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Abstract

Coronary collateral artery (CCA) is an alternative sourdeladd supply to an ischemic myocardial region. It is
generally believed that there is a beneficial effectotiiterals in patients with coronary artery disease (CAD).
Recently, reliable methods have become available for gesament of the adequacy of collateral flow. However,
the debate regarding the importance of CCA in the differ@rict&l settings continues. In this review article, we
discuss about the functionadevance of CCAo provide an overview afs impacton the prognosis of patients with
CAD.
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1. Introduction

Coronary collateral artery (CCA) is a physiological adamtathat functions naturally to restore blood flow to
threatened myocardium by coronary artery stenosis aokabe (Seiler C. 2010). CCA connects the epicardial
coronary arteried individualswith and without coronary artery disease (CADLA is capableof remodeling and
also develops in the presence of epicardial coronaryatiemosis (Zhu H, et al. 2017).

A well-developed circulating CCA is thought to protect mydadrfunction by limiting the infarct area and
increasing myocardial viability after temporary or persrgrcoronary obstruction in patients with CAD (Seiler C,
et al. 2013). CCA circulation can be assessed by severabasethut the gold standard is the collateral flow index
(CFI) measurement which involves the measureroiimtracoronary pressure (Meier P, et al. 2013).

The functional role of circulating CCA is still a topi¢ debated today. However, a well-developed CCA
circulation might be associated with a severe degreerohary stenosis (Fujita M, Sasayama S. 2010). Recent
studies on the beneficial effects of collateral presdrave been widely discussed. A study conducted by Hirti T,
al. in 1992 regarding CCA reported that collateral growth inducedfdmated episodes of angina contributed to the
improvemenof left ventricular functiorin patients with acute myocardial infarction.

Another study conducted by Meier P, et al. in 2007 examinesliivéval rate of patients with stable CAD who
had well-developed coronary collateral flow. Using CFI meament, Meier et al evaluated the functional status of
expandable collaterals and their prognostic benef4ih patients who were followed for 10 years. They reported
that cardiac arrest incidence was 4-times highpatients with inadequa@CA (CFI < 0.25) compared with patients
with adequate CCA (CFIl > 0.25) (Meier P, et al. 2013).
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In individuals with ST-elevation Myocardial Infarction (STBlVa relevant protective role of collaterals can be
observed in non-expanding infarct size, preserved candiatién after acute infarction, and decreased aneurysm
formation after ventricular infarction (Zhu H, et al. 2017)s&a on this background, we compiled this literature
reviewto discuss further assessmeh€CCA functionto provideanoverview ofits benefits and prognodisr patients
with CAD.

2. CCA formation development

The mechanism of CCA formation is influenced by mechamiodl chemical processes through several stages.
Depending on the initial trigger, the growth of bloodsegs in adult organisms occurs through two main processes:
angiogenesis and arteriogenesis. Angiogenesis is inducégpmxia and will generate new capillaries, while
arteriogenesids induced by mechanical processes, most notably fluidrskeess (FSS), which represents
remodeling of preexisting arterio-arteriolar anastomasesfully developed and functional arteries. Mechanical
shear stress occurs because of pressure gradient diffelemte occlusion. Arterial stenosis increases thesorre
on the proximal of the occlusion and reduces the pressuthe distal vessels of the occlusion. An increase in
pressuren the proximabf the occlusion will causanincreasen blood flowin the capillary bed before the occlusion
site, leading to increase of shear stress (Fujitadara K. 2004).

This increase in blood flow allows blood to enter tkisteng collateral vessels and the resulting increased shea
stress causes several changes in the capillary endoth@&larnitial phase will be an increase in MCP-1, which
attracts more monocytés the proliferative area to convert them into macropbdgiyure 1). Macrophages plag
important roldn releasing cytokines and growth factors that are redtor arteriogenesis. TNE; whichis released
by macrophages, helps to establish the inflammatory amwient necessary for collateral growth (Van RN, et al.
2001).

Although shear stress is considered to be the mairiagegeesis mechanism, it cannot be the sole solution
because of the inability of fluid shear stress (FSS) to atelglreplace the conducting arteries. It has been found
thatFSSaccountgor only 35-40%of the maximum stenotic artery conduction. The explan#tiotinis phenomenon
could be found in the correlation between FSS and bloodvitdacity as well as between FSS and blood vessel
diameter (Schaper W, Scholz D. 2003).

