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Overview	
	

Atherosclerotic	 coronary	 artery	 disease	 is	 the	 leading	 cause	 of	 mortality	 in	 the	

western	 world	 and	 percutaneous	 coronary	 intervention	 (PCI)	 is	 an	 established	

treatment	for	this	condition.	Since	 its	 inception	over	forty	years	ago	 in	the	form	of	

balloon	angioplasty,	PCI	has	evolved	tremendously	through	the	stages	of	bare	metal	

stents,	metallic	drug	eluting	stents	and	more	recently,	to	the	bioresorbable	vascular	

scaffolds.	This	journey	that	has	been	marked	by	innovation	and	utmost	creativity,	is	

far	 from	 over.	 Angiography	 has	 traditionally	 been	 the	 gold	 standard	 imaging	 to	

diagnose	 coronary	 artery	 disease	 and	 guide	 interventions	 but	 its	 limitations	 are	

widely	known.	In	parallel	to	the	refinements	in	the	stents	and	interventional	devices,	

innovative	 research	has	 led	 to	 the	development	 of	 intravascular	 precision	 imaging	

techniques.	Optical	Coherence	Tomography	(OCT)	is	one	such	modality.	It	is	a	near-

infra-red	light	based	imaging	and	has	emerged	as	one	of	the	most	sensitive	tools	to	

examine	 the	 vessel	 lumen,	 stent	 and	 vessel	 wall	 interactions,	 and	 plaque	

composition.	This	has	led	to	an	exponential	increase	in	the	uptake	of	this	technology	

in	the	cardiac	catheterization	laboratories	across	the	world	over	the	past	few	years.	

	

The	aim	of	 this	 thesis	 is	 to	examine	coronary	atherosclerosis	and	stents	using	high	

fidelity	 intravascular	 imaging	 and	 computational	modeling.	 Section	 I,	 starts	with	 a	

chapter	on	the	fundamentals	of	coronary	atherosclerosis	from	cellular	and	molecular	

perspective.	 It	 then	 moves	 through	 a	 step-wise	 discussion	 on	 the	 practical	

considerations	in	the	use	of	optical	coherence	tomography	and	its	applications	in	the	

acute	 and	 long-	 term	 evaluation	 of	 stents.	 This	 section	 finishes	 with	 a	 chapter	
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intended	to	serve	as	a	practical	guide	on	the	intricacies	of	OCT	image	analysis	with	

particular	emphasis	on	the	sources	of	common	errors.		

Section	II	forms	the	backbone	of	this	thesis.	The	first	two	chapters	in	this	section	(5	

and	 6)	 include	 original,	 comparative	 clinical	 trials	 of	 the	 coronary	 stents,	 using	

optical	 coherence	 tomography	 (OCT),	 to	 directly	 observe	 their	 mechanical	 and	

healing	characteristics.	Chapter	7	 is	an	observational	 study	putting	coronary	artery	

disease	 into	 the	 perspective	 of	 systemic	 vascular	 disease	 by	 examining	

characteristics	of	retinal	small	vessel	disease.		

Section	 III	 comprises	 experimental	 computational	 fluid	 dynamics	 (CFD)	 studies.	

These	techniques	were	generated	to	elucidate	the	effects	of	stents	on	intra	coronary	

flow	dynamics.	Chapter	8	discusses	the	role	of	CFD	in	the	non-invasive,	physiologic	

assessment	of	coronary	stenosis.	This	is	then	followed	by	three	chapters,	which	are	

centered	 on	 the	 theme	 of	 proximal	 stent	 malapposition,	 an	 observation	 that	

emerged	 from	 our	 original	 stent	 studies.	 The	 first	 of	 these,	 chapter	 9,	 contains	 a	

comprehensive	 review	 of	 the	 existing	 literature	 on	 malapposition.	 Finally	 the	

chapters	 10	 and	 11	 present	 CFD	 studies	 to	 interrogate	 the	 effects	 of	 proximal	

malapposition	from	a	hemodynamic	perspective.	These	are	then	followed	by	some	

case	 illustrations	 in	 the	 appendix	 to	 highlight	 the	 application	 of	 OCT	 in	 clinical	

medicine	(12	A	to	C).		 	
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1 Introduction	

Atherosclerosis	 and	 its	 clinical	 consequences	 are	 the	 leading	 cause	 of	 death	 in	

Western	 nations	 (1).	 Several	 factors	 have	 been	 implicated	 in	 the	 evolution,	

progression	 and	 destabilization	 of	 atherosclerotic	 plaque	 highlighting	 its	 multi-

faceted	nature.	Atherosclerosis,	by	now	considered	a	chronic	inflammatory	disease,	

begins	in	young	age	and	progresses	slowly	for	decades	(2-4).	The	clinical	symptoms	

of	atheroma	occur	 in	adult	age	and	usually	 involve	plaque	rupture	and	thrombosis	

(5-7).	

While	several	advances	have	helped	curb	some	of	the	complications	resulting	from	

atherosclerosis,	this	disease	entity	still	represents	an	ongoing	challenge	with	several	

new	insights	raising	optimism	in	helping	to	 improve	clinical	outcomes.	This	chapter	

will	 review	 the	 pathogenesis	 of	 atherosclerosis	 and	 the	 inflammatory	 cascades	

leading	 to	 plaque	 progression	 and	 destabilisation.	 A	 glimpse	 into	 new	 coronary	

imaging	 modalities	 and	 developments	 in	 computer	 modelling	 will	 be	 critiqued	 as	

tools	to	help	improve	the	understanding	of	cardiovascular	diseases.	

	

2 Pathogenesis	of	atherosclerosis	

	

Atherosclerosis	 is	an	 inflammatory	fibroproliferative	process	 in	which	plaque	forms	

in	 the	 intima,	 bringing	 about	 stenosis	 or	 thrombosis	 and	 hence	 ischaemia	 (8-10).	

Though	 the	 exact	 initiator	 of	 plaque	 formation	 remains	 unknown,	 there	 exists	 a	

general	consensus	that	the	triggering	episode	is	endothelial	damage,	which	could	be	

caused	by	multiple	sources	such	as	cigarette	smoke	toxins,	hypertension	or	immune	

injury	 (4,	 11-15).	 Damaged	 cells	 become	 more	 permeable,	 ultimately	 causing	
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subendothelial	macrophages	 to	 consume	 circulating	 low	 density	 lipoproteins	 (LDL)	

which	are	altered	in	the	intima	to	induce	further	endothelial	damage	(8,	9,	16).	More	

macrophages	 are	 then	 recruited	 to	 do	 the	 same,	 after	 which	 they	 remain	 in	 the	

intima	 as	 lipid-rich	 foam	 cells	 (9,	 10,	 17-19).	Meanwhile,	 in	 an	 attempt	 to	 restore	

endothelial	 function,	smooth	muscle	cells	migrate	 from	the	media	to	the	 intima	to	

proliferate	 and	 generate	 a	 connective	 tissue	 matrix	 to	 cap	 the	 lipid	 core,	 further	

thickening	 the	 lesion	 (8,	 19,	 20).	 Plaques	 enlarge	 as	 the	process	 becomes	 chronic,	

and	can	be	classified	as	stable	or	unstable	(Figure	1	&	2),	either	of	which	can	lead	to	

clinical	sequelae	(8,	17,	21).	

		

3 Clinical	Features	

	

Patients	with	 coronary	 artery	disease	 (CAD)	 can	present	with	 sudden	death,	 silent	

ischemia,	stable	angina	or	an	acute	coronary	syndrome	(ACS)	(22).	ACSs	comprise	a	

range	of	syndromes	resulting	from	atherosclerotic	plaque	disruption	or	rupture	and	

are	 divided	 into	 unstable	 angina	 (UA),	 non-ST-elevation	 myocardial	 infarction	

(NSTEMI)	 and	 ST-elevation	myocardial	 infarction	 (STEMI)	 (21,	 23,	 24).	An	unstable	

plaque,	characterised	by	a	large	lipid	core	covered	by	a	thin	and	unstable	fibrous	cap,	

is	prone	to	rupture	(21,	25-27).	The	sudden	rupture	can	cause	thrombus	formation,	

in	turn	causing	an	ACS	(26,	28,	29)	(Figure	2).	Conversely,	a	stable	plaque	has	a	thick	

fibrous	cap	which	is	not	easily	ruptured	(Figure	1),	causing	the	chronic	condition	of	

stable	angina	through	episodes	of	ischaemia	experienced	upon	physical	exertion	(25,	

27,	30).		
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4 Consequences	of	atherosclerosis	

	

The	risk	of	major	thrombotic	and	thromboembolic	complications	of	atherosclerosis	

appears	 to	 be	 related	more	 to	 the	 stability	 of	 atheromatous	 plaques	 than	 to	 the	

extent	of	disease	(31,	32).	Stable	angina	is	associated	with	smooth	fibrous	coronary-

artery	plaques	(stable	plaque),	whereas	unstable	angina,	acute	myocardial	infarction	

(AMI),	 and	 sudden	 cardiac	 death	 are	 almost	 invariably	 associated	 with	

destabilisation	 of	 plaques	 (29).	 Similarly,	 in	 patients	 with	 carotid	 artery	

atherosclerotic	disease,	plaque	 irregularity	 and	 rupture	are	 closely	 associated	with	

cerebral	 ischemic	 events,	 and	 patients	 with	 irregular	 or	 ulcerated	 plaque	

demonstrate	 a	 higher	 risk	 of	 ischemic	 stroke	 irrespective	 of	 the	degree	of	 luminal	

stenosis(33).	

	

Much	 attention	 has	 been	 placed	 on	 trying	 to	 identify	 plaques	 at	 high	 risk	 of	

disruption	 leading	 to	 thrombosis.	 Such	 “vulnerable	 plaques”	 have	 also	 found	

themselves	as	areas	of	intense	research	with	novel	intracoronary	imaging	modalities,	

namely	optical	coherence	tomography	(OCT)	(6,	29).	OCT	offers	several	advantages	

over	 intravascular	 ultrasound	 or	 angiography	 given	 its	 ultra-high	 resolution	 and	

superiority	at	imaging	the	vessel	wall	and	lumen	interface	(34-36).	

	

Considerable	 data	 exists	 to	 sustain	 the	 hypothesis	 that	 several	morphologic	 and	

molecular	markers	 identifying	 unstable	 plaques	 could	 be	 expressed	 during	 plaque	

vulnerability.	 As	 shown	 by	 a	 number	 of	 anatomical	 and	 clinical	 studies,	 these	

vulnerable	plaques,	are	associated	with	rupture	and	thrombosis,	as	compared	to	the	



	 17	

stable	 plaques	 covered	by	 a	 thin	 fibrous	 cap	 and	 show	an	 extensive	 inflammatory	

infiltrate(28,	37).	

	

Unlike	 the	 stable	 plaque	 that	 shows	 a	 chronic	 inflammatory	 infiltrate,	 the	

vulnerable	and	ruptured	plaque	is	characterised	by	features	of	acute	inflammation.	

(37,	 38).	 There	 are	 a	 large	 number	 of	 studies	 showing	 that	 “active”	 inflammation	

mainly	 involves	 T-lymphocytes	 and	 macrophages	 which	 are	 activated	 toward	 a	

pathway	 of	 inflammatory	 response,	 secrete	 cytokines	 and	 lytic	 enzymes	 which	 in	

turn	 cause	 thinning	 of	 the	 fibrous	 cap,	 predisposing	 to	 plaque	 rupture.	 Recent	

research	 has	 furnished	 new	 insight	 into	 the	 molecular	 mechanisms	 that	 cause	

transition	 from	 a	 stable	 to	 an	 unstable	 phase	 of	 atherosclerosis	 and	 points	 to	

inflammation	as	the	playmaker	in	the	events	leading	to	plaque	destabilization	while	

new	insights	suggest	alterations	in	shear	stress	may	also	play	a	pivotal	role	(39,	40)	

	

The	current	challenge	 is	to	 identify	morphological	and	molecular	markers	able	to	

discriminate	stable	plaques	from	vulnerable	ones	allowing	the	stratification	of	“high	

risk”	patients	for	acute	cardiac	and	cerebrovascular	events	before	clinical	syndromes	

develop.	Bearing	that	aim	in	mind,	this	chapter	will	focus	on	cellular	and	molecular	

mechanisms	affecting	plaque	progression	and	 serum	markers	 correlated	 to	plaque	

inflammation.	

	

5 Insights	from	coronary	imaging	

	

Traditionally,	 coronary	 angiography	has	 been	 the	 gold	 standard	 to	detect	 extent	
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and	severity	of	 coronary	artery	disease.	These	 findings	 form	the	 foundation	of	 the	

interventionist’s	 clinical	 decision	 making	 process	 and	 whether	 to	 proceed	 to	

percutaneous	 therapy	or	not.	 It	 is	widely	acknowledged	however	 that	angiography	

has	 several	 limitations.	 Firstly,	 it	 maintains	 a	 relatively	 low	 image	 resolution.	

Secondly,	 it	 represents	 a	 luminogram	 of	 the	 artery	 and	 stenosis.	 Little	 detail	

therefore	 is	 provided	 as	 to	 the	 composition	 of	 the	 underlying	 plaque	 causing	 the	

stenosis	and	finally,	it	is	a	two	dimensional	imaging	method	used	to	assess	what	are	

complex,	3D	structures.		

	

5.1 Intravascular	ultrasound	(IVUS)	
	

IVUS	 utilizes	 ultrasound	 waves	 that	 reflect	 off	 vascular	 tissues	 to	 yield	 real-time	

images	 (41,	 42).	 While	 angiography	 only	 portrays	 a	 luminal	 silhouette	 (41),	 IVUS,	

having	 a	 resolution	 of	 100-150	 microns,	 captures	 details	 not	 retrievable	 with	

angiography	-	cross-sections	of	the	lumen	and	vessel	wall,	even	a	differentiation	of	

its	 layers	 (43-46).	 Thus,	 IVUS	enables	 study	of	 the	 atherosclerotic	 process	 through	

the	visualisation	of	plaque	in	the	vessel	wall	(41,	47-49).	Indeed,	the	technology	has	

demonstrated	 a	 greater	 prevalence	 of	 atherosclerosis	 than	 initially	 claimed	 with	

angiography	(44).	

	

5.2 Optical	Coherence	Tomography	(OCT)	
	

OCT,	 the	 optical	 analogue	 of	 IVUS,	 employs	 the	 reflection	 of	 near-infrared	 (NIR)	

light	 instead	 of	 sound.	 Initially	 applied	 in	 ophthalmology,	 advancement	 in	 the	
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technology	 has	 now	 enabled	 OCT	 to	 capture	 non-transparent	 tissues	 such	 as	

coronary	 vessels	 (50,	 51).	 OCT	 offers	 real-time,	 in-vivo	 and	 in-situ	 cross-sectional	

imaging	 of	 vascular	 structures	 with	 a	 resolution	 tenfold	 that	 of	 IVUS	 (15	microns	

versus	150	microns)	and	a	penetration	depth	similar	to	that	of	histology	(34,	43,	50-

53).	However,	when	it	comes	to	plaque	characterization,	one	key	limitation	of	OCT	is	

it’s	reduced	penetration	and	rapid	signal	attenuation	through	certain	types	of	tissues	

such	as	lipid	pool.	Hence	OCT	assessment	of	plaque	depth	can	be	challenging	in	the	

presence	of	large	lipid	core.	

	

By	 virtue	of	 its	 superior	 resolution,	OCT	 can	provide	near-histological	 analysis	 of	

atherosclerotic	 plaques	 in	 real-time	 fashion	 (Figure-3).	 OCT	 definition	 of	 thin	 cap	

fibro-atheroma	 (TCFA)	 follows	 the	 findings	 of	 autopsy	 studies	 performed	 on	 the	

sufferers	 of	 sudden	 death	 that	 had	 revealed	 the	 presence	 of	 fibrous	 caps	 <65	

microns	in	the	majority	of	plaques	that	had	ruptured.	These	thin	ruptured	caps	were	

also	found	to	have	an	infiltrate	of	macrophages	(54).	Whereas	OCT	is	well	placed	in	

precisely	 defining	 the	 thinness	 of	 fibrous	 cap,	 macrophage	 infiltration	 seen	 as	

punctate,	 signal-rich	 spots	 at	 the	 junction	 of	 fibrous	 cap	 and	 lipid	 pool	 has	 been	

described	 less	 consistently.	 	 Previous	 autopsy	 studies	 had	 also	 shown	 that	 plaque	

rupture,	erosion	and	calcified	nodules	were	the	three	leading	underlying	mechanism	

for	 luminal	 thrombosis	with	 the	 frequency	 of	 65%,	 30%	 and	 5%	 respectively	 (25).	

OCT	in	the	recent	years	has	enabled	us	to	obtain	this	type	of	information	in-vivo	and	

has	confirmed	similar	prevalence	of	plaque	morphologies	in	the	patients	presenting	

with	STEMI	and	NSTEMI	(55).		

Plaque	 rupture	on	OCT	 is	 identified	by	a	clear-cut	disruption	 in	 the	 signal-rich	 thin	



	 20	

fibrous	 cap	 overlying	 a	 signal-poor	 necrotic	 core	 resulting	 in	 extrusion	 of	 highly	

thrombogenic	 material	 into	 the	 lumen.	 Plaque	 erosion	 on	 the	 other	 hand	 is	

identified	 by	 the	 presence	 of	 luminal	 thrombus	 adjacent	 to	 a	 plaque	 that	 has	 an	

irregular	but	 intact,	thicker	fibrous	cap.	Such	plaques	are	mostly	devoid	of	necrotic	

core.	 Calcified	 nodules	 are	 the	 least	 common	 aetiology	 in	 ACS	 and	 are	 less	 well	

defined.	 They	 are	 recognized	 by	 sharp	 nodules	 protruding	 into	 the	 lumen	 and	

causing	discontinuation	of	the	fibrous	cap	(Figure-4).			

In	stable	patients	with	coronary	artery	disease	(CAD),	coronary	imaging	can	provide	

us	 with	 lesion	 level	 information	 and	 help	 us	 examine	 the	 changes	 in	 plaque	

microstructure	 in	response	to	pharmacotherapies.	Kataoka	et	al	evaluated	293	and	

122	lipid	and	fibrous	plaques	in	280	stable	statin	treated	CAD	patients	and	reported	

that	patients	with	LDL-C	 levels	<50mg/dl	were	 less	 likely	to	have	 lipid	plaques,	and	

had	more	features	of	plaque	stability	such	as	thickest	fibrous	caps	and	smallest	lipid	

arcs	(56).			

