,477 patients from 
the Society of Thoracic Surgeons National Database 
showed a reduction in risk-adjusted operative mortality 
(adjusted OR 0.83, p = 0.03) as well as numerous morbid-
ity outcomes favoring patients undergoing OPCAB [43].

With the lack of randomized trial data demonstrating 
the superiority of one approach over another, there does 
not appear to be a short- or long-term mortality advan-
tage with OPCAB. However, most surgeons would agree 
that in certain high-risk subgroups of patients, an off-
pump approach may lower the risk of specific compli-
cations associated with extracorporeal circulation and 
aortic manipulation, specifically postoperative stroke.

POSTOPERATIVE STROKE

Patients undergoing CABG with ascending aortic ath-
eromatous disease are known to carry increased risk of 
death, stroke, and major adverse cardiac events [44–46]. 
Published reports indicate that up to 75% of all strokes 
following CABG are embolic and early (≤24 h postop) 
in nature [47]; therefore, it becomes critical to make 
every effort to reduce the risk of intraoperative cerebral 
embolic events. Emboli can arise from intraoperative 
manipulation of the aorta during (i) aortic cannulation, 
(ii) institution and maintenance of cardiopulmonary 
bypass, or (iii) application and removal of the aortic 
cross-clamp for cardioplegic arrest (Figure 17.1), or with 
partial aortic clamping (Figure 17.2) for proximal anas-
tomoses. During on-pump CABG, most surgeons in the 
United States prefer to use a cross-clamp for cardio-
plegic arrest, followed by removal of the cross-clamp 
and application of a partial-occluding clamp to perform 
proximal anastomoses.

Long-term survival of post-CABG stroke patients is 
negatively impacted with reductions in 1- and 5-year 
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survival to 66% and 44% compared to 94% and 81% 
without stroke [48]. The incremental cost of a postopera-
tive stroke has been reported to be an additional $19,000 
to the health system when there are no other associated 
complications and greater than $58,000 when combined 
with two or more other complications [49]. The effect of 
stroke on ultimate patient recovery and quality of life 
is immeasurable since these patients frequently require 
prolonged supportive care at long-term rehabilitation 
facilities.

Although SYNTAX and FREEDOM demonstrated 
significant advantages in favor of CABG, both trials 
showed significantly higher stroke rates for CABG com-
pared to PCI. In SYNTAX at 1 year, stroke occurred 
significantly more often after CABG than after PCI (2.2% 
vs. 0.6%, p = 0.003) [2]. In FREEDOM, the incidence of 
stroke at 5 years was 5.4% in the CABG group compared 
to 2.4% in PCI (p = 0.03). These trials, although favor-
able for surgical revascularization, charged the surgical 

community to reduce the incidence of this devastating 
complication. In BEST, there was no significant differ-
ence in the incidence of postoperative stroke between 
CABG and PCI (2.9% vs. 2.5%, p = 0.72) at long-term 
follow-up. The authors hypothesized that the greater 
use of off-pump techniques and multiarterial grafts with 
less aortic manipulation may have played a role in these 
findings.

Despite convincing data from the previously men-
tioned randomized trials that failed to show a reduction 
in stroke with OPCAB compared to on-pump CABG, 
these trials remained underpowered to show a statistical 
difference in postoperative stroke. Furthermore, more 
evidence is emerging that the majority of postoperative 
strokes are embolic and related to aortic manipulation. 
Importantly, the randomized trials comparing on-pump 
CABG to OPCAB did not specify the technique for con-
struction of proximal anastomoses; thus patients in the 
OPCAB groups may have undergone partial clamping, 
which is routinely performed during OPCAB to con-
struct aortocoronary proximal anastomoses. In a study 
by Moss and associates [50], the authors aimed to deter-
mine whether minimizing aortic manipulation resulted 
in a clinically relevant reduction in postoperative stroke. 
The overall incidence of postoperative stroke was 1.4%, 
with an unadjusted incidence of 0.6% in the no-touch 
group, 1.2% in the clampless facilitating device group 
(Figure 17.3), and 1.5% in the clamp group (p < 0.01 for no-
touch vs. clamp) [50]. The ratio of observed to expected 
stroke rate increased as the degree of aortic manipula-
tion increased, from 0.48 in the no-touch group, to 0.61 
in the clampless facilitating device group, and to 0.95 in 
the clamp group. Aortic clamping was independently 
associated with an increase in postoperative stroke com-
pared with a no-touch technique (adjusted odds ratio, 
2.50; p < 0.01). Both the off-pump partial clamp and the 

FIGURE 17.1 Aortic cross-clamp used to isolate the heart from 
systemic perfusion and deliver cardioplegic solution to achieve  
cardiac arrest.

FIGURE 17.2 Partial-occluding clamp used to isolate a portion of the ascending aorta to allow for construction of aortocoronary proximal 
anastomoses without completely occluding the aorta. The partial clamp can be used during on- or off-pump coronary artery bypass.
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on-pump cross-clamp techniques increased the risk of 
postoperative stroke compared with no-touch (adjusted 
odds ratio, 2.52, p < 0.01; and adjusted odds ratio, 4.25, 
p < 0.001, respectively). Kim and colleagues reported 
a lower incidence of postoperative stroke in patients 
undergoing OPCAB without any manipulation of the 
aorta compared with patients undergoing OPCAB with 
partial clamping and patients undergoing on-pump 
CABG with aortic clamping [51]. This theory is in line 
with data using transcranial Doppler signals to identify 
cerebral emboli [52–54]. Emmert and colleagues reported 
on a group of 4314 patients who underwent on-pump 
CABG or OPCAB [55]. Within the OPCAB group they 
compared aortic partial clamping to clampless facilitat-
ing devices (devices which do not require clamping to 
construct proximal anastomoses) (Figure 17.3). In this 
series, the off-pump group had a significantly lower inci-
dence of stroke than the on-pump group (1.1% vs. 2.4%, 
p < 0.005). Within the off-pump group, the CFD patients 

had a significantly lower incidence of stroke than the 
partial clamp group (0.7% vs. 2.3%, p = 0.4), and was 
similar to the no-touch group.

Each maneuver to minimize aortic manipulation 
comes at the expense of the relative simplicity of 
performing coronary surgery with cardiopulmonary 
bypass on an arrested heart with a cross-clamped 
aorta. Even with OPCAB, it is relatively easier to 
place a partial clamp to perform proximal aortocoro-
nary anastomoses than to use clampless facilitating 
devices or use in situ arterial grafts as inflow for other 
bypass grafts. Thus, surgeons have been reluctant to 
broadly adopt these different revascularization tech-
niques without clear trial data to support them due to 
the greater technical challenges involved. These con-
cerns have been reinforced by the randomized trials 
comparing off- versus on-pump CABG which have 
demonstrated a slightly but statistically higher risk of 
repeat revascularization.

MINIMALLY INVASIVE CABG AND HCR

As sternal-sparing approaches for CABG have evolved, 
different techniques have been adopted for minimally 
invasive CABG (Table 17.3). This includes minimally 
invasive direct coronary artery bypass (MIDCAB), endo-
scopic atraumatic coronary artery bypass (ENDOACAB), 
robotic-assisted CABG (Figure 17.4), and robotic totally 
endoscopic coronary artery bypass (TECAB). Although 
the majority of cases involve single-vessel grafting uti-
lizing the LIMA to the left anterior descending coronary 
artery (LAD), multivessel grafting is also well described 
and performed in experienced centers.