FSS has a positive correlation with blood flow velocity, \v@sely FSS is inversely related to an increase in
blood vessel diametein increasen blood flow velocityin preexisting collateral causasincreasén FSS.Because
shear stress causes collateral growth (meaning an iadreasscular radius), FSS begins to decrease, therefore
reducing the full recovery of arterial stenosis (SchapeB&tiplz D. 2003).

In addition to mechanical arteriogenesis mechanism describ@eb,athere are several chemical processes
involved in the process of angiogenesis regulation. Marthede chemical mediators modulate the function of
various cell types involveith the process, including the inductioicell proliferation, chemotaxis, and cell alteration
(Bhamini P, et al. 2013).
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Figure 1. Arteriogenesis. In the first 24 hours afteerial occlusion (1), Shear stress activates endatloells (2) and causes changes in gene
expression. Actin mediating the coupling betweendbll membrane and the cytoskeleton acts as arsendpwhen deformed by fluid shear
stress (FSS), activates a signaling cascade, imgju@iprotein and MAP kinase. This pathway inducesettpression of several genes encoding
chemo-attractants, activating cytokines, growthdes;tand adhesion molecules, leading to monocytgation, activation, and adhesion (3).
Integrins, receptor tyrosine kinases, and ion channetsdothelial cell membranes detect, transduce, enplifg shear str ess simultaneously.
Monocytes migrate through the vessel wall, transfanto macrophages, and secrete cytokines and graatbr§, leading to the continued
formation of definitive vascular structures. Smoothsote cells proliferate (4), and arterioles develop. Abatens: ICAM, intercellular
adhesion molecule; MAP, mitogen-activated proteCS smooth muscle cells; VCAM, vascular cell adhesiolecule (Zimarino M, et al.
2014).

2.1.Vascular endothelial growth factor (VEGF)

VEGF plays a major rolm new blood vessel formation. Under hypoxic condition, thoelpetion and releass
VEGF stimulates new capillary formation (angiogenesispugh endothelial cell sprouting, proliferation, and
migration (Kofler NM, Simons M. 2015). Under different condispit could stimulate new artery growth, CCA
formation, and chang&s lumen expansion, where these events are collectigfdyredto asarteriogenesis (Bhanimi
P,etal. 2013).

In VEGF signaling, there are three primary receptors ercdii surface that bind to it: the two tyrosine kirsase
receptor VEGFR-1 and VEGFR-2, and the nonkinase receptoopilin-1 (NRP-1) (Hollander MR, et al. 2014)
(Simons M, Schwartz MA. 2012). There are several isofadfmgEGF, namely VEGF-A, that plays a role in
endothelial cell function through its bindibgVEGFR-2 (KoflerNM, SimonsM. 2015). VEGFR-2s also involved
in signaling pathways leading to arteriogenesis throughutdtion of endothelial cell proliferation, migration, and
lumenization (Kofler NM, Simons M. 2015).

The first cascade begins with phosphatidylinositol rtiake (PI3K)/Akt activation, which inhibits apoptosis in
endothelial cells and therefore promoting cell sutviVhis cascade is initiated by VEGF-A binding to VEGFR-2
(FIk-1), which initiates the internalizatiosf the receptor through the plated holeclathrin followed by
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autophosphorylation of the receptor (Kofler NM, Simons2@15). Active VEGFR-2 then phosphorylates PI3K,
which continues to phosphorylate serine/threonine kids and will continue to target phosphorylationrthibit
apoptosis (Bhamini P, et al. 2013).

The second signaling cascade is profilin-1 phosphtioylandirectly via Src/FAK and directly via VEGFR-2,
which stimulates endothelial cell migration (Kofler NBimons M. 2015) (Simons M, Schwartz MA. 2012). Like
the previous mechanism, this cascade is initiated by FBEGinding to VEGFR-2. Activated VEGFR-2 then
proceeds to profilin-1 phosphorylase and Src kinabéchwalso phosphorylates profilin-1. After phosphorygafi
Profilin-1 catalyzes the exchangBADP for ATPon G-actin, which stimulates actin polymerization argrisulting
remodeling of the endothelial cell cytoskeleton. Thigpe changes result in the formation of actin-rich phyllopods
that extend down the VEGF concentration gradient, thesébyulating endothelial cell migration (Simons M,
Schwartz MA. 2012).