6 The	Vulnerable	Plaque	

Atherosclerotic	 lesions,	 according	 to	 the	 classification	 of	 the	 American	 Heart	

Association	 modified	 by	 Virmani	 et	 al.	 (29),	 are	 divided	 in	 two	 groups:	 (a)	 non-

atherosclerotic	 intimal	 lesions	 and	 (b)	 progressive	 atherosclerotic	 lesions	 which	

include	stable,	vulnerable	and	thrombotic	plaques.	

	

The	different	pathologic	characterization	of	atherosclerotic	lesions	largely	depends	

on	the	thickness	of	the	fibrous	cap	and	its	grade	of	inflammatory	infiltrate,	which	is	

in	 turn	 largely	constituted	by	macrophages	and	activated	T	 lymphocytes.	Typically,	

the	accumulating	plaque	burden	 is	 initially	 accommodated	by	an	adaptive	positive	
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remodelling	 with	 expansion	 of	 the	 vessel	 external	 elastic	 lamina	 and	 minimal	

changes	in	lumen	size	(57,	58).	The	plaque	contains	monocyte-derived	macrophages,	

smooth	muscle	cells,	and	T	lymphocytes.	Interaction	between	these	cells	types	and	

the	connective	tissue	appears	to	determine	the	development	and	progression	of	the	

plaque	itself,	including	important	complications,	such	as	thrombosis	and	rupture.	

	

The	lesions	classified	as	vulnerable	or	thin	cap	fibrous	atheroma	(TCFA)	identify	a	

plaque	 prone	 to	 rupture	 and	 thrombosis	 characterized	 by	 a	 large	 necrotic	 core	

containing	 numerous	 cholesterol	 clefts.	 The	 overlying	 cap	 is	 thin	 and	 rich	 in	

inflammatory	cells,	macrophages	and	T	 lymphocytes	with	 few	smooth	muscle	cells	

(28,	29,	59).	Burke	et	al.	identified	a	cut-off	value	for	cap	thickness	of	65	microns	to	

define	 a	 vulnerable	 coronary	 plaque	 (54).	 Despite	 the	 predominant	 hypothesis	

focusing	on	the	responsibility	of	a	specific	vulnerable	atherosclerotic	plaque	rupture	

(5,	 7)	 for	 acute	 coronary	 syndromes,	 some	 pathophysiologic,	 clinical	 and	

angiographic	observations	seem	to	suggest	the	possibility	that	the	principal	cause	of	

coronary	instability	is	not	to	be	found	in	the	vulnerability	of	a	single	atherosclerotic	

plaque,	 but	 in	 the	 presence	 of	multiple	 vulnerable	 plaques	 in	 the	 entire	 coronary	

tree,	correlated	with	the	presence	of	a	diffuse	inflammatory	process(37,	38,	60,	61).	

	

Within	this	context,	recent	angiographic	studies	have	demonstrated	the	presence	

of	multiple	vulnerable	atheromatous	plaques	 in	patients	with	unstable	angina	 (62)	

[20]	 and	 in	 those	 affected	 by	 transmural	 myocardial	 infarction(61).	 Recently	 by	

means	 of	 flow	 cytometry,	 Spagnoli	 et	 al	 have	 demonstrated	 the	 presence	 of	 an	

activated	 and	 multicentric	 inflammatory	 infiltrate	 in	 the	 coronary	 vessels	 of	
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individuals	who	died	of	 acute	myocardial	 infarction	 (38).	 Similar	 results	have	been	

obtained	 by	 Buffon	 et	 al.,	 who,	 through	 the	 determination	 of	 the	 neutrophil	

myeloperoxidase	activity,	have	proved	the	presence	of	a	diffuse	inflammation	in	the	

coronary	vessels	 in	 individuals	affected	by	unstable	angina	(60).	These	results	have	

been	 confirmed	 by	 a	morphological	 study	 which	 demonstrated	 the	 presence	 of	 a	

high	 inflammatory	 infiltrate	 constituted	 by	 macrophages	 and	 T	 lymphocytes	

activated	in	the	whole	coronary	tree,	also	present	in	the	stable	plaques	of	individuals	

who	died	of	acute	myocardial	 infarction.	These	plaques	showed	a	two-	to	four-fold	

higher	inflammatory	infiltrate	than	aged-matched	individuals	dying	from	non-cardiac	

causes	with	chronic	stable	angina	(SA)	or	without	clinical	cardiac	history	 (controls),	

respectively	 (37).	 Moreover,	 it	 has	 also	 been	 demonstrated	 that	 activated	 T	

lymphocytes	infiltrate	the	myocardium	both	in	the	peri-infarcted	area	and	in	remote	

unaffected	myocardial	 regions	 in	patients	who	died	of	a	 first	myocardial	 infarction	

(63).		

The	simultaneous	occurrence	of	diffuse	coronary	and	myocardial	 inflammation	in	

these	 patients	 further	 supports	 the	 concept	 that	 both	 coronary	 and	 myocardial	

vulnerabilities	concur	in	the	pathogenesis	of	fatal	AMI.	

	

Acute	myocardial	 infarction—at	 least	associated	with	unfavourable	prognosis—is	

therefore	 likely	 to	 be	 the	 consequence	 of	 a	 diffuse	 “active”	 chronic	 inflammatory	

process	which	determines	 the	destabilization	of	both	 the	entire	 coronary	 tree	and	

the	whole	myocardium,	not	only	the	part	of	it	affected	by	infarction.	The	causes	of	

the	diffuse	 inflammation	associated	with	myocardial	 infarction	are	scarcely	known.	

The	 presence	 of	 activated	 T-lymphocytes	 suggests	 the	 “in-situ”	 presence	 of	 an	
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antigenic	stimulus	which	triggers	adaptive	immunity.	

7 Role	of	Inflammation	in	the	Natural	History	of	Atherosclerosis	

7.1 Inception	of	the	Plaque	
	

Endothelium	 injury	 has	 been	 proposed	 to	 be	 an	 early	 and	 clinically	 relevant	

pathophysiologic	 event	 in	 the	 atherosclerotic	 process	 (4,	 32).	 Patients	 with	

endothelial	 dysfunction	 have	 an	 increased	 risk	 for	 future	 cardiovascular	 events	

including	 stroke	 (64).	 Endothelial	dysfunction	was	described	as	 the	 ignition	 step	 in	

atherogenesis.	 From	 this	 point	 on,	 an	 inflammatory	 response	 leads	 to	 the	

development	of	the	plaque.	

Endothelial	 damage	 can	 be	 caused	 by	 physical	 and	 chemical	 forces,	 by	 infective	

agents	or	by	oxidized	LDL	 (ox-LDL).	Dysfunctional	endothelium	expresses	P-selectin	

(stimulation	by	agonists	 such	as	 thrombin)	and	E-selectin	 (induced	by	 interleukin-1	

(IL-1)	or	Tumour	necrosis	 factor	alpha	 (TNF-α).	Expression	of	 intercellular	adhesion	

molecule-1	(ICAM-1)	both	by	macrophages	and	endothelium	and	vascular	adhesion	

molecule-1	(VCAM-1)	by	endothelial	cells	is	induced	by	inflammatory	cytokines	such	

as	IL-1,	TNFα	and	IFNγ	(interferon	γ).	

	

Monocytes	 recalled	 in	 the	 subintimal	 space	 ingest	 lipoproteins	 and	 morph	 into	

macrophages.	These	generate	reactive	oxygen	species	 (ROS),	which	convert	ox-LDL	

into	highly	oxidized	 LDL.	Macrophages	upload	ox-LDL	via	 scavenger	 receptors	until	

form	 foam	 cells.	 Foam	 cells	 with	 leukocytes	 migrate	 at	 the	 site	 of	 damage	 and	

generate	 the	 fatty	 streak.	 The	 loss	 of	 biologic	 activity	 of	 endothelium	 determines	

nitric	 oxide	 (NO)	 reduction	 together	 with	 increased	 expression	 of	 prothrombotic	
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factors,	 proinflammatory	 adhesion	 molecules	 cytokines	 and	 chemotactic	 factors.	

Cytokines	 may	 decrease	 NO	 bioavailability	 increasing	 the	 production	 of	 reactive	

oxygen	 species	 (ROS).	 ROS	 reduces	 NO	 activity	 both	 directly,	 reacting	 with	

endothelial	 cells,	 and	 indirectly	 via	 oxidative	 modification	 of	 eNOS	 or	 guanylyl	

cyclase	 (65).	 Low	 NO	 bioavailability	 can	 up-regulate	 vascular	 adhesion	molecule-1	

(VCAM-1)	in	the	endothelial	cell	layer	that	binds	monocytes	and	lymphocytes	in	the	

first	 step	of	 invasion	of	 the	vascular	wall,	 via	 induction	of	nuclear	 factor-kB	 (NFkB)	

expression	 (66).	 In	addition,	NO	 inhibits	 leukocyte	adhesion	 (67)	and	NO	reduction	

results	 in	 induction	 of	monocyte	 chemotactic	 protein-1	 (MCP-1)	 expression	which	

recruits	 monocytes(68).	 NO	 is	 in	 a	 sensitive	 balance	 with	 endothelin1	 (ET-1)	

regulating	 vascular	 tone(69).	 Plasma	 ET-1	 concentrations	 are	 increased	 in	 patients	

with	advanced	atherosclerosis	and	correlate	with	the	severity	of	the	disease	(70,	71).	

In	addition	to	its	vasoconstrictor	activity,	ET-1	also	promotes	leukocyte	adhesion	(72)	

and	 thrombus	 formation(73).	 Dysfunctional	 endothelium	 expresses	 P-selectin	

(stimulation	by	 agonists	 such	 as	 trombin)	 and	E-selectin	 (induced	by	 IL-1	or	 TNF-α	

(74).	 The	 expression	 of	 both	 intercellular	 adhesion	 molecule1	 (ICAM-1)	 by	

macrophages	 and	 endothelium,	 and	 VCAM-1	 by	 endothelial	 cells	 is	 induced	 by	

inflammatory	cytokines	such	as	IL-1,	TNFα,	IFNγ.	Endothelial	cells	also	produce	MCP-

1,	 monocyte	 colony-stimulating	 factor	 and	 IL-6	 which	 further	 amplify	 the	

inflammatory	 cascade	 (75).	 IL-6	 production	 by	 smooth	muscle	 cells	 represents	 the	

main	stimulus	for	C-reactive	protein	(CRP)	production	(3).	Recent	evidence	suggests	

that	CRP	may	contribute	to	the	proinflammatory	state	of	the	plaque	both	mediating	

monocytes	 recruitment	and	stimulating	monocytes	 to	 release	 IL-1,	 IL-6,	TNFα	 (76).	

The	damaged	endothelium	allows	the	passage	of	lipids	into	the	subendothelial	space.	
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Fatty	streaks	represent	the	first	step	in	the	atherosclerotic	process.	

7.2 Evolving	Fibro-atheromatous	Plaque	
	

The	atheroma	evolution	is	modulated	by	innate	and	adaptive	immune	responses	(3,	

77,	78).	The	most	important	receptors	for	innate	immunity	in	atherothrombosis	are	

the	scavenger	receptors	and	the	toll-like	receptors	(TLRs)	(79).	Adaptive	immunity	is	

much	more	specific	than	innate	immunity	but	may	take	several	days	or	even	weeks	

to	 be	 fully	 mobilized.	 It	 involves	 an	 organized	 immune	 response	 leading	 to	

generation	 of	 T	 and	 B	 cell	 receptors	 and	 immunoglobulins,	 which	 can	 recognize	

foreign	antigens	(80).	

7.3 Stable	Plaque	
	

Macrophages	 take	 up	 lipid	 deposited	 in	 the	 intima	 via	 a	 number	 of	 receptors,	

including	 scavenger	 receptor-A,	 and	 CD36.	 Deregulated	 uptake	 of	 modified	 LDL	

through	 scavenger	 receptors	 leads	 to	 cholesterol	 accumulation	 and	 “foam	 cells”	

formation.	The	lipid	laden	macrophages	(foam	cells)	forming	the	fatty	streak	secrete	

pro-inflammatory	 cytokines	 that	 amplify	 the	 local	 inflammatory	 response	 in	 the	

lesion,	matrix	metalloproteinases	(MMPs),	tissue	factor	into	the	local	matrix,	as	well	

as	 growth	 factors,	 that	 stimulate	 the	 smooth	 muscle	 replication	 responsible	 for	

lesion	 growth.	 Macrophages	 colony	 stimulating	 factor	 (M-CSF)	 acts	 as	 the	 main	

stimulator	 in	this	process,	next	to	granulocyte-macrophage	stimulating	factor	 (MG-

CSF)	 and	 IL-2	 for	 lymphocytes	 (81).	 Lymphocytes	 enter	 the	 intima	 by	 binding	

adhesion	 molecules	 (VCAM-1,	 P-selectin,	 ICAM-1	 MCP-1(CCL2),	 IL-8	 (CxCL8)	 (75).	

Such	infiltrate	constituted	mainly	by	CD4+	T	lymphocytes	recognize	antigens	bound	
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to	MHC	 class	 II	molecules	 involved	 in	 antigen	 presentation	 to	 T	 lymphocytes	 thus	

provoking	an	immune	response	(2).	The	histocompatibility	complex	molecules	(MHC	

II)	are	expressed	by	endothelial	cells,	macrophages	and	vascular	smooth	muscle	cells	

in	 proximity	 to	 activated	 T	 lymphocytes	 in	 the	 atherosclerotic	 plaque.	 Pro-

inflammatory	cytokines	manage	a	central	transcriptional	control	point	mainly	NFkB.	

Macrophage/foam	 cells	 produce	 cytokines	 that	 activate	 neighbouring	 smooth-

muscle	cells,	resulting	in	extracellular	matrix	production	(2).	

Repeated	 inflammatory	 stimuli	 induce	 foam	 cells	 to	 secrete	 growth	 factors	 that	

induce	 SMCs	 proliferation	 and	migration	 into	 the	 intima.	 The	 continuous	 influx	 of	

cells	 in	 the	 subintimal	 space	 convert	 the	 fatty	 streak	 in	 a	 more	 complex	 and	

advanced	 lesion	 in	 which	 inflammatory	 cells	 (monocytes/macrophages,	

lymphocytes),	SMCs,	necrotic	debris	mainly	due	to	cell	death,	oxLDL	elicit	a	chronic	

inflammatory	response	by	adoptive	immune	system.	SMCs	form	a	thick	fibrous	cap	

that	 cover	 the	necrotic	 core	and	avoid	 the	exposition	of	 thrombogenic	material	 to	

the	 bloodstream.	 The	 volume	 of	 lesion	 grows	 up	 and	 protrudes	 into	 the	 arterial	

lumen	 causing	 variable	 degree	 of	 lumen	 stenosis.	 These	 lesions	 are	 advanced	

complicated	“stable”	atherosclerotic	 lesions,	asymptomatic	and	often	unrecognized	

(82,	83).	

7.4 Vulnerable	Plaque:	A	shift	towards	Th1	pattern	
	

Early	 phases	 of	 the	 plaque	 development	 are	 characterized	 by	 an	 acute	 innate	

immune	 response	 against	 exogenous	 (infectious)	 and	 endogenous	 non-infectious	

stimuli.	Specific	antigens	activate	adaptive	immune	system	leading	to	proliferation	of	

T	 and	 B	 cells.	 A	 first	 burst	 of	 activation	 might	 occur	 in	 regional	 lymph	 nodes	 by	
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dendritic	cells	(DCs)	trafficking	from	the	plaque	to	lymph	node.	Subsequent	cycle	of	

activation	can	be	sustained	by	interaction	of	activated	/memory	T	cells	re-entering	in	

the	plaque	by	selective	binding	to	endothelial	cell	surface	adhesion	molecules	with	

plaque	 macrophages	 expressing	 MHC	 class	 II	 molecules.	 In	 this	 phase	 of	 the	

atherogenic	process	the	selective	recruitment	of	a	specific	subtype	of	CD4+	cells	play	

a	 major	 role	 determining	 the	 future	 development	 of	 the	 lesion.	 Two	 subtypes	 of	

CD4+	cells	have	juxtaposed	role	Th1	and	Th2	cells	(84).	

Th1	cells	secreting	proinflammatory	cytokines,	such	as	IFNγ	promote	macrophage	

activation,	inflammation,	and	atherosclerosis,	whereas	Th2	cells	(cytokine	pattern	IL-

4,	IL-5	and	IL-10)	mediate	antibody	production	and	generally	have	anti-inflammatory	

and	antiatherogenic	effects	(64).	Therefore	the	switch	to	a	selective	recruitment	of	

Th1	 lymphocyte	 represents	 a	 key	 point	 toward	 plaque	 vulnerability/disruption.	 T	

cells	in	the	plaque	may	encounter	antigens	such	as	oxLDL.	Moreover	T	cell	response	

can	be	triggered	by	heat	shock	proteins	of	endogenous	or	microbial	origins	(85).	It	is	

still	 unknown	 why	 the	 initial	 inflammatory	 response	 becomes	 a	 chronic	

inflammatory	condition.	However,	when	the	plaque	microenvironment	 triggers	 the	

selective	 recruitment	 and	 activation	 of	 Th1	 cells	 they	 in	 turn	 determine	 a	 potent	

inflammatory	cascade.	

The	 combination	 of	 IFNγ	 and	 TNFα	 upregulates	 the	 expression	 of	 fractalkine	

(CX3CL1)	(86).	Interleukin	1	and	TNFα-activated	endothelium	express	also	fractalkine	

(membrane	bound	form)	that	directly	mediates	the	capture	and	adhesion	of	CX3CR1	

expressing	leukocytes	providing	a	further	pathway	for	leukocyte	activation	(87).	This	

cytokine	network	promotes	the	development	of	the	Th-1	pathway	which	is	strongly	

pro-inflammatory	 and	 induces	 macrophage	 activation,	 superoxide	 production	 and	
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protease	activity.	

7.4.1 Role	of	Inflammation	as	Vulnerability	Factor	
	

Homeostasis	of	plaque	“microenvironment”,	i.e.	the	balance	between	cell	migration	

and	cell	proliferation,	extracellular	matrix	production	and	degradation,	macrophages	

and	 lymphocytes	 interplay,	 appears	 strictly	 related	 to	 the	 transition	 of	 a	 stable	

plaque	into	a	vulnerable	one.	

A	limited	number	of	T	cells,	following	the	Th1	pathway,	initiates	the	production	of	

large	 amount	 of	molecules	 downstream	 in	 the	 cytokine	 cascade	 orchestrating	 the	

transition	from	the	stable	to	unstable	plaque	(77,	88).	