The primary goal of minimally invasive CABG pro-
cedures is to capitalize on the major benefit of CABG, 
the LIMA-LAD graft, and to minimize the morbidity 
associated with traditional sternotomy CABG including 
sternal complications, postoperative stroke, prolonged 
recovery, and bleeding. With all of the different tech-
niques described above, patients receive a LIMA-LAD 
graft as either sole therapy for single vessel disease, 
undergo multivessel grafting, or undergo minimally 
invasive LIMA-LAD grafting as part of a HCR proce-
dure. Patients’ desire to avoid a sternotomy (Figure 17.5) 
but maintain the survival advantage and durability of 
LIMA-LAD grafting have fueled these approaches which 
have been enabled by significant technological advances. 
We have previously reported equivalent 30-day and 
midterm results in a propensity-matched group of 597 
patients undergoing nonsternotomy versus sternotomy 
CABG [56]. Holzhey and colleagues reported a series 
of 1768 patients who underwent MIDCAB with low 
operative mortality (0.8%), low stroke rate (0.4%), and 

FIGURE 17.3 A clampless facilitating device, such as the 
Heartstring proximal anastomosis device (Maquet Cardiovascular, 
Rastatt, Germany) enables construction of aortocoronary proximal 
anastomoses without clamping the aorta.
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excellent long-term results (85.3% and 70; 9% 5- and 
10-year freedom from MACCE) [57,58]. Compared to 
PCI, MIDCAB has consistently shown decreased rates of 
target vessel revascularization and no difference in other 
major cardiac events at 1-year follow-up [11].

We reported excellent results in a series of 307 patients 
who underwent robotic-assisted CABG, consisting of 
robotic LIMA harvest and LIMA-LAD anastomosis via 
a 3–4 cm anterior minithoracotomy. Operative mortality 
was 1.3%, LIMA patency 97%, and MACCE occurred 
in 3.3% of patients [59]. Robotic-assisted CAB has also 
shown a benefit in hospital length of stay, return to full 
activity, and pain scores when compared to conventional 
CABG [60]. Data from centers that have adopted TECAB 
has been favorable as well. In 2006, a multicenter trial 
of 98 patients reported a low rate of conversion to ster-
notomy (6%), a low MACCE rate, and freedom from 
reintervention or angiographic failure of 91% [61]. Since 
that time, high volume TECAB centers have consistently 
shown good clinical results [62].

TABLE 17.3 Summary of varying approaches for Minimally invasive Coronary artery Bypass grafting

Approach Incisions LIMA harvest
Exposure for 
anastomosis

Construction 
of anastomosis Complexity Advantages Limitations

MIDCAB Single left 
anterolateral 
thoracotomy 
incision (5–8 cm)

Direct 
visualization 
facilitated 
with specially 
designed retractor 
system to elevate 
anterior chest 
wall

Via thoracotomy 
incision

Manual Low Inexpensive, 
short OR time, 
larger incision 
allows for access 
to multivessel 
grafting and 
possible 
exposure to aorta

Postthoracotomy 
pain from chest 
wall retraction, 
possible 
incomplete LIMA 
harvest

ENDOACAB Three left-sided 
port incisions, 
separate 3–4 cm 
microthoracotomy 
incision for 
anastomosis

Thoracoscopic Through 3–4 cm 
microthoracotomy 
incision

Manual Medium Inexpensive, 
rib-sparing

LIMA harvest 
difficult 
thoracoscopically 
because of 2-D 
instruments, 
access adequate 
for LAD and/or 
diagonal grafting 
only

Robotic-
assisted 
CABG

Three left-sided 
port incisions, 
separate 3–4 cm 
microthoracotomy 
incision for 
anastomosis

Robotic Through 3–4 cm 
microthoracotomy 
incision

Manual Medium 3-D visualization 
and 
instrumentation 
during LIMA 
harvest, 
rib-sparing

Expensive, access 
adequate for 
LAD and/or 
diagonal grafting 
only

TECAB Three left-sided 
port incisions 
and one subcostal 
port incision for 
endostabilizer

Robotic Totally endoscopic Robotic High Rib-sparing, 
allows exposure 
and access to 
entire LAD 
and option for 
multivessel 
grafting

High complexity, 
expensive, relies 
on peripheral 
cannulation for 
CPB support

CABG, coronary artery bypass grafting; ENDOACAB, endoscopic atraumatic coronary artery bypass; LAD, left anterior descending coronary artery; LIMA, left 
internal mammary artery; OR, operating room; TECAB, totally endoscopic coronary artery bypass.

FIGURE 17.4 Example of operative setup commonly used for a 
robotic-assisted CABG procedure or minimally invasive direct coro-
nary artery bypass procedure. Dashed arrow shows stabilizer arm 
inserted through separate incision to stabilize left anterior descending 
coronary artery. Solid arrow shows mini-thoracotomy incision through 
which the anastomosis is performed.
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HCR is defined as the planned application of both 
surgical and interventional techniques to treat patients 
with multivessel coronary disease. A surgical procedure 
including an internal mammary artery (IMA) graft to the 
left anterior descending coronary artery (LAD), typically 
with a minimally invasive approach, is combined with 
PCI to non-LAD targets (Figure 17.6). This approach 
capitalizes on the major strengths associated with each 
procedure and also eliminates the major drawbacks; for 
CABG, the failure rate of SVGs and for PCI, the higher 
repeat revascularization rates associated with proxi-
mal LAD intervention. A failure rate of approximately 
20–50% associated with SVGs to non-LAD targets calls 
into question the best method to treat non-LAD dis-
ease [24,63]. The main limitation with PCI is the higher 
rates of target vessel revascularization when applied to 
the proximal LAD [64,65]. Therefore, the clinical util-
ity of a hybrid approach for the treatment of coronary 

disease must be considered in the context of what this 
new approach can offer compared to currently available 
traditional therapy. With HCR, the LAD is treated with 
the best available therapy (LIMA-LAD), most commonly 
with a sternal-sparing approach, which makes the dura-
bility and efficacy of LIMA-LAD grafting an attractive 
alternative to either LAD PCI or traditional CABG via 
sternotomy. The circumflex and right coronary territo-
ries are treated percutaneously which may be as effective 
as SVGs in appropriate selected patients, when multiar-
terial grafting is not an option.

For HCR procedures to be adopted by cardiologists and 
surgeons, the following goals will need to be achieved: 
(i) low in-hospital morbidity and mortality which com-
pares to or even surpasses traditional CABG; (ii) excel-
lent short- and long-term LIMA-LAD patency rates that 
can be achieved with sternal sparing, minimally invasive 
approaches; (iii) reduced hospital resource utilization 
compared to traditional CABG which can be achieved by 
lower ventilation times, reduced intensive care require-
ments, lower transfusion rates, more frequent discharge 
to home versus subacute chronic care, and shorter overall 
hospitalization times despite increased procedural costs 
associated with the combination of two procedures; (iv) 
shorter postdischarge recovery times which allow patients 
to return to work and resume normal activity sooner than 
possible with sternotomy; (v) a lower incidence of repeat 
revascularization compared to multivessel PCI; (vi) higher 
patient satisfaction with HCR compared to either multi-
vessel PCI or traditional CABG; and (vii) short- and long-
term cost-effectiveness comparable to CABG or PCI. While 
the nuances of HCR, which include staged versus simul-
taneous procedures, antiplatelet regimens, utilization of 
hybrid operating rooms, and the use of drug-eluting or 
bare metal stents, are important, whether HCR proves to 
be a durable, safe, and ubiquitous treatment for coronary 
disease will largely depend on the outcomes of the mini-
mally invasive surgical techniques. Demonstrating these 
results will ultimately require well-designed comparative 
effectiveness trials. In the absence of these data, HCR 
should be considered an alternative treatment strategy 
that should be tailored to the individual patient based on 
coronary anatomy and patient-related variables.