The third signaling cascade is the activation of REKVERK signaling cascade, which stimulates endothelial
cell proliferation, tissue formation, and an increaséumen size through ERK1/2 phosphorylation (Kofler NM,
Simons M. 2015). The exact mechanism of ERK1/2 on cellfpration and matility is still not clearly defined
(BhaminiP,etal. 2013). Finallyijt is importantto note that VEGF has been shoterbeanimportant factoin CCA
growth process (Toyota E, et al. 2005).

2.2.Basic fibroblast growth factor (bFGF) and platelet-derivedhn factor (PDGF)

Apart from VEGF, other growth factors known to plaioke in arteriogenesis are bFGF and PDGF (Bhamini P,
et al. 2013). bFGF and PDGF are known to induce mitostésdothelial and smooth muscle cells as well as exert
other mitogenic effects such as promoting cell migratiwh differentiation (Bhamini P, et al. 2013) (Wu S, et al.
2010). bFGF stimulates this mitogenic effect through bintbrtge FGFreceptor (FGFR) whicls expressedn the
cell surface (Bhamini P, et al. 2013).

Dimerized bFGF binding is useful for activating phosplasg automatically. Activated FGFR, specifically
FGFR2 (FGFR-1 is considered a regulator of available bFGieamtration for binding to FGFR-2), then proceeds
to stratified signaling by mitogen activated protein kind4APK). Furthermore, it is translocated to the nucleus to
initiate mitogen-promoting transcription (Bhamini P, et2013). PDGF, on the other hand, is known to activate
several other downstream targets including PI3K, phogms#i C (PLC), as well as MAPK to mediate their

mitogenic effects (Tsioumpekou M, et al. 2016).
2.3.Monocyte chemotactic protein 1 (MCP-1) and macrophage

The main molecule that has been studied as part of titisamism is monocyte chemotactic protein 1 (MCP-1)
(Hollander Mr.etal. 2014). MCP-1 secretids initiated by endothelial cell activatiaf MAP-kinase-protein-kinase-
2 (MK2) by increasing FSS pressure. Activation of MCHellowed by activation of monocyte’s MK2, initiate
migration to the correct location. In the final step @& dycle, the release of inflammatory cytokines byuised
monocytes causes an increase in MCP-1 secretion freenithothelium, resulting in further monocyte recruitment
(Limbourg A, et al. 2015).
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Two adhesive molecules are particularly important to MCRheye are intracellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) which fiomcto bind to the surface of migratory
monocytes allowing therto roll along the surfacef vascular lumen. Once the macrophages reach their destina
the correct phenotype mustexpressetb stimulate the growtbf new blood vessels. There are two main phenotypes
of monocyte macrophages: M1 macrophages which secreaenmfitory molecules and help fight pathogens, and
M2 macrophages which play a role in vascular growth anthdidnealing. These two phenotypes are induced by
different cytokines, with interferop-causing a shift towards tivl phenotype, whilél -4, IL-13, and several other
factors suchas IL-10 andIL-33 leadto M2 differentiation. In the histological analysis of hypoxia-induced
arteriogenesis, the number of M2 macrophages was slwlaihcreased and this suggests their important role in

new vascular development (Hollander Mr, et al. 2014).
2.4.Nitric oxide (NO) and endothelial nitric oxide synthase (eNOS

Nitric oxide (NO) is a potent vasodilator produced through emdiathitric oxide synthase (eNOS) activity.
eNOS has been shown to function in stimulating new vaspuataluction, and its expression is also known to be
regulated in response to increased FSS which is the maimamieal stimulus for arteriogenesis. While the exact
effect of NO and eNOS on arteriogenesis is controvesial contribution of increased NO due to increased eNOS
expression is reduction of vascular endothelial cadherin (\Eer@n), resulting in increased vascular permeability
and indirect promotionof macrophage invasion (YanB, et al. 2015). In addition, eNOS activity and
pharmacological inhibition of eNOS have been shown to plagle in mediating vascular remodeling during
collateral growth (Dai X, Faber JE. 2010) (Bhamini P |.e2@13).

2.5.Catestatin

Catestatins a neuroendocrine peptide derived from a specific cleavhtgge protein from human
chromogranin A (CgA) (BhaminP, et al. 2013).1t functionsin many different processas the body, including
histamine secretion from mast cells, defense agaicsbbes, vasodilation, and monocyte attractibhas also been
observed that catestatin agisa pro-angiogenic capacity, being invohiednducing endothelial cell proliferation
and migratioraswell ascapillary tube formation. Thiis achieved through the stimulatiofbFGF release, which
in turn activates MAPK via binding to FGFR-1 as presiy discussed (Xu W, et al. 2016) (Theurl M, et al. 2010).