Within	 the	 plaque,	 inflammatory	 cells	 such	 as	 foam	 cells	 and	monocyte-derived	

macrophages	 are	 induced	 to	 produce	 matrix-degrading	 enzymes,	 cytokines	 and	

growth	 factors	 strictly	 implicated	 in	extracellular	matrix	homeostasis.	 In	particular,	

cytokines	 such	 as	 INF	 γ	 suppress	 collagen	 synthesis,	 a	 major	 component	 of	 the	

fibrous	 cap(75).	 Moreover	 infiltration	 of	 mononuclear	 cells	 results	 in	 release	 of	

proteases	 which	 causes	 plaque	 disruption	 (89).	 The	 production	 of	 ROS	within	 the	

atherosclerotic	 plaque	 has	 important	 implications	 for	 its	 structural	 integrity	 (65).	

Deregulated	oxidant	 production	has	 the	 potential	 to	 promote	 the	 elaboration	 and	

activation	of	matrix	degrading	enzymes	 in	the	fibrous	cap	of	the	plaque.	Moreover	

impaired	 NO	 function	 coupled	 with	 oxidative	 excess	 may	 activate	 MMPs	 (90),	

namely	 MMP-2	 and	 MMP-9	 which	 weaken	 the	 fibrous	 cap.	 Another	 mechanism	

which	may	 determine	 the	 thinning	 of	 the	 fibrous	 cap	 is	 the	 apoptosis	 of	 smooth	

muscle	 cells.	 There	 is,	 in	 fact,	 evidence	 for	 extensive	 apoptosis	 of	 smooth	muscle	

cells	 within	 the	 cap	 of	 advanced	 atherosclerosis,	 as	 well	 as	 those	 cultured	 from	



	 29	

plaques	(32,	91).	

A	very	 important	role,	not	yet	well	studied,	 is	that	of	dendritic	cells,	namely	cells	

specialized	 in	 antigen	 presentation	 with	 a	 key	 role	 in	 the	 induction	 of	 primary	

immune	response	and	in	the	regulation	of	T	lymphocytes	differentiation,	as	well	as	

in	mechanisms	 of	 central	 and	 peripheral	 tolerance	 aiming	 at	 the	 elimination	 of	 T	

lymphocytes	 that	 are	 potentially	 self-reactive	 toward	 self-antigens	 (92,	 93).	 A	

characteristic	of	dendritic	cells	is	also	the	ability	to	polarize	T	cell	responses	toward	a	

T	helper	phenotype	(Th1)	in	response	to	bacterial	antigens.	Molecules	expressed	by	

activated	T	lymphocytes,	like	CD40L,	OX40,	stimulate	the	release	from	dendritic	cells	

of	 chemokines	 (fractalkines)	 able	 to	 attract	 other	 lymphocytes	 toward	 the	

inflammation	site,	amplifying	the	immune	response	(94).	

Patients	with	ACS	are	 characterized	by	 the	expansion	of	 an	unusual	 subset	of	 T-

cells,	 CD4+CD28null	 T-cells,	 with	 functional	 activities	 that	 predispose	 for	 vascular	

injury	(95,	96).	CD4+CD28null	T-cells	are	a	population	of	lymphocytes	rarely	found	in	

healthy	individuals.	Disease-associated	expansions	of	these	cells	have	been	reported	

in	 inflammatory	 disorders	 such	 as	 rheumatoid	 arthritis.	 CD4+CD28null	 T-cells	 are	

characterized	 by	 their	 ability	 to	 produce	 high	 amounts	 of	 IFN-γ	 (96).	 Equally	

important,	CD4+CD28null	T	cells	have	been	distinguished	from	classical	T	helper	cells	

by	virtue	of	their	ability	to	function	as	cytotoxic	effector	cells.	Possible	targets	in	the	

plaque	are	smooth	muscle	cells	and	endothelial	cells,	as	recently	shown	(97).	In-vivo,	

CD4+CD28null	cells	have	a	tendency	to	proliferate	with	the	frequent	emergence	of	

oligoclonality,	raising	the	possibility	of	continuous	antigenic	stimulation,	as	 it	 is	the	

case	in	certain	autoimmune	disorders	and	in	chronic	 infections.	The	demonstration	

of	 oligoclonality	 within	 the	 CD4+CD28null	 T-cell	 subsets	 and	 sharing	 of	 T-cell	
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receptor	sequences	in	expanded	T-cell	clones	of	patients	with	ACS	strongly	support	

the	 notion	 that	 these	 cells	 have	 expanded	 and	 are	 activated	 in	 response	 to	 a	

common	antigenic	challenge	(98).	CD4+CD28null	T-cells	are	long-lived	cells.	Clonality	

and	longevity	of	these	cells	are	associated	with	defects	in	apoptotic	pathways	(99).	

Moreover,	CD28	 is	 relevant	 for	 the	expansion	of	naïve	T-cells,	 thus	 the	absence	of	

this	 molecule	 contributes	 to	 the	 senescence	 of	 lymphocytes.	 The	 excessive	

expansion	of	a	pool	of	 senescent	T-lymphocytes	might	 compromise	 the	efficacy	of	

the	 immune	 responses	 direct	 against	 exogenous	 antigens	 as	 well	 as	 determinate	

autoimmune	responses.	

Recently,	 a	 sub-population	 of	 T	 CD4+	 cells,	 expressing	 IL-2	 receptor,	 CD25	

membrane	marker,	has	been	pointed	out.	Such	 lymphocytes	represent	7–10%	of	T	

CD4+	cells	and	their	homeostasis	 is	due	to	some	co-stimulatory	molecules,	such	as	

CD28	 receptor	 expressed	 by	 T	 cells	 and	 B7	molecules	 expressed	 by	 dendritic	 cells	

(100).	The	current	knowledge	of	the	role	of	this	specific	subset	of	T	cells	 in	human	

atherogenesis	 is	 still	 incomplete,	 even	 though	 a	 very	 recent	 study	 carried	 out	 on	

mice	has	demonstrated	an	anti-atherogenic	effect	of	T	CD4+CD25+	cells	(101).	

T	helper	1	cells	and	T	regulatory	1	cells	have	been	demonstrated	to	play	opposite	

roles	 in	 rupture	 of	 atherosclerotic	 lesion.	 The	 role	 of	 novel	 subset	 of	 T	 regulatory	

cells,	 known	 as	 CD4+CD25+Foxp3+	 T	 cells,	 has	 been	 recently	 studied	 on	 coronary	

artery	disease	(CAD).	Han	et	al.	(102)	found	that	the	reduction	of	CD4+CD25+Foxp3+	

T	 lymphocytes	 was	 consistent	 with	 the	 expansion	 of	 Th1	 cells	 in	 patients	 with	

unstable	CAD.	The	reversed	development	between	CD4+CD25+	Tregs	and	Th1	cells	

might	contribute	to	plaque	destabilization.	
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7.4.2 Serum	Markers	Correlated	to	Plaque	Inflammation	
	

In	recent	years,	a	number	of	studies	have	correlated	different	serologic	biomarkers	

with	 cardiovascular	 disease	 (4,	 103)	 leading	 to	 a	 rapid	 increase	 in	 the	 number	 of	

biomarkers	available	(Table-1).	These	biomarkers	are	useful	in	that	they	can	identify	

a	population	at	risk	of	an	acute	ischemic	event	and	detect	the	presence	of	so	called	

vulnerable	plaques	and/or	vulnerable	patients	(104,	105).	Ideally,	a	biomarker	must	

have	 certain	 characteristics	 to	 be	 a	 potential	 predictor	 of	 incident	 or	 prevalent	

vascular	 disease.	Measurements	 have	 to	 be	 reproducible	 in	multiple	 independent	

samples,	 the	 method	 for	 determination	 should	 be	 standardized,	 variability	

controlled,	 and	 should	 be	 sufficiently	 sensitive	 and	 specific	 to	 correctly	 identify	

majority	of	true	positives	and	true	negatives	respectively.	In	addition,	the	biomarker	

should	be	 independent	 from	other	established	 risk	markers,	 substantively	 improve	

the	prediction	of	risk	with	established	risk	factors,	be	associated	with	cardiovascular	

events	 in	multiple	population	cohorts	and	clinical	 trials,	and	 the	cost	of	 the	assays	

has	 to	 be	 acceptable.	 Finally,	 to	 be	 clinically	 useful	 a	 biomarker	 should	 correctly	

reflect	 the	 underlying	 biological	 process	 associated	 with	 plaque	 burden	 and	

progression.	

Traditional	biomarkers	for	cardiovascular	risk	include	low-density	lipoprotein	(LDL)	

cholesterol	 and	 glucose.	 However,	 50%	 of	 heart	 attacks	 and	 strokes	 occur	 in	

individuals	that	have	normal	LDL	cholesterol,	and	20%	of	major	adverse	events	occur	

in	 patients	 with	 no	 accepted	 risk	 factors	 (106).	 Therefore,	 in	 light	 of	 changing	

atherosclerotic	models,	vulnerable	blood	may	be	better	described	as	blood	that	has	

an	 increased	 level	 of	 activity	 of	 plasma	 determinants	 of	 plaque	 progression	 and	

rupture.	
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In	 this	 context,	 proposed	 biomarkers	 fall	 into	 nine	 general	 categories:	

inflammatory	markers,	markers	for	oxidative	stress,	markers	of	plaque	erosion	and	

thrombosis,	lipid-associated	markers,	markers	of	endothelial	dysfunction,	metabolic	

markers,	markers	of	neovascularization,	and	genetic	markers.	The	last	six	biomarker	

categories	 are	 not	 treated	 in	 the	 presented	 chapter	 but	 only	 listed	 in	Table-1.	 As	

mentioned	earlier,	some	of	these	markers	may	indeed	reflect	the	natural	history	of	

atherosclerotic	plaque	growth	and	may	not	be	directly	related	to	an	increased	risk	of	

cardiovascular	events.	On	the	contrary,	other	markers	are	more	related	to	complex	

plaque	morphological	 features	and	may	reflect	an	active	process	within	the	plaque	

which	is	in	turn	related	to	the	onset	of	local	complications	and	onset	of	acute	clinical	

events.	

However,	 it	 is	 important	to	emphasize	that	 in	any	 individual	patient,	 it	 is	not	yet	

clear	 how	 these	 biomarkers	 relate	 to	 quantitative	 risk	 of	 major	 adverse	

cardiovascular	 events.	 The	best	 outcomes	may	be	 achieved	by	 a	 panel	 of	markers	

that	will	 capture	 all	 of	 the	 different	 processes	 involved	 in	 plaque	 progression	 and	

plaque	rupture,	and	that	will	enable	clinicians	to	quantify	an	individual	patient’s	true	

cardiovascular	risk.	In	all	likelihood,	a	combination	of	genetic	(representing	heredity)	

and	 serum	 markers	 (representing	 the	 net	 interaction	 between	 heredity	 and	

environment)	 will	 ultimately	 be	 the	 ones	 that	 should	 be	 utilized	 in	 primary	

prevention.	 Finally,	different	non-invasive	and	 invasive	 imaging	 techniques	may	be	

coupled	with	biomarkers	detection	to	increase	the	specificity,	sensitivity	and	overall	

predictive	value	of	each	potential	diagnostic	technique.	

7.4.3 Markers	of	Inflammation	
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Markers	 of	 inflammation	 include	 C-reactive	 protein	 (CRP),	 inflammatory	 cytokines	

soluble	CD40L	(sCD40L),	soluble	vascular	adhesion	molecules	(sVCAM),	and	tumour	

necrosis	factor	(TNF).	

C-reactive	protein	 is	a	circulating	pentraxin	 that	plays	a	major	 role	 in	 the	human	

innate	 immune	 response	 (107)	 and	 provides	 a	 stable	 plasma	 biomarker	 for	 low-

grade	 systemic	 inflammation.	 C-reactive	 protein	 is	 produced	 predominantly	 in	 the	

liver	as	part	of	the	acute	phase	response.	However,	CRP	is	also	expressed	in	smooth	

muscle	cells	within	diseased	atherosclerotic	arteries	 (108)	and	has	been	 implicated	

in	multiple	aspects	of	atherogenesis	and	plaque	vulnerability,	including	expression	of	

adhesion	 molecules,	 induction	 of	 nitric	 oxide,	 altered	 complement	 function,	 and	

inhibition	 of	 intrinsic	 fibrinolysis	 (109).	 CRP	 is	 considered	 to	 be	 an	 independent	

predictor	 of	 unfavorable	 cardiovascular	 events	 in	 patients	 with	 atherosclerotic	

disease.	 Beyond	 CRP’s	 ability	 to	 predict	 risk	 among	 both	 primary	 and	 secondary	

prevention	 patients,	 interest	 in	 it	 has	 increased	 with	 the	 recognition	 that	 statin-

induced	 reduction	 of	 CRP	 is	 associated	 with	 less	 progression	 in	 adverse	

cardiovascular	events	that	is	 independent	of	the	lipid-associated	changes	(110)	and	

that	the	efficacy	of	statin	therapy	may	be	related	to	the	underlying	level	of	vascular	

inflammation	 as	 detected	 by	 hs-CRP.	 Among	 patients	 with	 stable	 angina	 and	

established	CAD,	plasma	 levels	of	hs-CRP	have	consistently	been	shown	associated	

with	 recurrent	 risk	 of	 cardiovascular	 events	 (111,	 112).	 Similarly,	 during	 acute	

coronary	 ischemia,	 levels	 of	 hs-CRP	 are	 predictive	 of	 high	 vascular	 risk	 even	 if	

troponin	levels	are	non-detectable,	suggesting	that	 inflammation	is	associated	with	

plaque	 vulnerability	 even	 in	 the	 absence	 of	 detectable	 myocardial	 necrosis	 (113,	

114).	Despite	these	data,	the	most	relevant	use	of	hs-CRP	remains	in	the	setting	of	
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primary	 prevention.	 To	 date,	 over	 two	 dozen	 large-scale	 prospective	 studies	 have	

shown	 baseline	 levels	 of	 hs-CRP	 to	 independently	 predict	 future	 myocardial	

infarction,	stroke,	cardiovascular	death,	and	incident	peripheral	arterial	disease	(115,	

116).	 Moreover,	 eight	 major	 prospective	 studies	 have	 had	 adequate	 power	 to	

evaluate	 hs-CRP	 after	 adjustment	 for	 all	 Framingham	 covariates,	 and	 all	 have	

confirmed	the	independence	of	hs-CRP	(117).	Despite	the	evidence	described	above,	

it	 is	 important	 to	 recognize	 that	 there	 remains	no	 firm	data	 to	date	 that	 lowering	

CRP	 levels	 per	 se	 will	 lower	 vascular	 risk.	 Further,	 as	 with	 other	 biomarkers	 of	

inflammation,	 it	 remains	 controversial	 whether	 CRP	 plays	 a	 direct	 causal	 role	 in	

atherogenesis	 (118),	 and	 ongoing	work	with	 targeted	 CRP-lowering	 agents	will	 be	

required	to	fully	test	this	hypothesis.	However,	the	clinical	utility	of	hs-CRP	has	been	

well	 established,	 and	on	 the	basis	 of	 data	 available	 through	2002,	 the	Centres	 for	

Disease	 Control	 and	 Prevention	 and	 the	American	Heart	 Association	 endorsed	 the	

use	 of	 hs-CRP	 as	 an	 adjunct	 to	 global	 risk	 prediction,	 particularly	 among	 those	 at	

“intermediate	 risk”	 (119).	 Data	 available	 since	 2002	 strongly	 reinforces	 these	

recommendations	 and	 suggests	 expansion	 to	 lower-risk	 groups,	 as	 well	 as	 those	

taking	statin	therapy.	Perhaps	most	importantly,	data	for	hs-CRP	provides	evidence	

that	 biomarkers	 beyond	 those	 traditionally	 used	 for	 vascular	 risk	 detection	 and	

monitoring	can	play	important	clinical	roles	in	prevention	and	treatment.	

Cellular	adhesion	molecules	 can	be	considered	potential	markers	of	 vulnerability	

since	such	molecules	are	activated	by	inflammatory	cytokines	and	then	released	by	

the	 endothelium	 (120).	 These	 molecules	 represent	 the	 one	 available	 marker	 to	

assess	 endothelial	 activation	 and	 vascular	 inflammation.	 The	 Physicians’	 Health	

Study	 evaluated	 more	 than	 14,000	 healthy	 subjects	 and	 demonstrated	 ICAM-1	
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expression	positive	correlation	with	cardiovascular	risk	and	showed	that	subjects	in	

the	higher	quartile	of	ICAM-1	expression	showed	1.8	times	higher	risk	compared	to	

subjects	in	the	lower	quartile	(121).	Furthermore,	soluble	ICAM-1	and	VCAM-1	levels	

showed	 a	 positive	 correlation	 with	 atherosclerosis	 disease	 burden	 (122).	 IL-6	 is	

expressed	during	the	early	phases	of	inflammation	and	it	is	the	principle	stimuli	for	

CRP	 liver	 production.	 In	 addition,	 CD	 40	 ligand,	 a	 molecule	 expressed	 on	 cellular	

membrane,	 is	 a	 TNF-α	 homologue	 which	 stimulates	 activated	 macrophages	

proteolytic	 substances	 production	 (123).	 CD40	 and	 CD40L	 have	 been	 found	 on	

platelets	and	several	other	cell	types	in	functional-bound	and	soluble	(sCD40L)	forms.	

Although	 many	 platelet-derived	 factors	 have	 been	 identified,	 recent	 evidence	

suggests	 that	 CD40L	 is	 actively	 involved	 in	 the	 pathogenesis	 of	 acute	 coronary	

syndrome	 (ACS).	 CD40L	 drives	 the	 inflammatory	 response	 through	 the	 interaction	

between	CD40L	on	activated	platelets	 and	 the	CD40	 receptor	on	endothelial	 cells.	

Such	 interactions	 facilitate	 increased	 expression	 of	 adhesion	 molecules	 on	 the	

surface	 of	 endothelial	 cells	 and	 release	 of	 various	 stimulatory	 chemokines.	 These	

events,	 in	 turn,	 facilitate	 activation	 of	 circulating	 monocytes	 as	 a	 trigger	 of	

atherosclerosis.	 Beyond	 known	 proinflammatory	 and	 thrombotic	 properties	 of	

CD40L,	experimental	evidence	suggests	that	CD40L-induced	platelet	activation	leads	

to	the	production	of	reactive	oxygen	and	nitrogen	species,	which	are	able	to	prevent	

endothelial	 cell	 migration	 and	 angiogenesis	 (124).	 As	 a	 consequence	 of	 inhibiting	

endothelial	 cell	 recovery,	 the	 risk	 of	 subsequent	 coronary	 events	may	 be	 greater.	