There have been several single-institution series 
recently describing larger experiences with modern min-
imally invasive hybrid revascularization [66–73]. They 
have documented excellent early LIMA patency rates, 
low mortality rates, and a low incidence of target ves-
sel repeat revascularization. Comparisons of HCR with 
CABG have also shown favorable clinical outcomes in 
different subsets of patients [74–76]. The main limitations 
with most of the currently available HCR series to date 
are their retrospective design, relatively small sample 
size, and single institutional experience. Nonetheless, 

FIGURE 17.5 Postoperative appearance of incisions for robotic-
assisted CABG.
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HCR appears to be a safe and effective therapy as well 
as a valuable alternative to either traditional CABG or 
multivessel PCI in carefully selected patients.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO), 
often referred to as extracorporeal life support (ECLS), 
provides temporary support to critically ill patients who 
cannot maintain their respiratory and/or circulatory 
function. A basic circuit composed of cannula, tubing, 
a pump, oxygenator, and heat exchanger; there are two 
approaches: veno-venous (VV) ECMO for solely respira-
tory support, and veno-arterial (VA) ECMO for cardiac 
support, cardio-respiratory support, or undifferentiated 
etiology support. Since first use in 1971 [1], ECMO cir-
cuits have improved in design and function [2–4]. This 
review focuses on contemporary insertion techniques 
and management considerations, which have improved 
clinical outcomes in VA ECMO, specifically, peripherally 
inserted VA ECMO for cardiogenic shock secondary to 
ischemic presentation.

EVOLUTION TO CONTEMPORARY  
ECMO

Gibbon’s development of the heart-lung machine 
facilitated the first open heart surgery in 1953 [5]. Initial 
use of heart-lung machine was restricted to the operating 
room because of damage to blood due to direct exposure 
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to oxygen. The advent of spiral coil type membrane oxy-
genators, circumvented this concern, and lead to the 
first experiences with maiden ECMO circuits in the early 
1970s [1]. As heart-lung machine technology continued 
to develop as cardiac surgery developed, this improved 
technology became applied to future iteration ECMO 
circuits with favorable results. Centrifugal pumps have 
replaced early rotor pumps in contemporary ECMO 
circuits [2], reducing hemolysis and improving flow 
dynamics. New biocompatible surfaces [6] such as hep-
arin coated circuits allow reductions in systemic anti-
coagulation, potentially reducing incidence of bleeding 
events and systemic inflammatory response syndrome 
(SIRS). Innovations leading to the development of solid 
hollow fiber membranes [3,4] resulted in reduced inci-
dence of air embolism and blood trauma due to oxygen 
exposure. Smaller and portable configurations facilitated 
VA ECMO as a tool to initiate management of patients 
in less intensive settings and enable ease of transport 
[7] to advanced care centers (e.g., Cardiohelp™ device, 
Maquet). Newer duel lumen cannula [8,9] (e.g., Avalon™, 
Maquet; and TandemHeart™ Right Ventricular Assist 
Device cannula with oxygenator) have made it possible 
to provide VV ECMO respiratory support with single  
cannula, peripheral inserted in the internal jugular vein 
via Seldinger technique [10]. Currently, ECMO is utilized 
for not only pulmonary and circulatory failure, but for 
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transport, retrieval of organs, and extracorporeal CPR. 
Most recent data from the Extracorporeal Life Support 
Organization (ELSO) [11] illustrated more than 14,000 
patients have utilized short- or medium-term ECMO 
support, with reasonable overall survival to discharge, 
~60% in respiratory and ~45% in cardiac failure.

INDICATIONS

The use of ECMO is often considered in critically ill 
patients, and often indicated when the pre-ECMO mortal-
ity exceeds 80% [12]. Contraindications include cerebral 
hemorrhage due to the need for anticoagulation, severe 
immunosuppression due to SIRS, or terminal diagnosis.

Veno-Arterial ECMO

VA ECMO is one of many options available for circu-
latory support. Other options being various ventricular 
assist devices both surgically implanted and percutane-
ously placed. The advantages of VA ECMO over the 
above two options include ease of emergent insertion, 
potential for biventricular support, and ability to provide 
respiratory support [13]. These features are especially 
suited to acute coronary syndrome presentation. It may 
be used as a bridge to myocardial recovery, myocardial 
revascularization, ventricular assist device implantation, 
or heart transplantation.

Indications for VA ECMO include spectrum of both 
isolated cardiac failure and combined cardiorespiratory 
failure with evidence of poor tissue perfusion despite 
optimal intervention. VA ECMO is most commonly 
employed in the setting of cardiogenic shock due to vari-
ety of etiologies, such as postmyocardial infarction, ful-
minant myocarditis, peripartum cardiomyopathy, septic 
shock causing cardiac depression, decompensated heart 
failure, and postcardiotomy shock (failure to wean off 
cardiopulmonary bypass). Recent novel yet less common 
indications for VA ECMO support include: extracorpo-
real cardiopulmonary resuscitation (eCPR), resuscitation 
in cases of severe hypothermia, and extracorporeal inter-
val support for organ retrieval (EISOR) [14].

VA ECMO in the setting of ischemic shock is emerging 
to have a notable role. Despite early revascularization, car-
diogenic shock complicating acute myocardial infarction 
carries a high mortality. Intra-aortic balloon pump (IABP) 
support was recently found to confer no mortality benefit 
over medical therapy in the IABP-SHOCK II trial [15].

TECHNICAL CONSIDERATIONS

Veno-Arterial ECMO

VA ECMO support can be initiated via intrathoracic 
or peripheral cannulation. Intrathoracic cannulation is 

usually performed after open heart surgery (postcardiot-
omy shock) or to solve peripheral ECMO complications. 
The venous cannula is placed in the right atrium. This 
siphons blood volume from body and acts as the inflow 
to the ECMO circuit, which subsequently contains the 
oxygenator and heat exchanger in series. The outflow 
from the ECMO goes into an arterial cannula, which is 
placed in the ascending aorta. Both cannulas can be tun-
neled through the skin to allow a definite chest closure 
and potential patient extubation.

For peripheral cannulation in the acute presenta-
tion of ischemic shock, the femoral vein is the preferred 
venous line. The venous cannula is placed in the right 
atrium through the femoral vein, also using Seldinger 
technique [16]. The arterial line can be placed in the 
femoral artery, axillary artery or even in the carotid 
artery in the pediatric population. In all cases, cannula 
insertion can be totally percutaneous, in which case, a 
short arterial cannula is positioned distally to prevent 
distal ischemia [17]. The completely percutaneous access 
is the desired one in emergency cases as it allows sup-
port to be initiated in minutes. However, a surgical cut 
down and sewing a 6–8 mm graft onto the vessel and 
connecting to the ECMO circuit prevents distal arterial 
ischemia [18,19]. Occasionally, the use of a graft may 
cause hyperperfusion of the corresponding limb, more 
frequently in the axillary artery and can be managed by 
doing a distal banding of the artery or external wrapping 
of the affected upper extremity.