It has also been shown that catestatins activate sitpealing cascades suas PI3K/Akt, servingan anti-
apoptotic roleto promote cell survival. Finally, catestatin affeeffectson endothelial progenitor cells (EPC) and
vascular smooth muscle cells (VSM@additionto direct effectoon endothelial celldt also induces chemotaxic

incorporate these cell types into the formatbnew vasculature (Theuetal. 2010).
2.6.Neuregulins (NRG)

Neuregulins are another class of molecules produced by etidbtiells. This growth factor ligand binds to the

erbB receptor which is expressed on the endothelialwéice. This action has been shown to induce angiogenesis
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(Hedhli N, et al. 2012). The involvement of NRGs in angioganasd arteriogenesis is related to the regulation of
av B3 integrin, thereby playing a roie cell migration, proliferation, and differentiation mechanisitse mechanism

by which this occurs involves another proangiogeniogmoCyr61, wher@s expressiotis regulated by NRG-erbB
signaling in addition to mediation through VEGF releas#uction and subsequent activation of ERK signaling
cascade. ErbB receptors have also been ftubelexpressedn EPCs, playing a roli@ enhancing cell survival and

in certain types of VSMCs. (Hedhli, etal. 2012)

2.7.Early growth response-1 (Egr-1)

Early growth response 1 (Egr-1) is a transcription fafttwn the zinc-finger family that has been shown to be
regulated during arteriogenesis. This Egr-1 plays a malpinrmodulating the levedf other growth factors involved
in the collateral growth process, including playingke iin the formation and proliferation of leukocytes (Pade
et al. 2012) (Sarateanu CS, et al. 2006). Specific genes reguldiep-thyinclude PDGF and transforming growth
factor$ (TGF{3), which then indirectly increase other factors involiredollateral growth suchsVEGF and matrix
metalloproteinases (MMP) in angiogenesis suchsi®- 1, MMP-8, and MMP-13 (Sarateanu CS, et al. 2006).
Interestingly, despite the fact that most of these facteere shown to influence angiogenesis, it has been
observed that Egr-1 mainly affects the growth of astesi rather than capillaries, suggesting its major roledn th
regulation of arteriogenesis (Sarateanu CS, et al. 2006).tAthier factors, the production of Egr-1 is stimulated
mainly by increased FSS, in this case by activatimgBEbr-1 gene promoter. It has been suggested thatsthis i
mediated by the Ras-MEK-ERK1/2 signaling cascade in wkiaar stress leads to MEK1 activation, which
continuego activate ERK1/2f the MAPK family, and finally ERK1/2 activates thekEl protein that induces Egr-
1 transcription. Furthermore, this pathway could be aetil/hy a very low increase in shear stress due to ERK1/2
sensitivity (Bhamini P, et al. 2013).

3. CCA classification and assessment

Anatomically, CCA couldedivided into epicardial and intramyocardial CCA. Both type€0G#H, whetheit is
the thin-walled intramyocardial microcollateral vessgithout the tunica media or the larger epicardial collatera
vessels that have tunica media, devétopdvanced atherosclerotic disease. Despite the dlimipartanceof CCA,
identification of collateral circulation is limited duettee insensitivity of currently available techniquese@fthe
available techniques is conventional angiography wisiohnly ableto identify blood vessels that are more than 180
micrometersn diameterlt limits detectiorto a few epicardial collateral vessels and will beableto detect smaller
intramyocardial vessels (Pearlman JD et al, 2000).

Several methods could be used to evaluate CCA (Berry C,2804). Visual CCA assessment using coronary
angiography is the most convenient technique. The asseisases the Rentrop score (Seiler C. 2009). This visual
method has several other limitations, including nahdpebjective, influenced by blood pressure, the strenfgth o
contrast injection, and the duration of visual coltatt

Semi-quantitative CCA assessment in patients with Chorartal Dcclution (CTO) refers to a physiological
measuremertf collateral function using the collateral connection ss®ent method (CC grade 0 = no continuous
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connection between collateral donor and recipient; CQiirrtlhiread-like continuous connection appears; CC2 =
connection appears similara side branch) (Wern&S.etal. 2003). This assessmésalso the basifr assessing
potential collateral access in planning coronary interganior CTO using a retrograde recanalization approach
(Werner G. 2014).