Clinical	studies	have	supported	the	involvement	of	CD40L	in	ACS	and	the	prognostic	

value	in	ACS	populations.	Levels	of	sCD40L	have	been	shown	to	be	an	independent	

predictor	 of	 adverse	 cardiovascular	 events	 after	 ACS	 (125)	 with	 increased	 levels	
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portending	a	worse	prognosis	(126).	Importantly,	specific	therapeutic	strategies	have	

shown	to	be	beneficial	in	reducing	risk	associated	with	sCD40L	(127).	IL-18	is	a	pro-

inflammatory	cytokine	mostly	produced	by	monocytes	and	macrophages,	and	it	acts	

synergistically	 with	 IL-12	 (105).	 Both	 these	 interleukines	 are	 expressed	 in	 the	

atherosclerotic	plaque	and	they	stimulate	IFN-γ	induction	which,	on	its	turn,	inhibits	

collagen	 synthesis,	preventing	a	 thick	 fibrous	 cap	 formation	and	 facilitating	plaque	

destabilization.	Mallat	et	al.	 (128)	examined	40	stable	and	unstable	atherosclerotic	

plaques	 obtained	 from	 patients	 undergoing	 carotid	 endarterectomy	 and	 they	

highlighted	 how	 IL-18	 expression	was	 higher	 in	macrophages	 and	 endothelial	 cells	

extracted	 from	 unstable	 rather	 than	 stable	 lesions	 and	 it	 correlated	 with	 clinical	

(symptomatic	plaques)	and	pathological	(ulceration)	signs	of	vulnerability.	

Pregnancy	Associated	Plasma	Protein-	A	(PAPP-A),	is	a	high-molecular-weight,	zinc-

binding	 metalloproteinase,	 typically	 measured	 in	 women	 blood	 during	 pregnancy	

and	 later	 found	 in	macrophages	and	smooth	muscle	 cells	 inside	unstable	 coronary	

atherosclerotic	plaques.	This	protease	cleaves	the	bond	between	Insulin	Like	Growth	

Factor-1	 (IGF-1)	and	 its	 specific	 inhibitor	 (IGFBP-4	e	 IGFBP-5),	 increasing	 free	 IGF-1	

levels.	 IGF-1	is	 important	for	monocytes-macrophages	chemotaxis	and	activation	in	

the	 atherosclerotic	 lesion,	 with	 consequent	 pro-inflammatory	 cytokine	 and	

proteolytic	 enzyme	 release,	 and	 stimulates	 endothelial	 cell	 migration	 and	

organizational	behaviour	with	consequent	neo-angiogenesis.	Hence	IGF-1	represents	

one	of	the	most	important	mediators	in	the	transformation	of	a	stable	lesion	into	an	

unstable	 one	 (129).	 Bayes-Genis	 et	 al.	 (130)	 demonstrated	 that	 PAPP-A	 is	 more	

expressed	in	the	serum	of	patients	with	acute	coronary	syndromes	(unstable	angina,	

myocardial	 infarction),	 compared	 to	 subjects	 presenting	 with	 stable	 angina.	 In	
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particular,	 PAPP-A	 serum	 levels	>	10	mIU/l	 recognize	 patient	 vulnerability	 with	 a	

specificity	of	78%	and	a	sensibility	of	89%.	It	has	also	been	demonstrated	that	PAPP-

A	histological	expression	 is	higher	 in	complex,	vulnerable/ruptured	carotid	plaques	

compared	to	stable	lesions	(131).	Since	PAPP-A	serum	levels	can	be	easily	measured	

today	by	means	of	ELISA,	this	protease	could	represent	an	easily	quantifiable	marker	

of	vulnerability,	with	a	reproducible	method,	allowing	the	identification	of	a	patient	

subgroup	with	a	high	cerebrovascular	risk,	before	its	clinical	event	manifestation.	

Jaffer	et	al.	have	published	a	detailed	review	on	different	techniques	for	detection	

of	 vulnerable	plaque	based	on	 several	biomarkers	 that	have	been	 implemented	 in	

recent	 years	 (132)	 .	 In	 this	 context,	 plaques	 with	 active	 inflammation	 may	 be	

identified	 directly	 by	 extensive	 macrophage	 accumulation	 (133).	 Possible	

intravascular	 diagnostic	 techniques	 (134)	 based	 on	 inflammatory	 infiltration	

determination	 within	 the	 plaque	 include	 thermography	 (135),	 contrast-enhanced	

MRI	 (136),	 fluorodeoxyglucose	 positron	 emission	 tomography	 (137)	 and	

immunoscintigraphy	 (138).	 In	 addition,	 non-invasive	 techniques	 include	 MRI	 with	

superparamagnetic	 iron	oxide	(139,	140)	and	gadolinium	fluorine	compounds	(141,	

142).	

7.4.4 Oxidative	Stress	Markers	
	

Oxidative	 stress	plays	a	 very	 important	 role	 in	atherogenesis.	 Evidence	 shows	 that	

activation	 of	 vascular	 oxidative	 enzymes	 leads	 to	 lipid	 oxidation,	 foam	 cells	

formation,	 expression	 of	 vascular	 adhesion	 molecules	 and	 chemokines,	 and	

ultimately	 atherogenesis.	 Myeloperoxidase	 (MPO)	 is	 a	 haem	 peroxidase	 that	 is	

present	 in	 and	 secreted	 by	 activated	 phagocytes	 at	 sites	 of	 inflammation.	
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Myeloperoxidase	 can	 generate	 several	 reactive,	 oxidatively	 derived	 intermediates,	

all	mediated	through	a	reaction	with	hydrogen	peroxide,	to	induce	oxidative	damage	

to	 cells	 and	 tissues	 (143).	Oxidation	 products	 from	MPO	 are	 found	 at	 significantly	

increased	rates	(up	to	100-fold	higher	compared	to	circulating	LDL)	on	LDL	isolated	

from	 atherosclerotic	 lesions	 (144)	 and	 lead	 to	 accelerated	 foam-cell	 formation	

through	 nitrated	 apoB-100	 on	 LDL	 and	 uptake	 by	 scavenger	 receptors	 (145).	

Accumulating	 evidence	 suggests	 that	 MPO	 may	 play	 a	 causal	 role	 in	 plaque	

vulnerability	 (146).	 Sugiyama	 et	 al.	 showed	 that	 advanced	 ruptured	 human	

atherosclerotic	plaques,	derived	 from	patients	with	 sudden	cardiac	death,	 strongly	

expressed	MPO	at	sites	of	plaque	rupture,	in	superficial	erosions	and	in	the	lipid	core,	

whereas	fatty	streaks	exhibited	little	MPO	expression.	In	addition,	MPO	macrophage	

expression	and	hypochlorous	acid	(HOCl)	were	highly	co-localized	immunochemically	

in	culprit	lesions	of	these	patients.	Several	inflammatory	triggers,	such	as	cholesterol	

crystals,	and	CD40	ligand	induced	release	of	MPO,	and	HOCl	production	from	MPO-

positive	 macrophages	 in	 vitro	 (147).	 Consistent	 with	 MPO’s	 potential	 role	 in	 the	

atherosclerotic	 process,	 genetic	 polymorphisms	 resulting	 in	 MPO	 deficiency	 or	

diminished	 activity	 are	 associated	 with	 lower	 cardiovascular	 risk,	 although	 the	

generalizability	of	these	findings	is	uncertain	(148).	In	parallel	with	MPO’s	effects	on	

nitric	 oxide,	 LDL	 oxidation,	 and	 presence	 within	 ruptured	 plaques,	 several	 recent	

clinical	 studies	 have	 suggested	 that	 MPO	 levels	 may	 provide	 diagnostic	 and	

prognostic	data	in	endothelial	function,	angiographically	determined	CAD,	and	ACSs.	

In	a	case	control	study	of	175	patients	with	angiographically	determined	CAD,	Zhang	

et	 al.	 (149)	 showed	 that	 the	 highest	 quartiles	 of	 both	 blood	 and	 leukocyte	 MPO	

levels	were	associated	with	ORs	of	11.9	and	20.4,	 respectively,	 for	 the	presence	of	
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CAD	compared	to	the	lowest	quartiles.	Brennan	et	al.	(150)	obtained	MPO	levels	in	

the	emergency	department	in	604	patients	presenting	with	chest	pain	but	no	initial	

evidence	 of	 myocardial	 infarction,	 and	 showed	 that	MPO	 levels	 predicted	 the	 in-

hospital	 development	 of	 myocardial	 infarction,	 independent	 of	 other	 markers	 of	

inflammation,	 such	 as	CRP.	 In	 addition,	 they	 showed	 that	MPO	 levels	were	 strong	

predictors	of	death,	myocardial	infarction,	and	revascularization	six	months	after	the	

initial	 event.	 The	 current	 data	 suggest	 that	 MPO	may	 serve	 as	 both	 a	 marker	 of	

disease,	providing	 independent	 information	on	diagnosis	and	prognosis	of	patients	

with	chest	pain,	and	also	as	a	potential	marker	for	assessment	of	plaque	progression	

and	destabilization	at	the	time	of	acute	ischemia.	

	

8 Biomechanical	 stress	 as	 a	 trigger	 for	 plaque	 progression	 and	
rupture	

	

Despite	 the	 exposure	 of	 the	 entire	 coronary	 tree	 to	 the	 systemic	 risk	 factors	 and	

inflammation,	 spatial	 distribution	 of	 atherosclerotic	 plaques	 is	 often	 a	 focal	

phenomenon	 (151).	 Vascular	 endothelium	 is	 subjected	 to	 complex	 mechanical	

stresses	 resulting	 from	 its	 3-D	 geometry,	 vessel	 curvatures	 and	 cardiac	 motion.	

These	mechanical	 strains	 in	 combination	with	 fluid	 frictional	 forces	or	 shear	 stress	

gradients	inside	the	arteries	can	lead	to	a	number	of	structural	and	humoral	changes	

in	 the	endothelial	 cells	 (39,	152).	High	wall	 shear	stress	 (WSS)	 (>15	dyne/cm2)	has	

been	 found	 to	 induce	 endothelial	 quiescence	 and	 an	 atheroprotective	 gene	

expression	 profile,	 whereas	 low	 shear	 stress	 (<4	 dyne/cm2)	 stimulates	 an	

atherogenic	 phenotype	 (152).	 It	 has	 been	 shown	 that	 the	 plaques	 and	 wall	
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thickenings	are	localized	mostly	on	the	outer	wall	of	one	or	both	daughter	vessels	at	

bifurcations	and	along	the	inner	wall	of	curved	segments	(151).				In	the	PREDICTION	

study,	 Stone	 et	 al	 studied	 the	 natural	 history	 of	 plaques	 in	 506	 patients	with	 ACS	

treated	with	percutaneous	coronary	intervention,	and	used	reconstructed	coronary	

models	 from	angiography	and	 IVUS.	74%	patients	had	 follow	up	studies	at	6	 to	10	

months	to	relate	the	effects	of	 local	haemodynamic	milieu	on	plaque	changes.	The	

authors	 reported	 that	 decrease	 in	 lumen	 area	 was	 independently	 predicted	 by	

baseline	 large	 plaque	 burden	 and	 low	 endothelial	 shear	 stress	 (153).	 Other	

investigators	 have	 reported	 that	 high	 wall	 shear	 stress	 is	 associated	 with	

transformation	of	plaques	into	high	risk	phenotypes	prone	to	instability	and	rupture	

(154,	155)		

	

9 Neoatherosclerosis	

The	neointimal	tissue	inside	stents	 is	subjected	to	similar	atherogenic	forces	as	the	

native	vessels	 (156,	157).	Neoatherosclerosis	 is	 the	development	of	atherosclerosis	

within	 this	 neointima.	Histologically	 it	 is	 recognized	by	 the	 presence	of	 clusters	 of	

lipid-laden	foamy	macrophages	within	the	neointima	with	or	without	necrotic	core	

formation	 (157,	 158)	 .	 On	 OCT	 it	 is	 seen	 as	 areas	 of	 heterogeneous	 appearance	

within	 the	 neointima	 with	 low-intensity	 lipid-laden	 regions	 or	 well	 demarcated	

calcification	within	stents	(159,	160)	(Figure-5).	Although	the	exact	pathogenesis	of	

this	 phenomenon	 is	 yet	 to	 be	 proven,	 inflammation	 and	 endothelial	 dysfunction	

have	been	shown	to	play	a	fundamental	role	(157,	158,	161).		It	has	been	reported	in	

autopsy	 and	 in-vivo	 imaging	 studies	 that	 neoatherosclerosis	 occurs	 at	 an	 earlier	
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stage	and	with	higher	frequency	in	DES	than	BMS	(157,	162).	It	is	thought	to	be	one	

important	mechanism	for	late	stent	failure	including	in-stent	restenosis	and	very	late	

stent-	thrombosis	(156,	158,	163)	

10 Future	Challenges	in	the	Treatment	of	Vulnerable	Plaques	

With	 the	 concept	 of	 “vulnerable”	 plaque	 not	 nearly	 as	 straightforward	 as	 once	

thought,	there	are	challenges	to	creating	a	therapeutic	strategy	for	assessing	the	risk	

of	rupture	of	vulnerable	plaques	in	asymptomatic	patients.		

First,	there	must	be	an	ability	to	identify	the	vulnerable	plaque	with	non-invasive	or	

invasive	 techniques.	 It	 has	 been	 demonstrated	 that	 coronary	 plaque	 composition	

can	be	studied	with	invasive	and	non-invasive	imaging	techniques,	allowing	real-time	

analysis	 and	 in-vivo	plaque	 characterization	 including	 the	 identification	of	 thin	 cap	

fibroatheroma	 (TCFA),	however	 the	 severity	of	 the	 inflammatory	 infiltration	of	 the	

cap,	which	 certainly	 plays	 a	major	 role	 in	 plaque	 disruption,	 cannot	 be	 accurately	

evaluated	 even	 with	 the	 most	 advanced	 in-vivo	 imaging	 techniques.	 Moreover,	

dynamic	 plaque	 changes,	 such	 as	 abrupt	 intra-plaque	 haemorrhages	 from	 vasa-

vasorum	 which	 may	 be	 fundamental	 in	 predicting	 the	 potentiality	 of	 a	 plaque	 to	

rupture,	 will	 be	 extremely	 difficult	 to	 identify	 with	 real-time	 imaging	 techniques.	

Earlier	on,	catheter	based	imaging	techniques	such	as	intra-coronary	thermography	

(ICT)	 raised	our	hopes	and	demonstrated	 some	correlation	with	 vulnerable	plaque	

morphology	 by	 detecting	 greater	 coronary	 arterial	 temperature	 differentials	 in	

patients	presenting	with	acute	coronary	events	(164).		It	had	also	shown	some	value	

in	predicting	clinical	events	after	PCI	(165),	however	it	is	yet	to	be	validated	in	large	

prospective	trials.	More	recently	some	promising	work	has	been	done	in	this	regard	
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in	the	SECRITT	trial	introducing	the	concept	of	sealing	the	non-obstructive,	high	risk	

IVUS	and	OCT-derived	thin	cap	fibroatheroma	(TCFA),	using	a	dedicated	nitinol	self-

expanding	vShield	device.	The	authors	 reported	an	 interesting	observation	of	neo-

cap	formation	in	the	shielded	plaques	with	an	increase	in	the	average	cap	thickness	

from	48±12	µm	at	baseline	to	201±168	µm	at	six	months	follow-up	(164).	This	study	

may	provide	the	foundation	for	larger	scale	trials	in	future.	

	

A	second	challenge	is	that	a	lesion-specific	approach	requires	that	the	number	of	

vulnerable	 plaques	 in	 each	 patient	 needs	 to	 be	 known	 and	 the	 number	 of	 such	

lesions	 needs	 to	 be	 limited.	 However,	 that’s	 not	 the	 case.	 Several	 pathological	

studies	 indicate	the	presence	of	multiple	“lipid-rich”	vulnerable	plaques	 in	patients	

dying	 after	 ACS	 or	with	 sudden	 coronary	 death	 (37,	 61).	 Further	 complicating	 the	

issue	 is	 the	 observation	 from	 some	 earlier	 studies	 that	 coronary	 occlusion	 and	

myocardial	infarction	can	evolve	from	mild	to	moderate	stenosis	(167,	168).	

	

The	third	and	fourth	challenge	is	that	the	natural	history	of	the	vulnerable	plaque	

(with	respect	to	incidence	of	acute	events)	has	to	be	documented	in	patients	treated	

with	 patient-specific	 systemic	 therapy;	 and	 the	 approach	 has	 to	 be	 proven	 to	

significantly	reduce	the	 incidence	of	 future	events	relative	to	 its	natural	history.	At	

this	time,	neither	is	documented	nor	proved.	

Fifth,	 we	 believe	 that	 at	 the	 current	 stage	 it	 is	 not	 possible	 to	 know	 which	

vulnerable	plaques	will	never	rupture.	Although	we	suspect	it	is	the	vast	majority	of	

them,	we	may	have	 to	 shift	 to	a	more	appropriate	 therapeutic	 target.	 In	addition,	

targeting	 not	 only	 the	 vulnerable	 plaque	 but	 also	 the	 vulnerable	 blood	 (prone	 to	
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thrombosis)	 and/or	 vulnerable	myocardium	 (prone	 to	 life-threatening	 arrhythmia)	

may	be	also	important	to	reduce	the	risk	of	fatal	events.	