MANAGEMENT CONSIDERATIONS

Once ECMO support has been initiated, the goal is 
to preserve all organs and recover those injured. It is 
important to obtain a baseline arterial blood gas (ABG) 
and visceral labs. Daily metabolic panel verifies proper 
perfusion and oxygenation. Arterial gases and coagula-
tion panels must be obtained hourly, especially in the 
first hours of support.

Protective ventilation mode should be maintained 
to allow the cardiorespiratory recovery if possible. 
Oxygenator settings (FiO2 and “sweep” (air flow rate)) 
will be adjusted according to the ABG results. It is 
important to avoid overcorrection and/or fast correction 
of pCO2 levels, especially in chronic hypercarbic patient 
due to the risk of cerebral damage.

Inotropic support and ventricular assist devices (e.g., 
Impella™, Abiomed; IABP; TandemHeart™ transseptal 
cannula) should be maintained to facilitate the left-sided 
chamber unloading and coronary perfusion, if cardiac 
recovery is a possibility. This is critical in patients with 
acute coronary syndrome.

ECMO flows should be adjusted according to the 
patient needs. On one hand, flows should be enough 
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to keep a good systemic perfusion measured by urine  
output, lactic acid levels, and mixed venous saturation. 
On the other hand, ECMO flows should not be high 
enough to prevent lung circulation. To facilitate lung 
recovery and avoid development of pulmonary thrombi, 
at least 0.5 L/min of flows through the lung circulation 
should be permitted. To enable it, full-flow support 
should not be maintained for a long period of time.

Harlequin Syndrome

Harlequin syndrome describes the situation where 
the upper body is hypoxemic (“blue”) whereas the lower 
body is fully oxygenated (“pink”). This situation occurs 
under peripheral femoral VA ECMO support, and it 
is the result of partially preserved heart function with  
poor lung function. Because of the poor lung func-
tion, the left-side heart chambers receive nonoxygen-
ated blood. This nonoxygenated blood is ejected as the  
heart function is partially preserved. The principal recip-
ient of the nonoxygenated blood would be the coro-
nary arteries and the cerebral vessels. The visceral organ 
would receive oxygenated blood through the femoral 
cannula. The level of the mixture happens at different 
levels, depending on how preserved is the heart func-
tion [20].

In order to detect that problem that leads to a continu-
ous myocardial and/or cerebral perfusion with nonoxy-
genated blood, it is important to obtain all the arterial 
gases from the right upper extremity as it is the closest 
arterial site to the aortic root, or cerebral oximetry placed 
on the forehead or upper extremity. This problem can 
be resolved by switching the arterial cannula to axillary 
artery or central cannulation.

Left Ventricular Distention

Left ventricular (LV) distension is the result of the 
bronchial circulation, certain degree of aortic regurgita-
tion, and complete ECMO support. It is a significant 
complication that requires a prompt solution. LV dis-
tention increases myocardial wall tension leading to 
reduced coronary perfusion and chance of myocardial 
recovery. LV distension also leads to increased pulmo-
nary capillary wedge pressure and pulmonary edema. 
Lastly, it may result in flow stasis and development of 
LV thrombus with risk of embolization and stroke.

Contemporary advances in ECMO approaches avoid 
LV distension by unloading the LV. LV unloading in 
partially recovered heart function can be achieved by 
reducing the ECMO support/flow and maintaining 
the patient’s pulsatility. In some cases, IABP insertion 
increases coronary perfusion to improve contractility, 
and reduces the afterload, to facilitate the previous pul-
satility. If these strategies are insufficient, an active LV 

drain is needed. In the case of central ECMO, a vent can 
be inserted in the left ventricle by opening the previous 
incision via the right superior pulmonary vein or pulmo-
nary artery. In peripheral ECMO support, LV drainage 
can be obtained by placing a cannula in the left atrium 
using a transeptal approach [21]. In cases where the tran-
septal puncture is not feasible, a small left thoracotomy 
may be necessary for direct insertion of the LV vent. In 
all circumstances, the LV vent is connected to the venous 
line. Other devices such as the Impella™ (Abiomed) can 
be used concurrently to decompress the LV [22].

Anticoagulation

Improvements in biocompatible materials for the 
ECMO circuit have reduced the difficulty in the antico-
agulation of patients on ECMO support. There is no clear 
consensus regarding anticoagulation protocols; most 
centers have developed their own, using unfractionated 
heparin IV infusion. In special situations, alternatives 
such as bivalirudin [23] or argatroban [24] can be used. 
The anticoagulant effect is monitored using activated 
clotting time (ACT) or PTT. In certain occasions, other 
measures as antifactor Xa levels or thromboelastogram 
(TEG) may be used [25].

Every phase of the ECMO support requires a differ-
ent anticoagulation range. Our protocol recommends—
cannulation and initiation support start: 50–100 U/kg 
of heparin to achieve an ACT 200–250 s; stable ECMO 
support: ACT between 180 and 225 s, PTT 60–80; wean-
ing period, once flows are <2.5 L/min: PTT higher than 
80 s and ACT round 250–300 are recommended. ACT or 
PTT should be checked every hour for the first 4 days 
of support or until a stable therapeutic level is achieved 
[25]. For an early detection of thrombotic complications 
all ECMO lines and the oxygenator should be inspected 
twice a day to assess for the presence of clots.

Weaning Off ECMO

Weaning ECMO support is normally a gradual and 
closely monitored process. For VA ECMO support, the 
weaning process is supported by increased arterial pul-
satility, stable Swan Ganz parameters, and daily assess-
ment of heart function using echocardiography. Once 
the arterial pulsatility and contractility have improved, 
ECMO flows can be reduced after optimizing inotro-
pic support and ventilator settings. The flow is reduced 
to 50% of the cardiac output supported by the ECMO. 
If the contractility and the hemodynamic parameters 
remain stable for 15–30 min, the ECMO flows can be 
safely reduced another 50% until the complete wean. In 
VA ECMO weaning, process longer than 4 h should be 
avoided.
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CLINICAL OUTCOMES

ECMO techniques and management carry inherently 
high rates of complications, some with devastating out-
comes. Complications include patient-related adverse 
events and/or adverse events related to the ECMO 
circuit. Patient adverse events primarily include neuro-
logical, renal, vascular, cardiac, and respiratory. Circuit 
adverse events include problems related to oxygenator, 
heat exchanger, lines, pump itself (mainly thrombosis), 
and/or air embolization.

ECMO outcomes have been poor historically; this is 
especially true for adult patients undergoing ECMO. 
ELSO clearly recommends against ECMO consideration 
if the predicted mortality is <50%. Early studies for 
ECMO described very high mortality (>90%); [1] lead-
ing to decreased interest, especially in adult patients. 
Following technical advances, clinicians started using 
ECMO in highly selective otherwise healthy patient 
group with very high mortality risk [26]. These strin-
gent selection criteria were gradually extended to other 
patients with less severe condition following increased 
expertise and improved technology.

ELSO statistics suggests that overall adult survival 
for cardiac failure patients receiving ECMO is 40%. 
Myocarditis (67%) and ischemic shock (49%) represents 
better survival compared to congenital cardiac defect 
(33%) [27,28].

Table 18.1 displays recent studies for VA ECMO for 
cardiac failure. Early (30 days) survival ranges from 24% 
to 65%, with survival to discharge ranges from 14% to 
59%. Different complications are not mentioned in all 
studies, but common complications include infection, 

bleeding, acute renal insufficiency, neurological events, 
and limb ischemia. Early studies showed higher rates of 
complications. Infection rates as high as 58% has been 
observed [4]. Highest rates for acute renal insufficiency 
were reported by Bakhtiary and colleagues of almost 87% 
[5]. Neurological complication ranged from 9% to 33%. 
Incidence of limb ischemia ranged from 7% to 36% [3].