Flow velocity is measured with a Doppler sensor distal tavéissel occlusion area originating from the CCA.
Angioplasty is then performed on the vessels and thle\fiocity is measured again, which represents the flow
through the normal vessels. The velocity of collatemd/fis compared with the velocity of flow through an open
coronary artery and indicates the percentage of ndotoad flow that could be maintained through the collateral
circulation in the everdf sudden vessel occlusion (Seiler C. 2010).

To understand further, refer to the illustration in FigR#e Evaluation using CFl pressure measurement can be
calculated by the formula:

CFlp = (Pocet - CVP)Y/ (Pao - CVP)
Where CFlgsthe CFI pressure, Podslthe intracoronary occlusive pressure, Bahe aortic pressure, and C&
the central venous pressure (Mdbius-Winkler S, et al. 20AGtmann K, et al. 2003). Although this index has
untested assumptionsjstan acceptable estimate of collateral growth.

A simpler, cheaper and reliable metifodmeasurindCCA functionis the electrocardiogram (EC@&)e Marchi,
etal. 2012). Its assessmémthrough evaluatioof theST segment 1-2 minutes during vessel occlusion using balloon
angioplasty. If during vessel occlusion the patient experiences chest pain and ST segment elevation >0.1 mV, it is
considered as a sign of inadequate collateral functibe. tiiree methods above, Rentrop score, CFl and ECG
evaluation on intracroronary artificial occlusion coulddiceclinical outcome (Meier P, et al. 2012). Other method
includes 'wash-out collaterometry', where the digiatrast clearance tinieassessed during arterial occlusion using

balloon angioplasty. Faster contrast clearance indigaiad collateral function (Seileetal. 2001).
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Figure 2. Clinical aspects of CCA. A: A schematicwimg the calculation of the collateral flow index (CHPrao, aortic pressure; Poccl, distal
intracoronary occlusive pressure. CFl could be caledlal the formula: (R, — CVP)/(Po— CVP), where CVP is the central venous pressure.
B: CFl as calculated by Stoller et al. in different eysic arterial regions. CA, coronary arteries; left SG# subclavian artery; RA, renal
arteries; left SFA, left superficial femoral artery. Chematic showing right and left internal thoracic (maamyh orientation with respect to the
heart. The internal thoracic arteries become thegetiophrenic arterg which supply bloodo the heart. Stoller and Seiler (StolMr Seiler C.
2016)reported increased CFI (in RCA) in patients whose diggtht internal thoracic arteries had permanently doégamaiyaretal. 2019)

4. CCA functional relevance

WWw.ijrp.org



Rachmat Ageng Prastowo / International Journal of Research Publications (IJRP.ORG) \.’ IJRP -QRG
ISSN: 2708-3578 (Online)

81
4.1.Beneficial Effects of CCA

It has been recognized that a properly functioning collasengply could reduce ischemia and infarction area,
maintain ventricular function, prevent ventricular remiogdg and aneurysm formation. There is evidence that the
presence of extensiv@CA has a good prognosis for patient survival (Seiler C, Mei2014).

In general, the beneficial effect of well-functioninglatgral is related to myocardial salvage. A patient with
good collateral flow and salvagable myocardium was regoate demonstrated by a normal ejection fraction (EF)
despite more than one coronary artery occlusion. Caspsogimal coronary occlusion in elderly patients. The
patient had normal EF values despite total proximal octiusf the three major coronary arteries (Fig. 3). With
these resultst douldbe concluded that the supply of collateral during occlugaufficientto save the myocardium
(Seiler C, Meier P. 2014).

Figure3. Normal left ventricular angiogram (upper parnela patient with chronic proximal occlusiofall three major coronary arteries (lower
panel) provides evidence for a myocardial salvage teffiedCCA. The only vessel that is not occluded &sititermediate branch. RCA: right
coronary artery; LAD: left anterior descending coronargrgrtLCX; left circumflex coronary artery (Seiler C, MeR. 2014).