	

11 Conclusions	

Atherosclerosis	 is	 now	 recognized	 as	 a	 diffuse,	 and	 chronic	 inflammatory	 disorder	

involving	 vascular,	metabolic	 and	 immune	 system	with	 various	 local	 and	 systemic	

manifestations.	A	composite	vulnerability	index	score	comprising	the	total	burden	of	

atherosclerosis	 and	vulnerable	plaques	 in	 the	 coronary,	 carotid,	 aorta	and	 femoral	

arteries,	together	with	blood	vulnerability	factors,	should	be	the	ideal	method	of	risk	

stratification.	 Obviously,	 such	 an	 index	 is	 currently	 far	 from	 reality.	 A	 future	

challenge	 is	 to	 identify	patients	at	high	risk	of	acute	vascular	events	before	clinical	

syndromes	develop.	At	present,	aside	from	imaging	modalities	such	as	IVUS-	virtual	

histology,	 magnetic	 resonance,	 and	 local	 Raman	 spectroscopy	 that	 could	 help	 to	

identify	 vulnerable	 plaques,	 highly	 sensitive	 inflammatory	 circulating	markers	 such	

as	 hsCRP,	 cytokines,	 pregnancy-associated	 plasma	 protein-A,	 pentraxin-3,	 LpPLA2	

are	 currently	 the	 best	 candidates	 for	 diffuse	 active	 plaque	 detection.	 In	 order	 to	

achieve	 this	 aim	a	 coordinated	effort	 is	 needed	 to	promote	 the	 application	of	 the	

most	 promising	 tools	 and	 to	 develop	 new	 screening	 and	 diagnostic	 techniques	 to	

identify	the	vulnerable	patient.	 	
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12 Figures:	

	

	

	
Figure-1:	 Schematic	diagram	of	a	stable	atherosclerotic	plaque	characterized	by	the	presence	of	a	

low	inflammatory	infiltrate.	This	type	of	lesion	is	constituted	by	a	lipid	core	(extracellular	lipid,	
cholesterol	crystals	and	necrotic	debris)	covered	by	a	thick	fibrous	cap	consisting	principally	of	
smooth	muscle	cells	in	a	collagenous-proteoglycan	matrix,	with	varying	degrees	of	infiltration	by	
macrophages	and	T	lymphocytes.	
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Figure-2:	 Unstable	atherosclerotic	plaque	characterized	by	the	presence	of	a	thin	fibrous	cap	rich	in	
inflammatory	macrophagic	foam	cells	and	T	lymphocytes.	Rupture	of	the	fibrous	cap	at	the	shoulder	
region	has	resulted	in	thrombus	formation.	

	

	 	



	 46	

	

	

	

Figure-3:	OCT	appearance	of	stable	coronary	plaques	

A. Calcified	 plaque	 is	 seen	 at	 7-to-10	 o’clock	 position.	 It	 is	 characterized	 by	 sharply	 delineated	
borders	and	heterogeneous	core	

B. Calcified	plaque	is	outlined	with	white	dotted	line	
C. Lipid	 rich	plaque	marked	by	white	 lines.	 It	 is	 characterized	by	dark,	 signal-poor	 core	with	 ill-

defined	margins	 and	a	bright	 thick	 fibrous	 cap	 (>65	microns).	As	 the	 light	 rapidly	 attenuates	
through	the	necrotic	core,	OCT	cannot	be	used	to	measure	the	depth	of	such	plaques	
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Figure-4:	OCT	appearance	of	unstable	coronary	plaques:	

A. Plaque	Erosion:	Intact	fibrous	cap	with	irregular	luminal	surface	and	superficial	calcium	

B. Plaque	rupture	with	luminal	thrombus.	At	11	o’clock	a	Thin	Cap	Fibro-Atheroma	(TCFA)	is	seen	

(fibrous	cap	thickness	measured	40	microns,	marked	with	small	white	bar).	
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Figure-5:	OCT	illustration	of	Neoatherosclerosis	

A. Neo-intimal	hyperplasia	inside	the	stent.	A	uniform	layer	of	neo-intima	is	seen	covering	the	

stent	 struts	 (white	 arrows)	 from	 12	 to	 4	 o’clock.	 Remainder	 of	 the	 stent	 circumference	 is	

covered	by	an	 irregular,	very	 thick	 tissue	 layer	containing	dark,	 signal	poor	core	consistent	

with	lipid	pool	and	signal	rich,	thick	fibrous	cap	

B. Lipid/	necrotic	core	in	the	neo-atherosclerotic	plaque	has	been	highlighted	in	yellow	

 

 

 

 

 

 

 

  



	 49	

 

Table	-1.	 Serologic	markers	of	vulnerable	plaque/patient	

 

Reflecting 
Metabolic and  
Immune Disorders 

Reflecting 
Hypercoagulability 

Reflecting 
Complex Atherosclerotic  
Plaque 

• Abnormal lipoprotein profile (i.e. 
high LDL, low HDL, lipoprotein 
[a], etc.) 

• Non specific markers of 
inflammation (hs-CRP, CD40L, 
ICAM-1, VCAM, leukocytosis 
and other immuno-related 
serologic markers which may 
not be specific for 
atherosclerosis and plaque 
inflammation 

• Serum markers of metabolic 
syndrome (diabetes or 
hypertriglyceridemia) 

• Specific markers of immune 
activation (i.e. anti-LDL 
antibody, anti heat shock 
protein (HSP) antibody 

• Markers of lipid peroxidation 
(i.e. ox-LDL and ox-HDL) 

• Homocysteine 
• PAPP-A 
• Circulating apoptosis markers 

(i.e. Fas/Fas ligand) 
• ADMA/DDAH (i.e. asymmetric 

dimethylarginine/dimethylarginin
e dimethylaminohydrolase) 

• Circulating NEFA (nonesterified 
fatty acids) 

• Markers of blood 
hypercoagulability  
(i.e. fibrinogen, D-dimer, factor 
V of Leiden) 

• Increased platelet activation 
and aggregation (i.e. gene 
polymorphism of platelet 
glycoproteins IIb/IIIa, Ia/IIa, 
and Ib/IX) 

• Increased coagulation factors 
(i.e. clotting of factors V, VII, 
VIII, XIII, von Willebrand factor) 

• Decreased anticoagulation 
factors (i.e. protein S and C, 
thrombomodulin, antithrombin 
III) 

• Decreased endogenous 
fibrinolysis activity (i.e. reduced 
tissue plasminogen activator, 
increased type I plasminogen 
activator (PAI), PAI 
polymorphisms) 

• Prothrombin mutation  
(i.e. G20210A) 

• Thrombogenic factors  
(i.e. anticardiolipin antibodies, 
thrombocytosis, sickle cell 
disease, diabetes, 
hypercholesterolemia) 

• Transient hypercoagulability 
(i.e. smoking, dehydration, 
infection) 

• Morphology/Structure 
Cap thickness 
Lipid core size 
Percentage stenosis 
Remodelling (positive vs. negative) 
Color (yellow, red) 
Collagen content vs. lipid content 
Calcification burden and pattern 
Shear stress (low and very high shear) 
• Activity/function 
Plaque inflammation (macrophage density, rate of 

monocyte and activated T cells infiltration) 
Endothelial denudation or dysfunction (local nitric 

oxide production, anti/procoaugulation properties 
of the endothelium) 

Plaque oxidative stress 
Superficial platelet aggregation and fibrin 

deposition 
Rate of apoptosis (apoptosis protein markers, 

microsatellite) 
Angiogenesis, leaking vasa vasorum, intraplaque 

haemorrhage 
Matrix metalloproteinases (MMP-2, -3, -9) 
Microbial antigens (Chlamydia pneumoniae)  
Plaque temperature 
• Pan Arterial 
Transcoronary gradient of vulnerability biomarkers 
Total calcium burden 
Total coronary vasoreactivity 
Total arterial plaque burden (intima media 

thickness) 

 

 

 

 

 

 

 

 

  



	 50	

 

 

 

References	
	

1.	 Lloyd-Jones	D,	Adams	R,	Carnethon	M,	De	Simone	G,	Ferguson	TB,	Flegal	K,	et	al.	
Heart	disease	and	stroke	statistics--2009	update:	a	report	from	the	American	Heart	
Association	Statistics	Committee	and	Stroke	Statistics	Subcommittee.	Circulation.	
2009;119(3):480-6.	

2.	 Libby	P.	Inflammation	in	atherosclerosis.	Nature.	2002;420(6917):868-74.	

3.	 Hansson	GK,	Libby	P,	Schonbeck	U,	Yan	ZQ.	Innate	and	adaptive	immunity	in	the	
pathogenesis	of	atherosclerosis.	Circulation	research.	2002;91(4):281-91.	

4.	 Ross	R.	Atherosclerosis--an	inflammatory	disease.	The	New	England	journal	of	
medicine.	1999;340(2):115-26.	

5.	 Fuster	V,	Badimon	L,	Badimon	JJ,	Chesebro	JH.	The	pathogenesis	of	coronary	artery	
disease	and	the	acute	coronary	syndromes	(1).	The	New	England	journal	of	medicine.	
1992;326(4):242-50.	

6.	 Falk	E,	Shah	PK,	Fuster	V.	Coronary	plaque	disruption.	Circulation.	1995;92(3):657-
71.	

7.	 Davies	MJ.	Stability	and	instability:	two	faces	of	coronary	atherosclerosis.	The	Paul	
Dudley	White	Lecture	1995.	Circulation.	1996;94(8):2013-20.	

8.	 Davis	NE.	Atherosclerosis--an	inflammatory	process.	Journal	of	insurance	medicine	
(New	York,	NY).	2005;37(1):72-5.	

9.	 Ross	R.	Cell	biology	of	atherosclerosis.	Annual	review	of	physiology.	1995;57:791-
804.	

10.	 Spagnoli	LG,	Bonanno	E,	Sangiorgi	G,	Mauriello	A.	Role	of	inflammation	in	
atherosclerosis.	Journal	of	nuclear	medicine	:	official	publication,	Society	of	Nuclear	
Medicine.	2007;48(11):1800-15.	

11.	 Alexander	RW.	Theodore	Cooper	Memorial	Lecture.	Hypertension	and	the	
pathogenesis	of	atherosclerosis.	Oxidative	stress	and	the	mediation	of	arterial	inflammatory	
response:	a	new	perspective.	Hypertension.	1995;25(2):155-61.	

12.	 Chyu	KY,	Shah	PK.	Can	we	vaccinate	against	atherosclerosis?	Journal	of	
cardiovascular	pharmacology	and	therapeutics.	2014;19(1):77-82.	

13.	 Davignon	J,	Ganz	P.	Role	of	endothelial	dysfunction	in	atherosclerosis.	Circulation.	
2004;109(23	Suppl	1):Iii27-32.	



	 51	

14.	 Powell	JT.	Vascular	damage	from	smoking:	disease	mechanisms	at	the	arterial	wall.	
Vascular	medicine	(London,	England).	1998;3(1):21-8.	

15.	 Sherer	Y,	Shoenfeld	Y.	Mechanisms	of	Disease:	atherosclerosis	in	autoimmune	
diseases.	Nat	Clin	Pract	Rheum.	2006;2(2):99-106.	

16.	 Pentikainen	MO,	Oorni	K,	Ala-Korpela	M,	Kovanen	PT.	Modified	LDL	-	trigger	of	
atherosclerosis	and	inflammation	in	the	arterial	intima.	Journal	of	internal	medicine.	
2000;247(3):359-70.	

17.	 Berliner	JA,	Heinecke	JW.	The	role	of	oxidized	lipoproteins	in	atherogenesis.	Free	
radical	biology	&	medicine.	1996;20(5):707-27.	

18.	 Boyle	JJ.	Macrophage	activation	in	atherosclerosis:	pathogenesis	and	pharmacology	
of	plaque	rupture.	Current	vascular	pharmacology.	2005;3(1):63-8.	

19.	 Rudijanto	A.	The	role	of	vascular	smooth	muscle	cells	on	the	pathogenesis	of	
atherosclerosis.	Acta	medica	Indonesiana.	2007;39(2):86-93.	

20.	 Weissberg	PL.	Vascular	smooth	muscle	cells.	Oxford	textbook	of	medicine,	4th	
edition.	D.A.	Warrell	TMC,	J.D.	Firth	and	E.J.	Benz,	Jr.,	editor.	Oxford:	Oxford	University	
Press;	2005.	

21.	 Naghavi	M,	Libby	P,	Falk	E,	Casscells	SW,	Litovsky	S,	Rumberger	J,	et	al.	From	
vulnerable	plaque	to	vulnerable	patient:	a	call	for	new	definitions	and	risk	assessment	
strategies:	Part	I.	Circulation.	2003;108(14):1664-72.	

22.	 Theroux	P,	Fuster	V.	Acute	coronary	syndromes:	unstable	angina	and	non-Q-wave	
myocardial	infarction.	Circulation.	1998;97(12):1195-206.	

23.	 Alpert	JS,	Thygesen	K,	Antman	E,	Bassand	JP.	Myocardial	infarction	redefined--a	
consensus	document	of	The	Joint	European	Society	of	Cardiology/American	College	of	
Cardiology	Committee	for	the	redefinition	of	myocardial	infarction.	Journal	of	the	American	
College	of	Cardiology.	2000;36(3):959-69.	

24.	 Sami	S,	Willerson	JT.	Contemporary	Treatment	of	Unstable	Angina	and	Non-ST-
Segment-Elevation	Myocardial	Infarction	(Part	1).	Texas	Heart	Institute	Journal.	
2010;37(2):141-8.	

25.	 Finn	AV,	Nakano	M,	Narula	J,	Kolodgie	FD,	Virmani	R.	Concept	of	
vulnerable/unstable	plaque.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	
2010;30(7):1282-92.	

26.	 Kolodgie	FD,	Burke	AP,	Farb	A,	Gold	HK,	Yuan	J,	Narula	J,	et	al.	The	thin-cap	
fibroatheroma:	a	type	of	vulnerable	plaque:	the	major	precursor	lesion	to	acute	coronary	
syndromes.	Current	opinion	in	cardiology.	2001;16(5):285-92.	

27.	 van	der	Wal	AC,	Becker	AE.	Atherosclerotic	plaque	rupture--pathologic	basis	of	
plaque	stability	and	instability.	Cardiovascular	research.	1999;41(2):334-44.	



	 52	

28.	 Virmani	R,	Burke	AP,	Farb	A,	Kolodgie	FD.	Pathology	of	the	vulnerable	plaque.	
Journal	of	the	American	College	of	Cardiology.	2006;47(8	Suppl):C13-8.	

29.	 Virmani	R,	Kolodgie	FD,	Burke	AP,	Farb	A,	Schwartz	SM.	Lessons	from	sudden	
coronary	death:	a	comprehensive	morphological	classification	scheme	for	atherosclerotic	
lesions.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	2000;20(5):1262-75.	

30.	 Shi	H,	Wei	L,	Yang	T,	Wang	S,	Li	X,	You	L.	Morphometric	and	histological	study	of	
coronary	plaques	in	stable	angina	and	acute	myocardial	infarctions.	Chinese	medical	journal.	
1999;112(11):1040-3.	

31.	 Ambrose	JA,	Tannenbaum	MA,	Alexopoulos	D,	Hjemdahl-Monsen	CE,	Leavy	J,	Weiss	
M,	et	al.	Angiographic	progression	of	coronary	artery	disease	and	the	development	of	
myocardial	infarction.	Journal	of	the	American	College	of	Cardiology.	1988;12(1):56-62.	

32.	 Group	LS.	Long-term	effectiveness	and	safety	of	pravastatin	in	9014	patients	with	
coronary	heart	disease	and	average	cholesterol	concentrations:	the	LIPID	trial	follow-up.	
Lancet.	2002;359(9315):1379-87.	

33.	 Spagnoli	LG,	Mauriello	A,	Sangiorgi	G,	Fratoni	S,	Bonanno	E,	Schwartz	RS,	et	al.	
Extracranial	thrombotically	active	carotid	plaque	as	a	risk	factor	for	ischemic	stroke.	JAMA.	
2004;292(15):1845-52.	

34.	 Jang	IK,	Bouma	BE,	Kang	DH,	Park	SJ,	Park	SW,	Seung	KB,	et	al.	Visualization	of	
coronary	atherosclerotic	plaques	in	patients	using	optical	coherence	tomography:	
comparison	with	intravascular	ultrasound.	Journal	of	the	American	College	of	Cardiology.	
2002;39(4):604-9.	

35.	 Jang	I-K.	Optical	Coherence	Tomography	or	Intravascular	Ultrasound?⁎.	JACC:	
Cardiovascular	Interventions.	2011;4(5):492-4.	

36.	 Bezerra	HG,	Attizzani	GF,	Sirbu	V,	Musumeci	G,	Lortkipanidze	N,	Fujino	Y,	et	al.	
Optical	coherence	tomography	versus	intravascular	ultrasound	to	evaluate	coronary	artery	
disease	and	percutaneous	coronary	intervention.	JACC	Cardiovascular	interventions.	
2013;6(3):228-36.	

37.	 Mauriello	A,	Sangiorgi	G,	Fratoni	S,	Palmieri	G,	Bonanno	E,	Anemona	L,	et	al.	Diffuse	
and	active	inflammation	occurs	in	both	vulnerable	and	stable	plaques	of	the	entire	coronary	
tree:	a	histopathologic	study	of	patients	dying	of	acute	myocardial	infarction.	Journal	of	the	
American	College	of	Cardiology.	2005;45(10):1585-93.	

38.	 Spagnoli	LG,	Bonanno	E,	Mauriello	A,	Palmieri	G,	Partenzi	A,	Sangiorgi	G,	et	al.	
Multicentric	inflammation	in	epicardial	coronary	arteries	of	patients	dying	of	acute	
myocardial	infarction.	Journal	of	the	American	College	of	Cardiology.	2002;40(9):1579-88.	

39.	 Chatzizisis	YS,	Coskun	AU,	Jonas	M,	Edelman	ER,	Feldman	CL,	Stone	PH.	Role	of	
endothelial	shear	stress	in	the	natural	history	of	coronary	atherosclerosis	and	vascular	
remodeling:	molecular,	cellular,	and	vascular	behavior.	Journal	of	the	American	College	of	
Cardiology.	2007;49(25):2379-93.	



	 53	

40.	 Corban	MT,	Eshtehardi	P,	Suo	J,	McDaniel	MC,	Timmins	LH,	Rassoul-Arzrumly	E,	et	
al.	Combination	of	plaque	burden,	wall	shear	stress,	and	plaque	phenotype	has	incremental	
value	for	prediction	of	coronary	atherosclerotic	plaque	progression	and	vulnerability.	
Atherosclerosis.232(2):271-6.	

41.	 Garcia-Garcia	HM,	Costa	MA,	Serruys	PW.	Imaging	of	coronary	atherosclerosis:	
intravascular	ultrasound.	Eur	Heart	J.	2010;31(20):2456-69.	

42.	 Bezerra	HG,	Costa	MA,	Guagliumi	G,	Rollins	AM,	Simon	DI.	Intracoronary	optical	
coherence	tomography:	a	comprehensive	review	clinical	and	research	applications.	JACC	
Cardiovascular	interventions.	2009;2(11):1035-46.	

43.	 Barlis	P.	Use	of	optical	coherence	tomography	in	interventional	cardiology.	
Interventional	Cardiology.	2009;1(1):63-71.	

44.	 Tuzcu	EM,	Kapadia	SR,	Tutar	E,	Ziada	KM,	Hobbs	RE,	McCarthy	PM,	et	al.	High	
prevalence	of	coronary	atherosclerosis	in	asymptomatic	teenagers	and	young	adults:	
evidence	from	intravascular	ultrasound.	Circulation.	2001;103(22):2705-10.	