ETHICS

ECMO has inherent ethical challenges. As traditional 
definitions of death usually include cessation of cardio-
respiratory function, the role of ECMO itself poses chal-
lenges to the ethos of end-of-life discussions with the 
patient’s family. It is imperative that physicians provide 
family members with detailed knowledge of the implica-
tions on continued ECMO care versus discontinuation, 
in patients who are not being bridged to recovery, or 
bridge to treatment—such as revascularization, perma-
nent ventricular assist device, or transplantation. Due to 
emergent nature of the procedure it may not be feasible 
to have these discussions beforehand, but should be ini-
tiated early in the course of treatment to avoid potential 
disagreements [40]. Surrogates such as the Sequential 
Organ Failure Assessment (SOFA) and APACHE score 
have been used to aid in discussions of probability of 
recovery with patients’ families [41].

VA ECMO is further perplexing in that VA ECMO 
itself provides both cardiac as well as respiratory sup-
port superior to cardiopulmonary resuscitation. Do not 
resuscitate (DNR) order or comfort measures are there-
fore incompatible with this strategy [42].

TABLE 18.1 Summary of recent Studies with Survival to discharge results after Va EcMO

Study Indication Study period
Number of  
patients

Survival to  
discharge (%)

30-day  
survival (%)

Bakhtiary [29] Cardiogenic shock 2003–2006 45 28.9 47

Belle [30] Cardiogenic shock; Cardiac arrest 2006–2010 51 27.4 NA

Chamogeorgakis [31] Cardiogenic shock 2006–2011 61 14.8 36.1

Formica [32] Cardiogenic shock 2002–2009 42 38.1 52.4

Kim [33] Cardiogenic shock 2006–2010 27 59.3 63

Lamarche [34] Cardiogenic shock 2000–2008 32 44 43.8

Lin [35] Cardiac arrest 2004–2006 55 29.1 34.5

Liu [36] Cardiac arrest 2007–2010 10 40 40

Smedira [37] Cardiogenic shock 1992–1999 202 38 24

Doll [38] Cardiogenic shock 1997–2002 219 24 24

Beurtheret [39] Cardiogenic shock; Cardiac arrest 2005–2009 87 36.8 NA
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ECONOMICS

Despite the heterogenous nature of ECMO, there 
have been some economic analyses that are enlight-
ening. The most recent CESAR trial collaboration 
reviewed 180 patients in a randomized fashion to ECMO  
center referral versus optimal medical management for  
ARDS and found the cost to approximate £19,000 
($30,000US) per quality adjusted life year (QALY) [43]. 
With hemodialysis treatment used as a benchmark, 
where the cost is $50,000–70,000US/QALY and thresh-
old to initiate dialysis is low, ECMO may be consid-
ered cost-effective when used in selective patients with 
ARDS.

Cost analysis for VA ECMO is less clear. Maxwell 
et  al. [44] analyzed almost 9000 hospital admissions 
using the Nationwide Inpatient Sample, between 1998 
and 2009. Average daily and total hospital costs were 
approximately $40,000/day and $344,000 (total) respec-
tively. When analyzed, the postcardiotomy shock cohort 
had most favorable outcomes and lowest resource use/
cost. From 1998 to 2009 the total annual cost of ECMO in 
this cohort studied increased from $109 million/year to 
$765 million/year. Analyses showed this was not solely 
driven by increased ECMO volume. Charges per patient 
and lengths of stay increased significantly. However, 
patterns showed an increased proportion of VA ECMO 
were from non-post-cardiotomy cohorts, resulting in 
worse outcomes and cost-effectiveness.

CONCLUSIONS

ECMO has evolved in design, technology, patient selec-
tion, insertion techniques, adjunct devices, and manage-
ment in the past 45 years since it began. Outcomes have 
improved and indications have expanded. It remains an 
expeditious, cost-effective tool for rapid resuscitation of 
patients with cardiorespiratory failure, whose outcomes 
without ECMO intervention are predominantly fatal. 
However, results are still guarded and the ethical aspects 
of ongoing care needs to be at the forefront of daily fam-
ily discussions, in those where a bridge to transplant or 
definitive device are not possible.

Peripherally inserted VA ECMO for resuscitation 
and as a bridge to definitive treatment in the cohort 
of patients presenting with ischemic shock, is an expe-
ditious approach with acceptable success. Adjuncts to 
prevent LV distension, maintain coronary perfusion, 
and alternative cannulation strategies to provide opti-
mal support to the brain and peripheral organs, have 
improved outcomes and led to this having a prominent 
role in the current algorithm for managing of acute coro-
nary syndromes.
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INTRODUCTION

Clinical research to assess alternative medical or sur-
gical treatments in coronary artery diseases can be clas-
sified as observational and experimental research based 
on the assignment of exposures (e.g., treatments). In this 
chapter, the terms exposure and treatment will be used 
interchangeably since treatment can be viewed as a part 
of exposure. If an investigator assigns treatments to the 
study, the study is an experimental study. Otherwise, the 
study is an observational study [1].

Observational studies can be divided to an analytical 
study and a descriptive study based on the presence or 
absence of comparison group. If there is no comparison 
group, the study is a descriptive study, which includes 
a case-report study and a case-series study. If there is a 
comparison group, the study is an analytical study. An 
analytical study can be further divided to a case–control 
study, a cross-sectional study, and a cohort study based 
on the temporal direction of the study. Experimental 
studies can be classified as randomized clinical trials and 
nonrandomized clinical trials depending on the alloca-
tion of subjects to treatment groups.

American College of Cardiology Foundation and 
American Heart Association (ACC/AHA) provided the 
criterion for hierarchical rankings on the basis of research 
design for different types of studies in evidence-based 
medicine [2]. ACC/AHA provided the highest level of 
evidence (Level A) for treatment recommendations to 
studies with “data derived from multiple randomized 
clinical trials or meta-analyses” and the second-highest 
level (Level B) to studies with “data derived from a 
single randomized trial, or nonrandomized studies”. 
The lowest level of evidence (Level C) was assigned to 
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studies with “Consensus opinion of experts, case stud-
ies, or standard of care”.

The advantages of randomized clinical trials (RCTs) 
are simplicity and universal acceptance. The disad-
vantages are time and effort involved in their effective 
implementation, dealing with the resistance of patients 
and clinicians, and large sample size for comparison, 
especially with low-incidence outcomes. RCTs may not 
be feasible for outcomes that are rare or have long lag 
times.

OBSERVATIONAL STUDY

An observational study is conducted when an RCT 
is not feasible. Suitable design and statistical analysis 
methods need to be carefully chosen for an observa-
tional study. There are a number of available designs for 
observational studies with each developed for specific 
situations in coronary artery disease research.

Case-Report/Case-Series Study

A case-report is a descriptive study of a single patient, 
which does not have a comparison (control) group.  
A case-report usually describes an unusual or novel 
occurrence. A case-series is a descriptive study of a small 
group in which the possibility of an association between 
an observed effect and a specific exposure is based on 
detailed clinical evaluations and histories of the patients. 
Case-report and case-series designs are useful when the 
disease is uncommon and when it is caused exclusively 
or almost exclusively by a single kind of exposure. Use 
of five Ws and one H (who, what, why, when, where, 
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and how) is recommended for good descriptive report-
ing of case-report and case-series studies. For example, 
who has the disease? What is the disease being studied? 
Why did the disease arise? When did the disease occur? 
Where did the disease arise? How to design a future 
study based on the results of the study?