Another case (figure 4)f a 72-year-old male patient with gradlecollateralsonthe anterior walbf theLV with
proximal left anterior descending (LAD) occlusion. The srafrial collateral artery originating from the ostium of
right coronary artery (RCA) supplies sufficient flow to quetely replace the LAD area at risk of infarction. The
more proximal collateral vessels originating from R@A compete with the main collateral vessels, becauteof

“competitive filling” originating from the proximal septal collateral artery (SetleMeier P.2014).
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Figure 4. Normal left ventricular angiogram (upper pairell patient with chronic occlusion of the proxinheft anterior descending (LAD;
lower panel, cranial, anterior and posterior views)t€xst injection into the RCA with the first imagepsling conus branches of the collateral
arteries to the LAD (*). Second, the atrial collaterekry between the RCA and the LAD (middle and rightdr panels) is filled with contrast
from the two coronary arteries, thus depicting thegeting collateral flow between the RCA and LAD (Selle Meier P. 2014)..

Another example of collateral beneficial effect imstrated in Figure 5. A 55-year-old female patient was
admitted for an invasive cardiac examination in the corteatypical chest pain. Despite the normalization of LV
systolic function, the absence of exercise-induced armgotoris suggested another beneficial effect of very large
distal epicardial branch of collateral artery from ti@ARo the LAD (Seiler C, Meier P. 2014).

Figure 5. Coronary angiogram (view from left anterioliqpbe cranial; left panel) with chronic occlusionloAD in the first diagonal and septal
branches and normal left ventricular angiogram (midaid left panels) showcases another case of myocdudieiion salvage with well-
developed collaterals. Bottom panel: Coronary angiogsdighf left anterior oblique cranial view) with coast injection into the right coronary
artery (RCA) and complete filling of isolated LAD viargye branch collateral artery.

5. CCA PROGNOSTIC SIGNIFICANCE

In order to estimate the true protective effect of collatéred necessary to adjust several indicators sucheas th

degreeof stenosis, the numbef vessels involved, the initial revascularization sgatehosen, and the history of
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MI. From a clinical perspective and patient prognosis,dverall benefit of collateral could not be separateah f
the severity of the underlying disease (Steg PG, et a1)20

However, a study conducted by Seiler C in 2003 found that thecfira ability of collateral provides a similar
risk estimate across ischemic heart disease burden (8efier C. 2003). Therefore, in a broad spectrum of CAD,
the protective effect of collateral does not appede dependendn CAD severity. These findings hold promise
collateral activation by growth factors and cell therfgpyangio-, vasculo-, and arteriogenesis, aitgzatients with

extensive coronary artery disease who suffer from reinaeingina (Steg P@tal. 2011).

5.1.Coronary collateral artery (CCA) stabile CAD

Collateral coronary arteries are present in about 30¢aténts with stable CAD. CCA flow has been
shownto playanimportant roleén correlation with angina severity. A 10-year follow-upmagraphic study showed
collateral growth was correlated with reduced angina.a@ohl flow capacity was increased more than threefold i
patients with enhanced angina, whereas collateral flow reshaionstant in subjects without increased angina
(Rockstroh J, Brown BG. 2002). Pijls et al revealed thatiploggcally recruitable collateral has an accurate value
in predicting ischemia occurrence in ECG during ballooraiith (area under the receiver operating curve 0.97)
(Pijls NH, et al. 1995).

Spontaneous collateral angiographic assessment is libyitedte inter-observer variation. Currently, CFI
measurement is considered the method of choice for dategriunctional collateral flow. The CFI cut-off at 0.25
has a significant discriminatory value in predicting isclaerin a study of 403 patients with stable CAD, the
occurrencef ST segment changes during balloon occlusion was significkmtier in the group with CFI 0.25 than
in the group with CFIl < 0.25 (25% vs. 86%) (Billinger M, et al28i02).

Formed (physiologically measured) and spontaneous colkitexse both been shown to have prognostic
benefitsto future cardiac chemical events. Regétkl have shown that 92 patients with spontaneous collaterals
(angiography) compared with 848bpatients without collateral survived myocardial infeme (Ml), cardiac death,
and unscheduled revascularization (Regétial. 2009).

The protective effect provided by collateral app¢asgary significantly across groups with different levels
of coronary disease. Meier et al revealed that suffigigecruitable collateral flow (CFI > 0.25) saved lives in
patients with chronic stable CAD (Meier P, et al. 2007). Depgndinthe amount of collateral flow that can be
recruited during a brief coronary occlusion, long-teardiac death was reduced by 1/4 compé&reatients without
collateral supply. Mortality in the presence of well-depeld collaterals continued to decrease beyond the 5-year
follow-up, which could be explained by the importance of “natural bypass” CCA during the increasing progression
of CAD (Meier P, et al. 2007).