45.	 Kawano	S,	Yamagishi	M,	Hao	H,	Yutani	C,	Miyatake	K.	Wall	composition	in	
intravascular	ultrasound	layered	appearance	of	human	coronary	artery.	Heart	and	vessels.	
1996;11(3):152-9.	

46.	 Gussenhoven	EJ,	Essed	CE,	Lancee	CT,	Mastik	F,	Frietman	P,	van	Egmond	FC,	et	al.	
Arterial	wall	characteristics	determined	by	intravascular	ultrasound	imaging:	an	in	vitro	
study.	Journal	of	the	American	College	of	Cardiology.	1989;14(4):947-52.	

47.	 Schoenhagen	P,	White	RD,	Nissen	SE,	Tuzcu	EM.	Coronary	imaging:	angiography	
shows	the	stenosis,	but	IVUS,	CT,	and	MRI	show	the	plaque.	Cleveland	Clinic	journal	of	
medicine.	2003;70(8):713-9.	

48.	 Schoenhagen	P,	Nissen	SE.	Assessing	coronary	plaque	burden	and	plaque	
vulnerability:	atherosclerosis	imaging	with	IVUS	and	emerging	noninvasive	modalities.	The	
American	heart	hospital	journal.	2003;1(2):164-9.	

49.	 Losordo	DW,	Rosenfield	K,	Kaufman	J,	Pieczek	A,	Isner	JM.	Focal	compensatory	
enlargement	of	human	arteries	in	response	to	progressive	atherosclerosis.	In	vivo	
documentation	using	intravascular	ultrasound.	Circulation.	1994;89(6):2570-7.	

50.	 Fujimoto	JG,	Pitris	C,	Boppart	SA,	Brezinski	ME.	Optical	coherence	tomography:	an	
emerging	technology	for	biomedical	imaging	and	optical	biopsy.	Neoplasia.	2000;2(1-2):9-
25.	

51.	 Suter	MJ,	Nadkarni	SK,	Weisz	G,	Tanaka	A,	Jaffer	FA,	Bouma	BE,	et	al.	Intravascular	
optical	imaging	technology	for	investigating	the	coronary	artery.	JACC	Cardiovascular	
imaging.	2011;4(9):1022-39.	



	 54	

52.	 Ferrante	G,	Presbitero	P,	Whitbourn	R,	Barlis	P.	Current	applications	of	optical	
coherence	tomography	for	coronary	intervention.	International	journal	of	cardiology.	
2013;165(1):7-16.	

53.	 Regar	E,	Ligthart	J,	Bruining	N,	van	Soest	G.	The	diagnostic	value	of	intracoronary	
optical	coherence	tomography.	Herz.	2011;36(5):417-29.	

54.	 Burke	AP,	Farb	A,	Malcom	GT,	Liang	YH,	Smialek	J,	Virmani	R.	Coronary	risk	factors	
and	plaque	morphology	in	men	with	coronary	disease	who	died	suddenly.	The	New	England	
journal	of	medicine.	1997;336(18):1276-82.	

55.	 Higuma	T,	Soeda	T,	Abe	N,	Yamada	M,	Yokoyama	H,	Shibutani	S,	et	al.	A	Combined	
Optical	Coherence	Tomography	and	Intravascular	Ultrasound	Study	on	Plaque	Rupture,	
Plaque	Erosion,	and	Calcified	Nodule	in	Patients	With	ST-Segment	Elevation	Myocardial	
Infarction:	Incidence,	Morphologic	Characteristics,	and	Outcomes	After	Percutaneous	
Coronary	Intervention.	JACC	Cardiovascular	interventions.	2015;8(9):1166-76.	

56.	 Kataoka	Y,	Hammadah	M,	Puri	R,	Duggal	B,	Uno	K,	Kapadia	SR,	et	al.	Plaque	
microstructures	in	patients	with	coronary	artery	disease	who	achieved	very	low	low-density	
lipoprotein	cholesterol	levels.	Atherosclerosis.	2015;242(2):490-5.	

57.	 Galis	ZS,	Sukhova	GK,	Lark	MW,	Libby	P.	Increased	expression	of	matrix	
metalloproteinases	and	matrix	degrading	activity	in	vulnerable	regions	of	human	
atherosclerotic	plaques.	The	Journal	of	clinical	investigation.	1994;94(6):2493-503.	

58.	 Schwartz	RS,	Topol	EJ,	Serruys	PW,	Sangiorgi	G,	Holmes	DR,	Jr.	Artery	size,	
neointima,	and	remodeling:	time	for	some	standards.	Journal	of	the	American	College	of	
Cardiology.	1998;32(7):2087-94.	

59.	 Virmani	R,	Kolodgie	FD,	Burke	AP,	Finn	AV,	Gold	HK,	Tulenko	TN,	et	al.	
Atherosclerotic	plaque	progression	and	vulnerability	to	rupture:	angiogenesis	as	a	source	of	
intraplaque	hemorrhage.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	
2005;25(10):2054-61.	

60.	 Buffon	A,	Biasucci	LM,	Liuzzo	G,	D'Onofrio	G,	Crea	F,	Maseri	A.	Widespread	coronary	
inflammation	in	unstable	angina.	The	New	England	journal	of	medicine.	2002;347(1):5-12.	

61.	 Goldstein	JA,	Demetriou	D,	Grines	CL,	Pica	M,	Shoukfeh	M,	O'Neill	WW.	Multiple	
complex	coronary	plaques	in	patients	with	acute	myocardial	infarction.	The	New	England	
journal	of	medicine.	2000;343(13):915-22.	

62.	 Garcia-Moll	X,	Coccolo	F,	Cole	D,	Kaski	JC.	Serum	neopterin	and	complex	stenosis	
morphology	in	patients	with	unstable	angina.	Journal	of	the	American	College	of	Cardiology.	
2000;35(4):956-62.	

63.	 Abbate	A,	Bonanno	E,	Mauriello	A,	Bussani	R,	Biondi-Zoccai	GG,	Liuzzo	G,	et	al.	
Widespread	myocardial	inflammation	and	infarct-related	artery	patency.	Circulation.	
2004;110(1):46-50.	



	 55	

64.	 Widlansky	ME,	Gokce	N,	Keaney	JF,	Jr.,	Vita	JA.	The	clinical	implications	of	
endothelial	dysfunction.	Journal	of	the	American	College	of	Cardiology.	2003;42(7):1149-60.	

65.	 Stocker	R,	Keaney	JF,	Jr.	Role	of	oxidative	modifications	in	atherosclerosis.	
Physiological	reviews.	2004;84(4):1381-478.	

66.	 Khan	BV,	Harrison	DG,	Olbrych	MT,	Alexander	RW,	Medford	RM.	Nitric	oxide	
regulates	vascular	cell	adhesion	molecule	1	gene	expression	and	redox-sensitive	
transcriptional	events	in	human	vascular	endothelial	cells.	Proceedings	of	the	National	
Academy	of	Sciences	of	the	United	States	of	America.	1996;93(17):9114-9.	

67.	 Kubes	P,	Suzuki	M,	Granger	DN.	Nitric	oxide:	an	endogenous	modulator	of	leukocyte	
adhesion.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America.	
1991;88(11):4651-5.	

68.	 Zeiher	AM,	Fisslthaler	B,	Schray-Utz	B,	Busse	R.	Nitric	oxide	modulates	the	
expression	of	monocyte	chemoattractant	protein	1	in	cultured	human	endothelial	cells.	
Circulation	research.	1995;76(6):980-6.	

69.	 Teplyakov	AI.	Endothelin-1	involved	in	systemic	cytokine	network	inflammatory	
response	at	atherosclerosis.	Journal	of	cardiovascular	pharmacology.	2004;44	Suppl	1:S274-
5.	

70.	 Lerman	A,	Edwards	BS,	Hallett	JW,	Heublein	DM,	Sandberg	SM,	Burnett	JC,	Jr.	
Circulating	and	tissue	endothelin	immunoreactivity	in	advanced	atherosclerosis.	The	New	
England	journal	of	medicine.	1991;325(14):997-1001.	

71.	 Dang	A,	Wang	B,	Li	W,	Zhang	P,	Liu	G,	Zheng	D,	et	al.	Plasma	endothelin-1	levels	and	
circulating	endothelial	cells	in	patients	with	aortoarteritis.	Hypertension	research	:	official	
journal	of	the	Japanese	Society	of	Hypertension.	2000;23(5):541-4.	

72.	 McCarron	RM,	Wang	L,	Stanimirovic	DB,	Spatz	M.	Endothelin	induction	of	adhesion	
molecule	expression	on	human	brain	microvascular	endothelial	cells.	Neuroscience	letters.	
1993;156(1-2):31-4.	

73.	 Halim	A,	Kanayama	N,	el	Maradny	E,	Maehara	K,	Terao	T.	Coagulation	in	vivo	
microcirculation	and	in	vitro	caused	by	endothelin-1.	Thrombosis	research.	1993;72(3):203-
9.	

74.	 Feletou	M,	Vanhoutte	PM.	Endothelial	dysfunction:	a	multifaceted	disorder	(The	
Wiggers	Award	Lecture).	American	journal	of	physiology	Heart	and	circulatory	physiology.	
2006;291(3):H985-1002.	

75.	 Hansson	GK,	Libby	P.	The	immune	response	in	atherosclerosis:	a	double-edged	
sword.	Nature	reviews	Immunology.	2006;6(7):508-19.	

76.	 Verma	S,	Devaraj	S,	Jialal	I.	Is	C-reactive	protein	an	innocent	bystander	or	
proatherogenic	culprit?	C-reactive	protein	promotes	atherothrombosis.	Circulation.	
2006;113(17):2135-50;	discussion	50.	



	 56	

77.	 Hansson	GK.	Inflammation,	atherosclerosis,	and	coronary	artery	disease.	The	New	
England	journal	of	medicine.	2005;352(16):1685-95.	

78.	 Binder	CJ,	Chang	MK,	Shaw	PX,	Miller	YI,	Hartvigsen	K,	Dewan	A,	et	al.	Innate	and	
acquired	immunity	in	atherogenesis.	Nature	medicine.	2002;8(11):1218-26.	

79.	 Cook	DN,	Pisetsky	DS,	Schwartz	DA.	Toll-like	receptors	in	the	pathogenesis	of	human	
disease.	Nature	immunology.	2004;5(10):975-9.	

80.	 Nilsson	J,	Hansson	GK,	Shah	PK.	Immunomodulation	of	atherosclerosis:	implications	
for	vaccine	development.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	2005;25(1):18-
28.	

81.	 Clinton	SK,	Underwood	R,	Hayes	L,	Sherman	ML,	Kufe	DW,	Libby	P.	Macrophage	
colony-stimulating	factor	gene	expression	in	vascular	cells	and	in	experimental	and	human	
atherosclerosis.	The	American	journal	of	pathology.	1992;140(2):301-16.	

82.	 Fuster	V.	Lewis	A.	Conner	Memorial	Lecture.	Mechanisms	leading	to	myocardial	
infarction:	insights	from	studies	of	vascular	biology.	Circulation.	1994;90(4):2126-46.	

83.	 Libby	P.	Coronary	artery	injury	and	the	biology	of	atherosclerosis:	inflammation,	
thrombosis,	and	stabilization.	The	American	journal	of	cardiology.	2000;86(8B):3J-8J;	
discussion	J-9J.	

84.	 Constant	SL,	Bottomly	K.	Induction	of	Th1	and	Th2	CD4+	T	cell	responses:	the	
alternative	approaches.	Annual	review	of	immunology.	1997;15:297-322.	

85.	 Benagiano	M,	D'Elios	MM,	Amedei	A,	Azzurri	A,	van	der	Zee	R,	Ciervo	A,	et	al.	
Human	60-kDa	heat	shock	protein	is	a	target	autoantigen	of	T	cells	derived	from	
atherosclerotic	plaques.	Journal	of	immunology.	2005;174(10):6509-17.	

86.	 Ludwig	A,	Berkhout	T,	Moores	K,	Groot	P,	Chapman	G.	Fractalkine	is	expressed	by	
smooth	muscle	cells	in	response	to	IFN-gamma	and	TNF-alpha	and	is	modulated	by	
metalloproteinase	activity.	Journal	of	immunology.	2002;168(2):604-12.	

87.	 Fong	AM,	Robinson	LA,	Steeber	DA,	Tedder	TF,	Yoshie	O,	Imai	T,	et	al.	Fractalkine	
and	CX3CR1	mediate	a	novel	mechanism	of	leukocyte	capture,	firm	adhesion,	and	activation	
under	physiologic	flow.	The	Journal	of	experimental	medicine.	1998;188(8):1413-9.	

88.	 Benagiano	M,	Azzurri	A,	Ciervo	A,	Amedei	A,	Tamburini	C,	Ferrari	M,	et	al.	T	helper	
type	1	lymphocytes	drive	inflammation	in	human	atherosclerotic	lesions.	Proceedings	of	the	
National	Academy	of	Sciences.	2003;100(11):6658-63.	

89.	 Garcia-Touchard	A,	Henry	TD,	Sangiorgi	G,	Spagnoli	LG,	Mauriello	A,	Conover	C,	et	al.	
Extracellular	proteases	in	atherosclerosis	and	restenosis.	Arteriosclerosis,	thrombosis,	and	
vascular	biology.	2005;25(6):1119-27.	



	 57	

90.	 Uemura	S,	Matsushita	H,	Li	W,	Glassford	AJ,	Asagami	T,	Lee	KH,	et	al.	Diabetes	
mellitus	enhances	vascular	matrix	metalloproteinase	activity:	role	of	oxidative	stress.	
Circulation	research.	2001;88(12):1291-8.	

91.	 Geng	YJ,	Wu	Q,	Muszynski	M,	Hansson	GK,	Libby	P.	Apoptosis	of	vascular	smooth	
muscle	cells	induced	by	in	vitro	stimulation	with	interferon-gamma,	tumor	necrosis	factor-
alpha,	and	interleukin-1	beta.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	
1996;16(1):19-27.	

92.	 Adams	S,	O'Neill	DW,	Bhardwaj	N.	Recent	advances	in	dendritic	cell	biology.	Journal	
of	clinical	immunology.	2005;25(3):177-88.	

93.	 Lanzavecchia	A,	Sallusto	F.	Regulation	of	T	cell	immunity	by	dendritic	cells.	Cell.	
2001;106(3):263-6.	

94.	 Kanazawa	N,	Nakamura	T,	Tashiro	K,	Muramatsu	M,	Morita	K,	Yoneda	K,	et	al.	
Fractalkine	and	macrophage-derived	chemokine:	T	cell-attracting	chemokines	expressed	in	T	
cell	area	dendritic	cells.	European	journal	of	immunology.	1999;29(6):1925-32.	

95.	 Liuzzo	G,	Kopecky	SL,	Frye	RL,	O'Fallon	WM,	Maseri	A,	Goronzy	JJ,	et	al.	Perturbation	
of	the	T-cell	repertoire	in	patients	with	unstable	angina.	Circulation.	1999;100(21):2135-9.	

96.	 Liuzzo	G,	Vallejo	AN,	Kopecky	SL,	Frye	RL,	Holmes	DR,	Goronzy	JJ,	et	al.	Molecular	
fingerprint	of	interferon-gamma	signaling	in	unstable	angina.	Circulation.	
2001;103(11):1509-14.	

97.	 Nakajima	T,	Schulte	S,	Warrington	KJ,	Kopecky	SL,	Frye	RL,	Goronzy	JJ,	et	al.	T-cell-
mediated	lysis	of	endothelial	cells	in	acute	coronary	syndromes.	Circulation.	
2002;105(5):570-5.	

98.	 Liuzzo	G,	Goronzy	JJ,	Yang	H,	Kopecky	SL,	Holmes	DR,	Frye	RL,	et	al.	Monoclonal	T-
cell	proliferation	and	plaque	instability	in	acute	coronary	syndromes.	Circulation.	
2000;101(25):2883-8.	

99.	 Vallejo	AN,	Schirmer	M,	Weyand	CM,	Goronzy	JJ.	Clonality	and	longevity	of	
CD4+CD28null	T	cells	are	associated	with	defects	in	apoptotic	pathways.	Journal	of	
immunology.	2000;165(11):6301-7.	

100.	 Shimizu	J,	Yamazaki	S,	Takahashi	T,	Ishida	Y,	Sakaguchi	S.	Stimulation	of	
CD25(+)CD4(+)	regulatory	T	cells	through	GITR	breaks	immunological	self-tolerance.	Nature	
immunology.	2002;3(2):135-42.	

101.	 Ait-Oufella	H,	Salomon	BL,	Potteaux	S,	Robertson	AK,	Gourdy	P,	Zoll	J,	et	al.	Natural	
regulatory	T	cells	control	the	development	of	atherosclerosis	in	mice.	Nature	medicine.	
2006;12(2):178-80.	

102.	 Han	SF,	Liu	P,	Zhang	W,	Bu	L,	Shen	M,	Li	H,	et	al.	The	opposite-direction	modulation	
of	CD4+CD25+	Tregs	and	T	helper	1	cells	in	acute	coronary	syndromes.	Clinical	immunology	
(Orlando,	Fla).	2007;124(1):90-7.	



	 58	

103.	 Naghavi	M,	Libby	P,	Falk	E,	Casscells	SW,	Litovsky	S,	Rumberger	J,	et	al.	From	
vulnerable	plaque	to	vulnerable	patient:	a	call	for	new	definitions	and	risk	assessment	
strategies:	Part	II.	Circulation.	2003;108(15):1772-8.	

104.	 Fuster	V,	Fayad	ZA,	Moreno	PR,	Poon	M,	Corti	R,	Badimon	JJ.	Atherothrombosis	and	
high-risk	plaque:	Part	II:	approaches	by	noninvasive	computed	tomographic/magnetic	
resonance	imaging.	Journal	of	the	American	College	of	Cardiology.	2005;46(7):1209-18.	

105.	 Fuster	V,	Moreno	PR,	Fayad	ZA,	Corti	R,	Badimon	JJ.	Atherothrombosis	and	high-risk	
plaque:	part	I:	evolving	concepts.	Journal	of	the	American	College	of	Cardiology.	
2005;46(6):937-54.	

106.	 Tsimikas	S,	Willerson	JT,	Ridker	PM.	C-reactive	protein	and	other	emerging	blood	
biomarkers	to	optimize	risk	stratification	of	vulnerable	patients.	Journal	of	the	American	
College	of	Cardiology.	2006;47(8	Suppl):C19-31.	