Case-report and case-series are considered the lowest 
level of evidence. However, they provide the first line 
of evidence since they are where new issues and ideas 
emerge. Case-series are used to generate the hypothesis 
about the cause of the disease. They do not allow assess-
ment of causal association.

Example: Boyer et al. [3] conducted a case-series study 
to present an extensive review of the existing literature 
and associated clinical guidelines, and proposed a man-
agement algorithm for patients with coronary artery 
aneurysm (CAA). CAA is an abnormal dilatation of part 
of the coronary artery, an uncommon clinical finding 
with an incidence rate of 1.5–4.9% in adults.

Cross-Sectional Study

Exposure and disease are determined at one specific 
point in time in a given population in a cross-sectional 
study. A cross-sectional study is conducted to estimate 
the prevalence of disease and an exposure at a particular 
time. A cross-sectional study is relatively inexpensive 
and takes up little time to conduct.

The temporal relationship between exposure and 
disease cannot be determined since both outcome and 
exposure are ascertained at the same time. Since a cross-
sectional study only takes a snapshot, the study may 
provide differing results if another time-frame had been 
chosen. A cross-sectional study yields prevalence-inci-
dence bias (also called Neyman bias). Any risk factor 
that results in death will be under-represented among 
those with the especially longer-lasting diseases.

Example: Stack and Bloembergen [4] conducted a 
cross-sectional study to investigate the prevalence and 
clinical associations of coronary artery disease in a 
national random sample of new end stage renal disease 
in the United States in 1996–1997.

Case–Control Study

A case–control study is always retrospective because 
it starts with an outcome such as disease and then looks 
backward in time for exposures that might have caused 
the outcome. Here, a case means a subject with a disease 
or outcome of interest where a control means a subject 
without a disease or outcome of interest. A case–control 
study aims to retrospectively determine the exposure to 
the risk factor of interest from cases and controls. The 
investigators ascertain the prevalence of exposure to a 
risk factor in both groups of cases and controls through 

chart reviews or other means. If cases have significantly 
higher prevalence rate of the exposure than controls, 
then the exposure is significantly associated with an 
increased risk of the outcome.

Case–control studies are especially useful for out-
comes that are rare or that take a long time to develop, 
such as cardiovascular disease and cancer. These studies 
often require less time, effort, and money than cohort 
studies. Therefore, a case–control study may be the 
only feasible method for very rare disorders or those 
with long lag between exposure and outcome. A case–
control study can examine many risk factors at once. 
Disadvantage of a case–control study includes reliance 
on recall or records to determine exposure status, dif-
ficulty in establishing cause and effect due to temporal 
backwards relationship, and potential recall and selec-
tion bias. Incidence-prevalence bias (also called Neyman 
bias) also occurs in a case–control study. Suppose that 
cases are interviewed 1 month after the coronary attack 
in a study that investigates association between tobacco 
smoking and acute myocardial infarction (AMI). If 
death occurs more frequently in smokers with AMI, the 
remaining cases will show lower frequency of smoking 
than the dead AMI patients, which will decrease the 
association between smoking and AMI. This bias occurs 
only if the risk factor influences mortality from the dis-
ease being studied [5].

Matched case–control study designs are commonly 
implemented to eliminate confounding in clinical stud-
ies. The main potential benefit of matching in case– 
control studies is a gain in efficiency [6].

Example: Pierre-Louis et  al. [7] used a case–control 
design to investigate the severity of coronary artery 
disease by coronary angiography in age-matched and 
sex-matched patients with diabetes mellitus with atrial 
fibrillation versus sinus rhythm.

Cohort Study

Cohort studies follow groups of individuals over time 
to investigate the causes of disease, establishing links 
between risk factors and outcomes. Cohort studies pro-
spectively proceed from exposure to outcome. Investigators 
identify groups with and without an exposure of interest, 
and then follow the exposed and unexposed groups over 
time to determine outcomes. As the study is conducted, 
outcome from subjects in each cohort is measured and 
relationships with specific characteristics determined. If 
the exposed group has a higher incidence of the outcome 
than the unexposed, then the exposure is associated with 
an increased risk of the outcome.

The cohort study has important strengths. In a cohort 
study standardization of criteria/outcome is possible. 
A cohort study limits the influence of confounding 
variables since subjects in cohorts can be matched. The 
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cohort study has less recall bias than the case–control 
study. However, the cohort study can be slow to yield 
results and thus prohibitively expensive for the study 
of rare diseases or diseases that take years to develop.

Example: Thanassoulis et al. [8] showed that a genetic 
risk score composed of 13 single nucleotide polymor-
phisms (SNPs) associated with coronary disease is an 
independent predictor of cardiovascular events and of 
high coronary artery calcium with a Framingham Heart 
cohort study.

Figure 19.1 shows temporal relationship between 
exposure and disease in a case–control study, a cross-
sectional study, and a cohort study.

Case-Cohort Study

The case-cohort study was originally designed to 
allow efficient analysis of studies where the population 
size was too large to collect detailed data on all the 
study subjects. The case-cohort study randomly selects 
a subcohort from the original sample at entry and then 
only analyzes data on members of the randomly selected 
subcohort and the remaining cases. Randomly selected 
subcohort includes both cases and noncases that are 
identified after a certain follow-up time. For example, 
blood samples would be collected over time for all study 
participants. Then, the biochemical analysis would only 
be performed on participants in the randomly selected 
subcohort or subjects that developed the disease of inter-
est. Then, the case cohort is comprised of subcohort and 
the remaining cases from other than subcohort. Sharp 
et al. [9] reviewed recent practice in reporting case-cohort 
studies, and developed recommendations about report-
ing of the study design, subcohort definition, descriptive 
information, and statistical methods.

Example: Weighted Cox proportional hazard regres-
sion analysis [10] was used to investigate if there was a 

significant interaction between soluble thrombomodu-
lin (sTM) and soluble intercellular adhesion molecule-1 
(sICAM-1) in predicting risk of CHD event using the 
case-cohort data from ARIC (Atherosclerosis Risk In 
Communities) cohort [11].

Statistical Analyses

In this section, statistical methods for data analysis 
are briefly described. Statistical methods described here 
have been widely used for the analysis of observational 
and experimental studies.

Analysis of Continuous Response Variables
Continuous response variables are analyzed using 

t-tests, analysis of variance (ANOVA), analysis of cova-
riance (ANCOVA), or mixed models, to test the null 
hypothesis of equal means in different groups with and 
without adjusting by covariates. For all models, the data 
is tested to ensure that the underlying assumptions (i.e., 
normality and homoscedasticity) are met. If not, stan-
dard transformations (e.g., log, inverse, square root, and 
Box-Cox) are taken on the data in order to meet these 
assumptions. If data transformation is inadequate to 
meet the analysis assumptions, then rank transforma-
tion of the data is performed and one-way ANOVA on 
the rank-transformed response variables are analyzed 
and reported. Nonparametric alternatives such as the 
Wilcoxon signed-rank test, the Wilcoxon rank-sum test, 
the Kruskal–Wallis test, or permutation tests, are used 
as appropriate. When covariates could affect a response 
variable in an ANOVA context, analysis of covariance 
(ANCOVA) is used to adjust for treatment effects. The 
underlying assumptions of the ANCOVA model (e.g., 
homogeneity of slopes across treatment groups) are 
tested. Standard regression criteria are used to assess 
the appropriateness of including particular covariates. 
When more than one covariate is being included in 
the model, the possibility of multicollinearity will be 
reduced through the careful initial assessment of correla-
tions among all study covariates. Multicollinearity is a 
phenomenon in which two or more predictor variables 
in a multiple regression model are highly correlated, 
meaning that one can be linearly predicted from the 
others.