5.2.Coronary collateral artery (CCA&) Myocardial Infarct

Collateral vessels have been shdwbe easily recruited during acute balloon occlusiorhumans with normal
coronary arteries, 1/5 and tpl/4 patients have easily recruitable collaterals ®i#h>0.25 and almost allof these

show no signsof myocardial ischemia during balloon occlusion (WustmBnret al. 2003). This shows that a
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proportionof patients might have collaterals that are easily expandahleg acute coronary occlusionmyocardial
infarction event. In patients with acute myocardial irtfarcwithin 12 hours (n = 248), 37% had collateral during
angiography (Hollander MR, et al. 2014). In another group @ématwith STEMI within <6 hours (n = 1059), the
prevalence of Rentrop grade 1 and 2-3 collaterals was 36%086despectively (Elsman & al. 2004).

Meisel et al found a CFI of 0.35 = 0.13 (range 0.11 - 0.7) ireptstiwith Acute Myocardial Infarction (AMI)
within 24 hours (Meisel SR, et al. 2010). Interestingly, @FAMI shows a Gaussian distribution similar to results
that were observed by Pohl et al in chronic CAD, but witfigher proportion (70%) of patients having CFl >0.25
(Pohl T, et al. 2001). These findings suggest that in AMIptessure is measured after several hours of occlusion,
a much longer period than for the selected patient (only anfewtes of balloon occlusion). The presence of
collaterals during AMI raises the questiminwvhether this presence actually plays a beneficiaimdlermsof limiting
infarct size, preserving ventricular function, limitingarct complications, and ultimately improving th@gnosis
of AMI patients. A number of studies have addressed thig iaed most have given positive results. Elsman et al
revealed that the presence of angiographically visiblaterals, especially with Rentrop class 2-3 duringl AMs
a protective effect on enzymatic infarct size and onduymamic conditions before and after revascularization
(Elsman P, et al. 2004).

This beneficial effect is particularly evident in LADfamcts. These findings support the hypothesis that the
presencef collateral flowin the first hours after acute coronary occlusion panisnportant rolén maintaining the
compromised myocardium until reperfusion is achieved. fifdings by Habib et al support the notion that the
presence of collateral during AMI is associated witharicf size limitation and ventricular function improvernen
(Habib GB, et al. 1991).

Yoon SJ et al studied 125 patients who failed thromboly$isy observed a similar effect for anterior and non-
anterior infarct locations. Infarct size was asségecardiac magnetic resonance imaging (Yoon SJ, 20@8).
Using coronary-injected myocardial contrast echocgrdighy, Sabiaet al analyzed the correlation between
myocardial viability and collateral blood flow in 43 patie with recent myocardial infarction (mean=12 dayd pos
MI) (Sabia PJ, et al. 1992). With advanced technique, they ddrated that the presence of myocardial collateral
flow in the unused bed remains potentially viable for lpagods of time. Patients with good collateral flow have
significantly better ventricular wall motion after aogiasty than those with poor collateral flow (Sabiad?Al.
1992).

Regarding the role of collateral in MI complications, esaV studies have yielded positive results. Hirai et al
documented the role of collateral in limiting left wéciilar aneurysm formation after AMI (58% and 10% for poor
and good collateral flow, respectively) (Ng S. 2012). This cbaléxplained, at least in part, by the fact that well-
developed collateral flow maintains a decent amount of mgaga in the center of the infarcted area, thereby
strengthening its tensile strength and preventing gaeuformation.

Pretre Retal. have evaluated the frequency of collateral blood iftowfarcted coronary arteries with ventricular
septal defects after AMI (n = 33). The main findinghddit study was that post-MI ventricular septal defects occur
in a highly susceptible myocardium thasuddenly made ischemic by occlusiithe myocardium unprotected by

collateral blood flow and unprepared by ischemic predmmiing (Pretre R, et al. 2000).
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Pérez-Castellanetal found highein-hospital mortalityn patients with anteridvll and without collateral despite
treatment with angioplasty within 6 hours of onset (23% irepts without collateral and 8% in guarantee). This
beneficial effect is contributed by the protection omplications from cardiogenic shock (26% and malignant
arrhythmias (21% vs. 9%). The role of collateral in limitinfarct size appears to account for its life-savingetfie
(Garci EJ, et al. 1998).