107.	 Du	Clos	TW.	Function	of	C-reactive	protein.	Annals	of	medicine.	2000;32(4):274-8.	

108.	 Calabro	P,	Willerson	JT,	Yeh	ET.	Inflammatory	cytokines	stimulated	C-reactive	
protein	production	by	human	coronary	artery	smooth	muscle	cells.	Circulation.	
2003;108(16):1930-2.	

109.	 Verma	S,	Wang	CH,	Li	SH,	Dumont	AS,	Fedak	PW,	Badiwala	MV,	et	al.	A	self-fulfilling	
prophecy:	C-reactive	protein	attenuates	nitric	oxide	production	and	inhibits	angiogenesis.	
Circulation.	2002;106(8):913-9.	

110.	 Ridker	PM,	Danielson	E,	Fonseca	FA,	Genest	J,	Gotto	AM,	Jr.,	Kastelein	JJ,	Koenig	W,	
Libby	P,	Lorenzatti	AJ,	MacFadyen	JG	et	al:	Rosuvastatin	to	prevent	vascular	events	in	men	
and	women	with	elevated	C-reactive	protein.	The	New	England	journal	of	medicine	2008,	
359(21):2195-2207.	

111.	 Haverkate	F,	Thompson	SG,	Pyke	SD,	Gallimore	JR,	Pepys	MB.	Production	of	C-
reactive	protein	and	risk	of	coronary	events	in	stable	and	unstable	angina.	European	
Concerted	Action	on	Thrombosis	and	Disabilities	Angina	Pectoris	Study	Group.	Lancet.	
1997;349(9050):462-6.	

112.	 Ridker	PM,	Rifai	N,	Pfeffer	MA,	Sacks	FM,	Moye	LA,	Goldman	S,	et	al.	Inflammation,	
pravastatin,	and	the	risk	of	coronary	events	after	myocardial	infarction	in	patients	with	
average	cholesterol	levels.	Cholesterol	and	Recurrent	Events	(CARE)	Investigators.	
Circulation.	1998;98(9):839-44.	

113.	 Lindahl	B,	Toss	H,	Siegbahn	A,	Venge	P,	Wallentin	L.	Markers	of	myocardial	damage	
and	inflammation	in	relation	to	long-term	mortality	in	unstable	coronary	artery	disease.	
FRISC	Study	Group.	Fragmin	during	Instability	in	Coronary	Artery	Disease.	The	New	England	
journal	of	medicine.	2000;343(16):1139-47.	

114.	 Liuzzo	G,	Biasucci	LM,	Gallimore	JR,	Grillo	RL,	Rebuzzi	AG,	Pepys	MB,	et	al.	The	
prognostic	value	of	C-reactive	protein	and	serum	amyloid	a	protein	in	severe	unstable	
angina.	The	New	England	journal	of	medicine.	1994;331(7):417-24.	



	 59	

115.	 Ridker	PM,	Rifai	N,	Rose	L,	Buring	JE,	Cook	NR.	Comparison	of	C-reactive	protein	and	
low-density	lipoprotein	cholesterol	levels	in	the	prediction	of	first	cardiovascular	events.	The	
New	England	journal	of	medicine.	2002;347(20):1557-65.	

116.	 Ridker	PM,	Stampfer	MJ,	Rifai	N.	Novel	risk	factors	for	systemic	atherosclerosis:	A	
comparison	of	c-reactive	protein,	fibrinogen,	homocysteine,	lipoprotein(a),	and	standard	
cholesterol	screening	as	predictors	of	peripheral	arterial	disease.	JAMA.	2001;285(19):2481-
5.	

117.	 Pai	JK,	Pischon	T,	Ma	J,	Manson	JE,	Hankinson	SE,	Joshipura	K,	et	al.	Inflammatory	
markers	and	the	risk	of	coronary	heart	disease	in	men	and	women.	The	New	England	journal	
of	medicine.	2004;351(25):2599-610.	

118.	 Hirschfield	GM,	Gallimore	JR,	Kahan	MC,	Hutchinson	WL,	Sabin	CA,	Benson	GM,	et	
al.	Transgenic	human	C-reactive	protein	is	not	proatherogenic	in	apolipoprotein	E-deficient	
mice.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America.	
2005;102(23):8309-14.	

119.	 Pearson	TA,	Mensah	GA,	Alexander	RW,	Anderson	JL,	Cannon	RO,	3rd,	Criqui	M,	et	
al.	Markers	of	inflammation	and	cardiovascular	disease:	application	to	clinical	and	public	
health	practice:	A	statement	for	healthcare	professionals	from	the	Centers	for	Disease	
Control	and	Prevention	and	the	American	Heart	Association.	Circulation.	2003;107(3):499-
511.	

120.	 Davies	MJ,	Gordon	JL,	Gearing	AJ,	Pigott	R,	Woolf	N,	Katz	D,	et	al.	The	expression	of	
the	adhesion	molecules	ICAM-1,	VCAM-1,	PECAM,	and	E-selectin	in	human	atherosclerosis.	
The	Journal	of	pathology.	1993;171(3):223-9.	

121.	 Ridker	PM,	Rifai	N,	Stampfer	MJ,	Hennekens	CH.	Plasma	concentration	of	
interleukin-6	and	the	risk	of	future	myocardial	infarction	among	apparently	healthy	men.	
Circulation.	2000;101(15):1767-72.	

122.	 Peter	K,	Nawroth	P,	Conradt	C,	Nordt	T,	Weiss	T,	Boehme	M,	et	al.	Circulating	
vascular	cell	adhesion	molecule-1	correlates	with	the	extent	of	human	atherosclerosis	in	
contrast	to	circulating	intercellular	adhesion	molecule-1,	E-selectin,	P-selectin,	and	
thrombomodulin.	Arteriosclerosis,	thrombosis,	and	vascular	biology.	1997;17(3):505-12.	

123.	 Libby	P,	Aikawa	M.	New	insights	into	plaque	stabilisation	by	lipid	lowering.	Drugs.	
1998;56	Suppl	1:9-13;	discussion	33.	

124.	 Urbich	C,	Dernbach	E,	Aicher	A,	Zeiher	AM,	Dimmeler	S.	CD40	ligand	inhibits	
endothelial	cell	migration	by	increasing	production	of	endothelial	reactive	oxygen	species.	
Circulation.	2002;106(8):981-6.	

125.	 Varo	N,	de	Lemos	JA,	Libby	P,	Morrow	DA,	Murphy	SA,	Nuzzo	R,	et	al.	Soluble	CD40L:	
risk	prediction	after	acute	coronary	syndromes.	Circulation.	2003;108(9):1049-52.	



	 60	

126.	 Heeschen	C,	Dimmeler	S,	Hamm	CW,	van	den	Brand	MJ,	Boersma	E,	Zeiher	AM,	et	
al.	Soluble	CD40	ligand	in	acute	coronary	syndromes.	The	New	England	journal	of	medicine.	
2003;348(12):1104-11.	

127.	 Semb	AG,	van	Wissen	S,	Ueland	T,	Smilde	T,	Waehre	T,	Tripp	MD,	et	al.	Raised	serum	
levels	of	soluble	CD40	ligand	in	patients	with	familial	hypercholesterolemia:	downregulatory	
effect	of	statin	therapy.	Journal	of	the	American	College	of	Cardiology.	2003;41(2):275-9.	

128.	 Mallat	Z,	Corbaz	A,	Scoazec	A,	Besnard	S,	Leseche	G,	Chvatchko	Y,	et	al.	Expression	
of	interleukin-18	in	human	atherosclerotic	plaques	and	relation	to	plaque	instability.	
Circulation.	2001;104(14):1598-603.	

129.	 Bayes-Genis	A,	Conover	CA,	Schwartz	RS.	The	insulin-like	growth	factor	axis:	A	
review	of	atherosclerosis	and	restenosis.	Circulation	research.	2000;86(2):125-30.	

130.	 Bayes-Genis	A,	Conover	CA,	Overgaard	MT,	Bailey	KR,	Christiansen	M,	Holmes	DR,	
Jr.,	et	al.	Pregnancy-associated	plasma	protein	A	as	a	marker	of	acute	coronary	syndromes.	
The	New	England	journal	of	medicine.	2001;345(14):1022-9.	

131.	 Sangiorgi	G,	Mauriello	A,	Bonanno	E,	Oxvig	C,	Conover	CA,	Christiansen	M,	et	al.	
Pregnancy-associated	plasma	protein-a	is	markedly	expressed	by	monocyte-macrophage	
cells	in	vulnerable	and	ruptured	carotid	atherosclerotic	plaques:	a	link	between	
inflammation	and	cerebrovascular	events.	Journal	of	the	American	College	of	Cardiology.	
2006;47(11):2201-11.	

132.	 Jaffer	FA,	Libby	P,	Weissleder	R.	Molecular	and	cellular	imaging	of	atherosclerosis:	
emerging	applications.	Journal	of	the	American	College	of	Cardiology.	2006;47(7):1328-38.	

133.	 Constantinides	P.	Cause	of	thrombosis	in	human	atherosclerotic	arteries.	The	
American	journal	of	cardiology.	1990;66(16):37g-40g.	

134.	 Fayad	ZA,	Fuster	V.	Clinical	imaging	of	the	high-risk	or	vulnerable	atherosclerotic	
plaque.	Circulation	research.	2001;89(4):305-16.	

135.	 Stefanadis	C,	Toutouzas	K,	Tsiamis	E,	Mitropoulos	I,	Tsioufis	C,	Kallikazaros	I,	et	al.	
Thermal	heterogeneity	in	stable	human	coronary	atherosclerotic	plaques	is	underestimated	
in	vivo:	the	"cooling	effect"	of	blood	flow.	Journal	of	the	American	College	of	Cardiology.	
2003;41(3):403-8.	

136.	 Ruehm	SG,	Corot	C,	Vogt	P,	Kolb	S,	Debatin	JF.	Magnetic	resonance	imaging	of	
atherosclerotic	plaque	with	ultrasmall	superparamagnetic	particles	of	iron	oxide	in	
hyperlipidemic	rabbits.	Circulation.	2001;103(3):415-22.	

137.	 Lederman	RJ,	Raylman	RR,	Fisher	SJ,	Kison	PV,	San	H,	Nabel	EG,	et	al.	Detection	of	
atherosclerosis	using	a	novel	positron-sensitive	probe	and	18-fluorodeoxyglucose	(FDG).	
Nuclear	medicine	communications.	2001;22(7):747-53.	



	 61	

138.	 Ciavolella	M,	Tavolaro	R,	Taurino	M,	Di	Loreto	M,	Greco	C,	Sbarigia	E,	et	al.	
Immunoscintigraphy	of	atherosclerotic	uncomplicated	lesions	in	vivo	with	a	monoclonal	
antibody	against	D-dimers	of	insoluble	fibrin.	Atherosclerosis.	1999;143(1):171-5.	

139.	 Schmitz	SA,	Coupland	SE,	Gust	R,	Winterhalter	S,	Wagner	S,	Kresse	M,	et	al.	
Superparamagnetic	iron	oxide-enhanced	MRI	of	atherosclerotic	plaques	in	Watanabe	
hereditable	hyperlipidemic	rabbits.	Investigative	radiology.	2000;35(8):460-71.	

140.	 Schmitz	SA,	Taupitz	M,	Wagner	S,	Coupland	SE,	Gust	R,	Nikolova	A,	et	al.	Iron-oxide-
enhanced	magnetic	resonance	imaging	of	atherosclerotic	plaques:	postmortem	analysis	of	
accuracy,	inter-observer	agreement,	and	pitfalls.	Investigative	radiology.	2002;37(7):405-11.	

141.	 Yuan	C,	Kerwin	WS.	MRI	of	atherosclerosis.	Journal	of	magnetic	resonance	imaging	:	
JMRI.	2004;19(6):710-9.	

142.	 Yuan	C,	Kerwin	WS,	Ferguson	MS,	Polissar	N,	Zhang	S,	Cai	J,	et	al.	Contrast-enhanced	
high	resolution	MRI	for	atherosclerotic	carotid	artery	tissue	characterization.	Journal	of	
magnetic	resonance	imaging	:	JMRI.	2002;15(1):62-7.	

143.	 Vasilyev	N,	Williams	T,	Brennan	ML,	Unzek	S,	Zhou	X,	Heinecke	JW,	et	al.	
Myeloperoxidase-generated	oxidants	modulate	left	ventricular	remodeling	but	not	infarct	
size	after	myocardial	infarction.	Circulation.	2005;112(18):2812-20.	

144.	 Hazen	SL,	Heinecke	JW.	3-Chlorotyrosine,	a	specific	marker	of	myeloperoxidase-
catalyzed	oxidation,	is	markedly	elevated	in	low	density	lipoprotein	isolated	from	human	
atherosclerotic	intima.	The	Journal	of	clinical	investigation.	1997;99(9):2075-81.	

145.	 Podrez	EA,	Febbraio	M,	Sheibani	N,	Schmitt	D,	Silverstein	RL,	Hajjar	DP,	et	al.	
Macrophage	scavenger	receptor	CD36	is	the	major	receptor	for	LDL	modified	by	monocyte-
generated	reactive	nitrogen	species.	The	Journal	of	clinical	investigation.	2000;105(8):1095-
108.	

146.	 Hazen	SL.	Myeloperoxidase	and	plaque	vulnerability.	Arteriosclerosis,	thrombosis,	
and	vascular	biology.	2004;24(7):1143-6.	

147.	 Sugiyama	S,	Okada	Y,	Sukhova	GK,	Virmani	R,	Heinecke	JW,	Libby	P.	Macrophage	
myeloperoxidase	regulation	by	granulocyte	macrophage	colony-stimulating	factor	in	human	
atherosclerosis	and	implications	in	acute	coronary	syndromes.	The	American	journal	of	
pathology.	2001;158(3):879-91.	

148.	 Asselbergs	FW,	Tervaert	JW,	Tio	RA.	Prognostic	value	of	myeloperoxidase	in	patients	
with	chest	pain.	The	New	England	journal	of	medicine.	2004;350(5):516-8;	author	reply	-8.	

149.	 Zhang	R,	Brennan	ML,	Fu	X,	Aviles	RJ,	Pearce	GL,	Penn	MS,	et	al.	Association	
between	myeloperoxidase	levels	and	risk	of	coronary	artery	disease.	Jama.	
2001;286(17):2136-42.	



	 62	

150.	 Brennan	ML,	Penn	MS,	Van	Lente	F,	Nambi	V,	Shishehbor	MH,	Aviles	RJ,	et	al.	
Prognostic	value	of	myeloperoxidase	in	patients	with	chest	pain.	The	New	England	journal	of	
medicine.	2003;349(17):1595-604.	

151.	 Asakura	T,	Karino	T.	Flow	patterns	and	spatial	distribution	of	atherosclerotic	lesions	
in	human	coronary	arteries.	Circulation	research.	1990;66(4):1045-66.	

152.	 Malek	AM,	Alper	SL,	Izumo	S.	Hemodynamic	shear	stress	and	its	role	in	
atherosclerosis.	JAMA.	1999;282(21):2035-42.	

153.	 Stone	PH,	Saito	S,	Takahashi	S,	Makita	Y,	Nakamura	S,	Kawasaki	T,	et	al.	Prediction	of	
progression	of	coronary	artery	disease	and	clinical	outcomes	using	vascular	profiling	of	
endothelial	shear	stress	and	arterial	plaque	characteristics:	the	PREDICTION	Study.	
Circulation.	2012;126(2):172-81.	

154.	 Samady	H,	Eshtehardi	P,	McDaniel	MC,	Suo	J,	Dhawan	SS,	Maynard	C,	et	al.	Coronary	
artery	wall	shear	stress	is	associated	with	progression	and	transformation	of	atherosclerotic	
plaque	and	arterial	remodeling	in	patients	with	coronary	artery	disease.	Circulation.	
2011;124(7):779-88.	

155.	 Gijsen	FJ,	Wentzel	JJ,	Thury	A,	Mastik	F,	Schaar	JA,	Schuurbiers	JC,	et	al.	Strain	
distribution	over	plaques	in	human	coronary	arteries	relates	to	shear	stress.	American	
journal	of	physiology	Heart	and	circulatory	physiology.	2008;295(4):H1608-14.	

156.	 Finn	AV,	Otsuka	F.	Neoatherosclerosis:	a	culprit	in	very	late	stent	thrombosis.	
Circulation	Cardiovascular	interventions.	2012;5(1):6-9.	

157.	 Nakazawa	G,	Otsuka	F,	Nakano	M,	Vorpahl	M,	Yazdani	SK,	Ladich	E,	et	al.	The	
pathology	of	neoatherosclerosis	in	human	coronary	implants	bare-metal	and	drug-eluting	
stents.	Journal	of	the	American	College	of	Cardiology.	2011;57(11):1314-22.	

158.	 Park	SJ,	Kang	SJ,	Virmani	R,	Nakano	M,	Ueda	Y.	In-stent	neoatherosclerosis:	a	final	
common	pathway	of	late	stent	failure.	Journal	of	the	American	College	of	Cardiology.	
2012;59(23):2051-7.	

159.	 Yonetsu	T,	Kato	K,	Kim	SJ,	Xing	L,	Jia	H,	McNulty	I,	et	al.	Predictors	for	
neoatherosclerosis:	a	retrospective	observational	study	from	the	optical	coherence	
tomography	registry.	Circulation	Cardiovascular	imaging.	2012;5(5):660-6.	

160.	 Habara	M,	Terashima	M,	Suzuki	T.	Detection	of	atherosclerotic	progression	with	
rupture	of	degenerated	in-stent	intima	five	years	after	bare-metal	stent	implantation	using	
optical	coherence	tomography.	The	Journal	of	invasive	cardiology.	2009;21(10):552-3.	

161.	 Inoue	K,	Abe	K,	Ando	K,	Shirai	S,	Nishiyama	K,	Nakanishi	M,	et	al.	Pathological	
analyses	of	long-term	intracoronary	Palmaz-Schatz	stenting;	Is	its	efficacy	permanent?	
Cardiovascular	pathology	:	the	official	journal	of	the	Society	for	Cardiovascular	Pathology.	
2004;13(2):109-15.	



	 63	

162.	 Nakazawa	G,	Vorpahl	M,	Finn	AV,	Narula	J,	Virmani	R.	One	step	forward	and	two	
steps	back	with	drug-eluting-stents:	from	preventing	restenosis	to	causing	late	thrombosis	
and	nouveau	atherosclerosis.	JACC	Cardiovascular	imaging.	2009;2(5):625-8.	

163.	 Kang	SJ,	Lee	CW,	Song	H,	Ahn	JM,	Kim	WJ,	Lee	JY,	et	al.	OCT	analysis	in	patients	with	
very	late	stent	thrombosis.	JACC	Cardiovascular	imaging.	2013;6(6):695-703.	