Analysis of Categorical Response Variables
Where response variables are categorical, Pearson’s 

chi-square test or Fisher’s exact test is used to test for 
differences among treatment groups. Cochran–Mantel–
Haenszel test is used when we must stratify on addi-
tional variables. Logistic regression is used to model 
the relationship between a binary outcome variable and 
covariates. Logistic regression diagnostics is employed 
to ensure that the logistic model is appropriate. 

Case–control study

Exposure

Cross-sectional study

Cohort study

Exposure

Exposure

Disease

Disease

Time

Disease

FIGURE 19.1 Temporal relationships between exposure and 
disease.
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Polychotomous logistic regression can be applied for 
ordinal categorical variables under the proportional 
odds assumption. When the outcome is truly multino-
mial, generalized logit models can be applied. Poisson 
regression is used if the outcome is a count of events. 
Construction of composite measures can be formed, if 
necessary, to combine information among highly cor-
related covariates [12,13].

Analysis of Survival Data
The method of Kaplan and Meier is used to estimate 

the distributions of time-to-event outcomes, and these 
distributions among treatment groups are tested using 
the log-rank test. Multivariable proportional hazards 
models are used to test for treatment or prognostic 
effects in the presence of covariates. The proportional 
hazards assumption can be evaluated graphically and 
analytically, and regression diagnostics (e.g., martingale 
and Schoenfeld residuals) are examined to ensure that 
the models are appropriate [14]. Violations of the pro-
portional hazards assumption can be addressed in one 
of the following ways: (i) Stratify by the levels of a cat-
egorical variable for which the proportionality assump-
tion fails. (ii) Fit separate Cox models to different time 
intervals. (iii) Use the extended Cox model instead of the 
ordinary Cox model. The extended Cox model permits 
time-dependent covariates [15].

Analysis of Longitudinal Data
Some observations will be measured repeatedly over 

time, and thus the ordinary independence assumption 
of observations no longer holds. In situations where one 
has prior knowledge about the measurement correlation 
structure, one can use linear mixed models for Gaussian 
outcomes and generalized linear mixed models (or non-
linear mixed models) for categorical outcomes [16]. In 
situations where measurement correlation structure is 
not plausible to predict, one can apply the generalized 
estimating equations (GEE) for either continuous or cate-
gorical outcomes [17,18]. This population average model 
allows potential misspecification of the measurement 
correlation structure, yet maintains the consistency of 
a treatment effect estimate. Missing data arise in almost 
all serious longitudinal data analyses. Missing data can 
be handled using the generalized-EM algorithm [19,20] 
and multiple imputation techniques [21].

Multiple Comparisons
Multiple comparison problems arise when investiga-

tors assess the statistical significance in more than one test 
in a study. When more than one comparison is made, the 
chance of falsely detecting a nonexistent effect increases. 
Therefore, statistical adjustment needs to be made for 
multiple comparisons to account for this. One of the 
most basic and popular fixes to the multiple comparison 

problem is the Bonferroni correction. The Bonferroni cor-
rection adjusts the p-value based on the total number 
of comparisons being performed. Bonferroni-adjusted 
p-value is calculated by dividing the original p-value 
by the number of tests being performed. For example, 
Bonferroni-adjusted p-value is 0.05/5 = 0.01 if the num-
ber of tests being performed is 5. Although Bonferroni 
correction reduces the number of false rejections, it also 
increases the number of cases that the null hypothesis 
is not rejected when it should have been rejected. That 
is, the Bonferroni correction severely reduces the power 
to detect an important effect. To overcome the short-
comings of the Bonferroni correction, investigators have 
proposed more sophisticated procedures that reduce the 
familywise error rate (the probability of having at least 
one false positive) without sacrificing power. A variety 
of such corrections exist that rely upon bootstrapping 
methods or permutation tests [22,23].

Sample Size and Power Calculations
Commercially available software such as nQuery 

Advisor and PASS can be used to compute the sample 
size and power for standard statistical problems. For the 
Cox proportional hazards model, simulations in SAS, or 
R can be used to compute the power given specified effect 
parameters and sample size. Sample size for repeated 
measurement data [24] can be estimated using the meth-
ods of GEE [25–27] and linear mixed models [28,29].

Statistical Tools for Observational Studies

Estimation of the causal effect of an exposure on an 
outcome may be biased due to confounding in observa-
tional studies. Proper estimation of causal effects must 
account for confounding [30]. Here, we describe statisti-
cal tools commonly used for the analysis of observa-
tional data.

Propensity Score
Investigators have used the regression adjustment to 

account for differences in measured baseline character-
istics between treated and untreated subjects. Recently, 
there has been increasing interest in methods based 
on the propensity score (PS) to reduce or eliminate the 
effects of confounding when using observational data. 
The PS is the probability of treatment assignment con-
ditional on observed baseline characteristics. The PS is 
called the balancing score, which allows one to design 
and analyze an observational study so that it mimics 
some of the particular characteristics of a randomized 
controlled trial. That is, conditional on the PS, the dis-
tribution of observed baseline covariates will be similar 
between treatment and control subjects. The PS can be 
used for matching, stratification, and covariate adjust-
ment [31].
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Example: Banach et  al. [32] estimated PS for SBP 
≤120 mm Hg for each of the 7785 patients in the Digitalis 
Investigation Group trial using a multivariable logistic 
regression model and then assembled a cohort of 1869 
pairs (n = 3838) of propensity-matched patients with 
SBP ≤120 and >120 mm Hg score to reduce or elimi-
nate the confounding effects from observational data. 
They investigated the association between baseline SBP 
and outcomes in a propensity-matched cohort of mild 
to moderate chronic systolic and diastolic HF patients.

Instrumental Variable
An Instrumental Variable (IV) is used to control for 

confounding and measurement error in observational 
studies so that causal inferences can be made. Suppose 
X and Y are the exposure and outcome of interest, and 
we can observe their relation to a third variable Z. Let 
Z be associated with X but not associated with Y except 
through its association with X. Here, Z is called an IV or 
instrument [33]. That is, an IV is a factor that is associ-
ated with the exposure but not with the outcome. For 
example, the price of beer can affect the likelihood of 
drinking beer in expectant mothers, but there is no reason 
to believe that it directly affects the child’s birthweight.

Example: When surgeons show strong preference 
for one of the two antifibrinolytic agents, surgeon’s 
choice does not depend on characteristics of the patient. 
Then, it is possible to use the surgeon’s preferred agent 
as a substitute for the actual exposure (i.e., as an IV). 
Schneeweiss et al. [34] conducted an IV analysis to inves-
tigate the association between the use of aprotinin and 
death.

Marginal Structural Model
In observational studies, statistical inferences are 

often subject to confounding caused by both observed 
and unobserved confounding variables. Conventionally, 
statistical techniques such as stratification and multi-
variable regression analysis methods have been used 
to control the confounding effects. However, such sta-
tistical techniques may still lead to biased estimates in 
the presence of time-dependent confounders. Marginal 
Structural Models (MSMs) are powerful tools that adjust 
for time-dependent confounding in observational studies 
of time-varying treatments [35]. MSMs assess causality 
in complicated longitudinal data sets. MSMs generate 
a pseudo-population via inverse treatment probability 
weighting to separate confounding control from the esti-
mation of the parameters of interest allowing the investi-
gator to obtain unbiased estimates.