Arrhythmia as one of the causes of sudden death due to corachrgion could be prevented by the presence
of collateral. Alleviationof acute myocardial ischemia by collateral circulatiorirdusudden vessel occlusion might
prevent electrical instability. Meier et al have whoevidence that collateral circulation prevents QT qrghtion
during brief coronary occlusion, suggesting a protectivehar@sm against myocardial electrical instability (Meie
P,etal. 2010).

Gohlkeetal found that the presence of collateral (during angiograptiynaone year) after anterior Q wave Ml
was associated with more severe left ventricular dysiftmand more cardiac events at an 8-year follow-ugirTh
data also showed that collateral was associated with sewere coronary stenosis. With careful interpaatathe
presence of collaterals found after Ml could only refisease severity (lower ejection fraction and more sever
stenoticor antegrade flow), which turn are major adverse factdos prognosis (Gohlkél, etal. al. 1991).

Investigators from the Occluded Artery Trial (OAT) anatyziee effect of collateral flowo the infarcted arterial
area on long-term clinical outcomes including mortatiginfarction, and hospitalization for class IV heaitufre.
They found that the 60-month cumulative incidence ratehigiter in those without collateral than in those with
collateral (22.7% and 16.9%, respectively). This main outcomdangaly due to the higher incidence of mortality
and heart failure events (Steg PG, et al. 2011).

5.3.Prognostic impact and function of CGACAD patients

CCA presence could prevent myocardial ischemiaoth healthy and CAD subjecCA circulation might lead
to reduced ischemia, maintenance of ventricular functan, improved prognosis (Seiler C. 2010). In chronic
progressive CAD, the CCA develops vigorously and in sonsescanight provide sufficient flow to maintain
myocardial perfusion and protect the heart from futiheerse events. Twenty-five thirty percenof CTO patients
with CCA Rentrop valuef 2 or 3 mighy maintain functional myocardial perfusion.

In case®of acute myocardial infarction, the bendlitcollateral mighbe questionable because of acute coronary
occlusion occurrence. It is known that functional cellak recruitment takes considerable time to be effective
Collateral recruitment is a dynamic process of vascaanodeling. Generally, it takes 3 to 5 days after cogonar
occlusion before there is measurable collateral. Istieigty, however, Ng S et al's studies have found that a
substantial percentage (10% to 20%) of individuals develop aallatin acute myocardial infarction and this is
confirmed also by Elsmand®al's (NgS, etal. 2012) studies (ElsmanePal. 2012) (Elsman Retal. 2004).

There is some evidence that collateral is associatdaneduced risk of left ventricular aneurysm, rupture,
cardiogenic shock and fatal arrhythmias during acute mgiatanfarction. Collateral might prevent adverse esent
that occur by reducing the numhl@runused myocardial cells.ift importantto understand that collateral mighg
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beneficial in myocardial infarction patients. Studiesnf Habib et al and Elsman et al reported evidenceeof th
importance of collaterah humans (Habib GB, et al. 1991) (Elsman P, et al. 2004).

A study conducted bg Setal confirmed that theris a significant correlation between the presenceltdteral
and reduced infarct size. When acute coronary occlusiaur®cthe initial phase of myocardial infarction begins.
Infarct size increases as ischemia persists. The $deakrio is that as soon as an acute coronary odtlosoors,
an alternative pathway is immediately available, avgidaial damage to the myocardium (Figure 3). When area at
risk area reduces, the infarct size will be smaller,t@rdodynamic and fatal arrhythmic complications that occur
after myocardial infarction could also be avoided. Moeepwuccessful acute revascularization could still be
achieved after unavoidable logistical delays if more amdd be saved and maintained through collateral flow

presence (Ng S, et al. 2012).

Risk factor

managements
5 (4]
2 (4] MI management
e CAD Promptrevascularization
S management o
% Heart failure
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> o
=

Golden period during
acute M|

Time

Figure3. The ideal concepif collateral relevancm the management stepmyocardial infarction (N&, etal. 2012)..

Conclusion

Well-developedCCA circulationis associated with reduced infarct sik¥, dysfunction, and all-cause mortality
in patients with CAD. Furthermore, accurate and quaivttatssessment is needed to differentiate patients with
adequate or inadequate collateral function to prevent isehdoming coronary occlusion. Currently, the gold

standard in determiningis still an invasive method with CFl measurement using pressssessment.
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