Example: Gerhard et  al. [36] used a marginal struc-
tural Cox model (MSCM) to investigate if aggressive 
treatment was associated with a lower risk for serious 
cardiovascular outcomes compared to conventional 
treatment.

EXPERIMENTAL STUDY

If subjects are randomly assigned to treatment groups 
in an experimental study, the trial is a RCT. Otherwise, 
the trial is a nonrandomized clinical trial. A nonrandom-
ized clinical trial provides less scientific rigor than a 
randomized clinical trial. In this section, we concentrate 
on the RCT. RCTs are considered the gold standard for 
the estimation of the treatment effects, interventions, 
and exposures (hereafter referred to as treatments) on 
outcomes since random assignment removes the chance 
of confounding due to extraneous variables that create 
differences before the experiment. There are a number of 
available RCT designs with each developed for specific 
situations in coronary artery disease. Here, we present 
a few RCT designs commonly used in coronary artery 
disease research. More detailed information on the types 
of RCT designs can be found in Ahn and Ahn [37].

Run-In Design

A run-in period is a period prior to randomization 
during which potential participants who meet  all eligi-
bility criteria for an RCT are assigned to take the study 
medication. A major advantage of a run-in design is the 
increase in trial efficiency through screening out ineligi-
ble or potentially noncompliant participants using clini-
cal data during a run-in period, which has a direct effect 
on the power of the trial. In addition, a run-in period can 
serve as the training period for investigators, staffs, and 
participants. However, a run-in period leads to increased 
cost, potential reduction of the enthusiasm of the partici-
pants, and the increased length to complete a clinical trial.

Example: Davidson et  al. [38] proposed a random-
ized, multicenter, prospective, double-blind, placebo-
controlled, phase III study that evaluates the effect of 
once-daily fenofibric acid or placebo on carotid intima-
media thickness progression in patients with controlled 
low-density lipoprotein cholesterol (LDL-C) levels 
achieved through atorvastatin treatment, but with high 
triglycerides and low HDL-C levels. The planned dura-
tion of the study is 118 weeks, composed of a 2- to 
10-week diet and atorvastatin run-in period, a 104-week 
treatment period, and a 30-day safety follow-up period. 
Six-hundred eighty-two patients were randomized to 
receive once-daily delayed-release capsules of choline 
fenofibrate 135 mg or placebo plus atorvastatin treat-
ment after a run-in period.

Superiority, Noninferiority, and Equivalence 
Design

Most RCTs are superiority trials that aim to determine 
whether a new treatment is superior to the standard 
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treatment. The null hypothesis is that the two treatments 
are not different with respect to the mean response while 
the alternative hypothesis is that the two treatments are 
different with respect to the mean response.

An equivalence trial aims to confirm the absence of 
meaningful difference (Δ) between treatment groups, 
where Δ is the prespecified margin of treatment effect. 
That is, an equivalence design aims to show that the 
mean responses to two treatments differ by amount that 
is clinically unimportant. The null hypothesis is that the 
two treatments are different with respect to the mean 
response while the alternative hypothesis is that the two 
treatments are not different with respect to the mean 
response. That is, equivalence trials aim to investigate if 
a new treatment is therapeutically similar to an existing 
treatment with the treatment effect being between −Δ 
and Δ.

A noninferiority trial aims to show that a new treat-
ment is not less effective than a standard treatment by 
more than the margin of noninferiority (Δ). The null 
hypothesis is that a new treatment is inferior to a stan-
dard treatment with respect to the mean response while 
the alternative hypothesis is that a new treatment is non-
inferior to a standard treatment with respect to the mean 
response.

The question of interest in an equivalence trial is “Can 
I say that the response rate lies within 5% of each other 
for these two treatments with 95% certainty?” The ques-
tion of interest in a noninferiority trial is “Can I say that 
the new treatment has response rate no worse than 5% 
than the standard treatment with 95% certainty?”

Example of Superiority Design: Aronow et  al. [39] 
conducted a prospective randomized clinical trial and 
showed that propranolol reduces mortality, decreases 
mortality plus nonfatal myocardial infarction, improves 
left ventricular (LV) ejection fraction, and reduces LV 
mass in older patients with congestive heart failure 
(CHF), prior myocardial infarction, and a LV ejection 
fraction ≥40% treated with diuretics plus angiotensin-
converting enzyme (ACE) inhibitors.

Example of Noninferiority Design: Pilgrim et al. [40] 
conducted a randomized, single-blind, noninferiority 
trial to compare the safety and efficacy of a novel, ultra-
thin strut cobalt-chromium stent releasing sirolimus 
from a biodegradable polymer with a thin strut durable 
polymer everolimus-eluting stent. A noninferiority mar-
gin of 3.5% was used for the biodegradable polymer 
sirolimus-eluting stent compared with the durable poly-
mer everolimus-eluting stent. In this trial, the primary 
endpoint was a composite of cardiac death, target ves-
sel myocardial infarction, and clinically-indicated target 
lesion revascularization at 12 months.

Example of Equivalence Design: Through an equiva-
lence trial using a predetermined equivalence threshold 
<10% for relative difference in coronary flow reserve 

(CFR), Murthy et  al. [41] showed that coronary micro-
vascular dysfunction (CMD) is highly prevalent both in 
men and women among at risk individuals and is associ-
ated with adverse outcomes regardless of sex.

Data from experimental studies can be analyzed using 
the statistical methods described in statistical analysis 
section.

DISCUSSION

Observational studies and randomized clinical trials 
are two primary types of studies that test new drugs 
or medical devices or procedures or compare compet-
ing drugs, medical devices or procedures. Even though 
RCTs are considered as important means of advancing 
our knowledge in coronary artery disease and gold stan-
dard for estimating treatment effects due to elimination 
of selection bias with random assignment, RCTs have 
some limitations such as time and effort involved in 
their effective implementation, dealing with the resis-
tance of patients and clinicians, and large sample size 
for comparison especially with low-incidence outcomes.

There are many aspects to be considered for the 
design of observational studies and RCTs due to many 
possible limitations in both studies. These limitations 
must be carefully assessed in the design and analysis 
of the studies. To promote high-quality studies, clini-
cians should know variations in the type of observa-
tional studies and RCTs, and use appropriate designs 
and statistical analyses.

Meta-analysis is a statistical technique that combines 
the findings from independent studies. The validity of 
the meta-analysis depends on the quality of the sys-
tematic review on which it is based. Meta-analysis has 
been widely used for coronary artery disease studies. 
For example, D’Ascenzo et al. [42] conducted meta-anal-
ysis to demonstrate that severe coronary disease is more 
common in patients with acute coronary syndrome or 
stable coronary disease than generally perceived, and 
that simple tools may help in the selection of the most 
appropriate therapeutic approach. Meta-analyses need 
to complete coverage of all relevant studies examining 
the presence of heterogeneity and exploring the robust-
ness of the main findings with sensitivity analysis.
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stress and rest perfusion images, 129f
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and atherosclerosis, 37–38
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and dyslipidemia, 38
and hypertension, 38
as insulin-sensitizing hormone, 37
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(ACE inhibitors), 167, 171, 220
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Anti-inflammatory therapies in CAD, 28–29
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Antiplatelet drugs, 169
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