164.	 Stefanadis	C,	Diamantopoulos	L,	Vlachopoulos	C,	Tsiamis	E,	Dernellis	J,	Toutouzas	K,	
et	al.	Thermal	Heterogeneity	Within	Human	Atherosclerotic	Coronary	Arteries	Detected	In	
Vivo.	Circulation.	1999;99(15):1965.	

165.	 Stefanadis	C,	Toutouzas	K,	Tsiamis	E,	Stratos	C,	Vavuranakis	M,	Kallikazaros	I,	et	al.	
Increased	local	temperature	in	human	coronary	atherosclerotic	plaques:	an	independent	
predictor	of	clinical	outcome	in	patients	undergoing	a	percutaneous	coronary	intervention.	
Journal	of	the	American	College	of	Cardiology.	2001;37(5):1277-83.	

166.	 Wykrzykowska	JJ,	Diletti	R,	Gutierrez-Chico	JL,	van	Geuns	RJ,	van	der	Giessen	WJ,	
Ramcharitar	S,	et	al.	Plaque	sealing	and	passivation	with	a	mechanical	self-expanding	low	
outward	force	nitinol	vShield	device	for	the	treatment	of	IVUS	and	OCT-derived	thin	cap	
fibroatheromas	(TCFAs)	in	native	coronary	arteries:	report	of	the	pilot	study	vShield	
Evaluated	at	Cardiac	hospital	in	Rotterdam	for	Investigation	and	Treatment	of	TCFA	
(SECRITT).	EuroIntervention	:	journal	of	EuroPCR	in	collaboration	with	the	Working	Group	on	
Interventional	Cardiology	of	the	European	Society	of	Cardiology.	2012;8(8):945-54.	

167.	 Ambrose	JA,	Tannenbaum	MA,	Alexopoulos	D,	Hjemdahl-Monsen	CE,	Leavy	J,	Weiss	
M,	et	al.	Angiographic	progression	of	coronary	artery	disease	and	the	development	of	
myocardial	infarction.	Journal	of	the	American	College	of	Cardiology.	1988;12(1):56-62.	

168.	 Mann	JM,	Davies	MJ.	Vulnerable	Plaque.	Circulation.	1996;94(5):928.	

	

	

	

	 	



	 64	

CHAPTER-2	
	

Intra-coronary	optical	coherence	
tomography:	principles,	practical	
considerations	and	emerging	
innovations	

Word	Count:	2977	
	 	



	 65	

	

1 Abstract	
	

Optical	 Coherence	 Tomography	 (OCT)	 is	 now	 an	 established	 imaging	 tool	 in	 both	

research	 and	 interventional	 cardiology	 laboratories.	 This	 chapter	 discusses	 the	

physical	principles	and	historical	stages	of	development	that	this	modality	has	gone	

through	 from	 technical	 perspective.	 A	 step-by-step	 practical	 guide	 follows	 this.	

Finally	it	will	also	critique	some	of	the	recent	advances	and	emerging	trends	putting	

them	into	the	context	of	their	clinical	utility.		
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2 Historic	perspective	and	physical	principles	of	OCT	
	

Since	 its	 first	 description	 in	 1991	 through	 in-vitro	 demonstration	 of	 retinal	 and	

coronary	 artery	 scanning	 (1),	 OCT	 has	 been	 increasingly	 embraced	 across	 a	 wide	

range	 of	 medical	 disciplines	 including	 ophthalmology,	 dermatology,	

gastroenterology	and	vascular	medicine	(2-5).		

Optical	 coherence	 tomography	 (OCT)	 is	 an	 optical	 analogue	 of	 IVUS:	 it	 uses	 an	

infrared	light	source	(wavelength	1310nm)	and	measures	the	backscatter	of	light	in	a	

technique	similar	to	conventional	ultrasound.	However	an	interferometer	is	required	

to	 process	 the	 reflected	 backscatter	 as	 the	 speed	 of	 light	 is	 several	 orders	 of	 the	

magnitude	faster	than	the	ultrasound	(3	×	108	m/s	versus	1.5	×	103	m/s	respectively).	

By	measuring	 the	difference	 in	magnitude	 and	 time	delay	 of	 the	 reflected	 signals,	

the	visual	images	are	then	generated	(6,	7).	With	this	technique	a	resolution	of	up	to	

10μm	in-vivo	is	achieved,	much	greater	compared	with	the	IVUS	(8,	9).		

In	the	initial	phase,	most	of	the	commercially	available	OCT	systems	were	based	on	

the	time	domain	technology	(TD-OCT).	This	technique	was	founded	on	the	principle	

of	 sequential	measurement	 of	 reflected	 signals	 from	 different	 depths	 (10,	 11).	 By	

measuring	 the	 interference	 between	 the	 reference	 beam	 from	 a	 reference	mirror	

and	the	scattered	beam	from	the	tissue,	the	interferometer	would	then	generate	an	

axial	scan.	In	its	practical	form	this	assembly	comprised	of	rotating	optical	fibers	and	

optical	micro-lens	in	a	transparent	sheath.	

TD-OCT	 has	 now	 become	 only	 of	 historical	 interest	 as	 the	 commercially	 available	

systems	 in	 the	 current	 era	 utilize	 the	 frequency	 or	 Fourier	 domain	 detection	 (FD-
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OCT).	 Enabling	 a	 scanning	 speed	 >10	 times	 higher	 than	 the	 previously	 available	

systems,	this	refinement	in	technology	was	a	major	advancement	(12).	FD-OCT	uses	

rapidly	sweeping	light	frequencies	(between	1250	to	1350	nm)	and	a	stationary	lens	

in	 the	 interferometer.	 Hence	 the	 fundamental	 difference	 from	 TD-OCT	 is	 the	

simultaneous	rather	than	sequential	measurement	of	all	light	signals	from	all	depths	

(11,	12).	Axial	images	are	then	generated	through	Fourier	transformation.	While	the	

TD-OCT	required	several	seconds	of	blood	free	field	during	imaging,	which	could	only	

be	achieved	through	continuous	injection	of	contrast	through	the	guiding	catheter	or	

delivery	 sheath	 with	 concomitant	 proximal	 balloon	 occlusion,	 the	 current	 FD-OCT	

technology	has	obviated	the	need	for	this	(12).	This	has	translated	into	a	twenty-fold	

rise	 in	 the	pullback	scanning	speed,	 increasing	 it	all	 the	way	 from	1	millimeter	per	

second	 to	 20	 millimeter	 per	 second.	 This	 exponential	 rise	 in	 the	 scanning	 speed	

means	that	far	much	longer	segments	of	the	coronary	vessels	can	now	be	studied	in	

clinical	practice	with	greater	time	efficiency	and	safety.	

3 Equipment	and	procedural	details	
	

	

There	 are	 three	main	 components	 of	 the	 OCT	 system:	 console,	 DOC	 (drive-motor	

and	optical	controller)	and	the	imaging	wire	or	catheter.		

The	image	wire	(LightLab	Imaging	Inc.,	Westford,	MA,	USA)	is	0.019”	at	its	maximum	

diameter.	 It	 has	 three	 radiopaque	markers.	 The	most	distal	marker	 is	 located	very	

close	 to	 the	 tip	of	 the	 catheter.	 The	2nd	marker	points	 the	 location	of	 the	optical	

lens	 and	 is	 located	 20mm	 proximal	 the	 1st	 marker.	 It	 is	 recommended	 that	 this	
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should	be	placed	 just	past	 the	point	where	 the	scanning	needs	 to	commence.	The	

distance	 between	 the	 second	 and	 the	 most	 proximal	 (third)	 marker	 is	 slightly	

variable	 in	 the	contemporary	models	and	 ranges	between	50	 to	55	mm.	Generally	

speaking	this	represents	the	section	of	the	vessel	that	is	captured	in	the	imaging.		At	

the	proximal	or	 external	 end,	 the	OCT	 catheter	has	 a	 connecting	hub	 for	 the	DOC	

and	 a	 side	 port	 for	 attachment	 of	 3ml	 syringe.	 Finally	 the	mobile	 unit	 or	 console	

houses	 the	display	monitor	 and	processing	unit	 of	 the	 computer	 and	data	 storage	

drives.	 During	 acquisition,	 live	 imaging	 is	 displayed	 on	 the	 monitor	 and	 it	 is	 also	

available	for	post	processing.			

Following	 maximal	 vasodilatation	 after	 nitroglycerin	 administration,	 baseline	

angiography	 of	 the	 involved	 vessel	 is	 performed	 in	 at	 least	 two	 orthogonal	 views	

that	show	the	target	lesion	free	of	foreshortening	or	vessel	overlap,	using	at	least	a	6	

French	guiding	 catheter.	 It	 is	 advisable	 to	use	 the	guide	 catheter	without	 any	 side	

holes	to	ensure	full	delivery	of	the	contrast	medium	into	the	coronary	vasculature	of	

interest.	 OCT	 is	 performed	 whilst	 systemic	 anticoagulation	 with	 weight-adjusted	

heparin	is	achieved.	

Following	advancement	of	the	dedicated	OCT	imaging	wire	over	an	0.014"	coronary	

wire	 in	 a	monorail	 fashion,	OCT	 catheter	 is	 purged	with	 small	 amount	 of	 contrast	

with	the	3ml	syringe	attached	to	its	side	port.	It	is	advisable	to	inject	small	test	dose	

of	 contrast	 through	 the	 guide	 catheter	 to	ensure	 co-axial	 alignment	 and	adequate	

blood	clearance	prior	to	the	actual	acquisition.	Pullback	is	commenced	during	flush	

of	 iso-osmolar	 contrast	 via	 the	 guiding	 catheter	 (Visipaque).	 Manufacturers	

recommend	the	use	of	power	injector	(Capable	of	injecting	4.0mL	/	sec	for	a	total	of	
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14mL	in	3.5	seconds)	for	the	contrast	injection	although	experienced	operators	can	

also	use	manual	 injection	effectively.	Automatically	 triggered	 injection	 is	preferred	

for	most	of	the	situations	except	in	cases	of	severe	stenosis.	In	these	situations	when	

a	relatively	severe	luminal	stenosis	is	present	manual	injection	may	be	advantageous	

as	 the	operator	can	visualize	 the	delivery	of	contrast	beyond	the	stenotic	segment	

before	 manually	 triggering	 the	 pullback.	 In	 vast	 majority	 of	 cases	 pullback	 is	

performed	at	 a	 speed	of	 20mm	per	 second	generating	 consecutive	 cross	 sectional	

images	of	the	vessel	at	every	0.2	millimeter	interval.	A	higher	resolution	imaging	can	

be	obtained	by	slowing	down	the	pullback	speed	to	10mm,	which	generates	higher	

frame	density.	With	 this	 setting,	each	0.1	mm	of	 the	vessel	 is	 captured	 in	 imaging	

but	the	trade-off	is	shorter	scanning	length.	With	the	latest	technology	up	to	75	mm	

segments	can	be	imaged	in	a	single	pullback.	

4 Post	Processing	and	Image	Analysis:	
	

OCT	pullbacks	can	be	digitally	copied	from	the	mobile	console	and	saved	for	off-line	

review	 and	 analysis	 at	 dedicated	 workstations.	 There	 are	 a	 number	 of	 softwares	

available	for	analysis,	both	from	the	vendor	and	from	third	parties.	Precise	catheter	

calibration	is	mandatory	at	he	beginning	of	the	analysis,	which	is	done	by	placing	the	

calibration	dots	to	match	the	outermost	ring	of	the	OCT	catheter	shadow.	Up	until	

recently	 most	 of	 this	 extensive	 work	 was	 carried	 out	 manually	 by	 experienced	

observers	and	very	reproducible	inter	and	intra-observer	correlation	was	reported	in	

published	 literature	 (13).	 With	 time	 increasing	 automation	 has	 become	 available	

both	in	quantitative	and	qualitative	measurements	making	the	analyses	much	more	

expeditious	while	 still	maintaining	 accuracy	 (14,	 15).	 OCT	 is	 performed	 for	 a	wide	
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variety	 of	 reasons	 but	 broadly	 speaking	 indications	 can	 be	 divided	 into	 following	

categories:	native	vessel	plaque	characterization	and	 lumen	evaluation;	procedural	

planning	and	immediately	post	procedural	assessment	of	stent	deployment	including	

expansion,	apposition	and	complications;	and	examination	of	the	vascular	response	

to	 interventions	 at	 the	 follow-up	 including	 understanding	 the	mechanisms	 of	 late	

stent	 failure.	 The	 consensus	 document	 by	 the	 international	 working	 group	 for	

intravascular	imaging	provides	detailed	guidelines	on	the	methodology	of	analysis	in	

each	 of	 these	 situations	 (16).	 This	 document	 lays	 the	 foundation	 for	 achieving	

uniformity	in	analysis	and	reporting	of	OCT	studies	worldwide.			

5 Safety	of	OCT:	
	

Over	the	last	few	years	several	groups	have	reported	their	experience	with	the	OCT	

generally	demonstrating	it	to	be	a	very	low	risk	technique	(17-21).	 In	a	multicenter	

evaluation	of	OCT	safety,	Barlis	et	al.	 reviewed	468	patients	with	regards	to	any	of	

the	 transient	 complications,	 device	 failure	 or	 major	 adverse	 outcomes	 (20).	 They	

reported	 transient	 chest	 pain	 and	QRS	widening/ST-depression/elevation	 in	 47.6%	

and	45.5%	respectively.	Major	complications	included	five	(1.1%)	cases	of	ventricular	

fibrillation	due	to	balloon	occlusion	and/or	deep	guide	catheter	intubation,	3	(0.6%)	

cases	 of	 air	 embolism	and	one	 case	of	 vessel	 dissection	 (0.2%).	More	 than	half	 of	

these	 patients	 had	 undergone	 OCT	 using	 the	 older	 occlusive	 technique.	 In	 the	

contemporary	 practice	 the	 non-occlusive	 imaging	 is	 the	 norm.	 This	 together	 with	

extremely	 fast	 scanning	 speed	 requiring	 only	 2	 to	 3	 seconds	 of	 contrast	 media	

injection	have	made	this	procedure	very	safe.	Nevertheless	it	is	advised	that	extreme	

caution	should	be	exercised	in	considering	OCT	in	the	presence	of	single	remaining	
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vessel	or	with	severe	left	ventricular	dysfunction	due	to	the	potential	risk	of	ensuing	

hemodynamic	 instability	 caused	 by	 transient	 coronary	 ischemia.	 Similarly	 patients	

with	low	body	mass	index	and	pre-existing	renal	insufficiency	can	incur	acute	kidney	

injury	 from	 additional	 contrast	 load	 and	 should	 receive	 adequate	 pre-hydration	

when	possible	to	mitigate	this	risk.			

6 Limitations	
	

The	 superiority	 of	 the	 OCT	 over	 IVUS	 and	 rest	 of	 the	 intravascular	 imaging	

techniques	in	delineating	the	vessel	lumen	is	now	well	established.	It	has	earned	the	

reputation	 of	 an	 in-vivo	 near-histological	 tool	 to	 study	 the	 lumen	 to	 vessel	 wall	

interface	owing	to	10-15	microns	 image	resolution,	10	times	higher	 than	the	 IVUS.	

There	are	certain	limitations	however	and	these	need	to	be	thoughtfully	considered	

before	choosing	the	appropriate	imaging	modality	in	a	given	situation.		

OCT	is	a	light	based	technology.	The	near	infra	red	(NIR)	has	shorter	wavelength	and	

higher	frequency	than	the	ultrasound,	which	means	higher	resolution	but	the	trade	

off	is	its	inability	to	cross	through	blood	resulting	in	lower	tissue	penetration	(2	to	3	

mm	for	OCT	versus	10mm	for	 IVUS)(11).	Hence	 it	 is	critical	to	adequately	clear	the	

lumen	from	any	blood	during	the	pullback	in	order	to	obtain	good	quality	scanning.	

This	 is	 achieved	 through	 the	 continuous	 contrast	 medium	 injection.	 Inadequate	

clearance	 results	 in	 sub-optimal	 imaging	 and	 poor	 visualization	 of	 the	 structures	

directly	 affecting	 the	 reliability	 of	 data	 interpretation.	Whereas	 OCT	 has	 clear-cut	

advantage	 over	 IVUS	 in	 terms	 of	 finer	 resolution	 (22),	 as	 stated	 above	OCT	 signal	

rapidly	 attenuates	 as	 it	 passes	 through	 the	 vessel	wall	 especially	 through	 the	 lipid	
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rich	 atherosclerotic	 plaque.	With	 this	 restricted	 depth	 of	 penetration	 (16,	 23)	 the	

quantification	 of	 plaque	 volume	 or	 burden	 by	 OCT	 is	 less	 well	 established	 (11).	

Although	it	can	be	argued	that	in	clinical	practice	it	is	often	the	surface	morphology	

of	the	plaque	such	as	the	thickness	and	integrity	of	the	fibrous	cap	and	its	lipid	arc,	

which	are	of	prime	relevance	to	the	operator.	For	instance	Jang	et	al	identified	lipid	

rich	 plaques	 in	 90%	 of	 the	 patients	 presenting	 with	 ST	 elevation	 myocardial	

infarction	and	70%	of	those	with	non-ST-elevation	myocardial	infarction	in	a	cohort	

of	57	patients.	Not	surprisingly	<60%	of	those	with	stable	angina	were	found	to	have	

these	 lipid	plaques;	much	 less	 frequent	compared	to	the	acute	coronary	syndrome	

patients	(P=0.09)(24).	The	same	study	also	identified	thin	cap	fibro-atheroma	(TCFA)	

defined	by	lipid-rich	plaque	with	cap	thickness	<	or	=65	micron	with	a	frequency	of	

72%	in	the	group	with	myocardial	 infarction.	Another	study	reported	similar	trends	

with	prevalence	of	TCFA	in	77%	to	83%	STEMI,	46%	NSTEMI,	and	3%	to	25%	stable	

angina	patients	(p	=	0.001)	(25).	All	this	testifies	that	in	these	situations	OCT	is	well	

placed	as	the	gold	standard	in-vivo	imaging.			

One	of	the	major	applications	of	the	OCT	in	clinical	trials	has	been	the	assessment	of	

the	 neo-intimal	 coverage	 of	 stents	 as	 a	 surrogate	 of	 completeness	 of	

endothelialization.	 This	 serves	 as	 a	 marker	 for	 safety	 of	 a	 given	 device	 and	 a	

protective	 factor	 against	 thrombogenicity.	 This	 assessment	 is	 done	 on	 a	 strut-by	 -

strut	basis.	While	this	type	of	analysis	is	somewhat	straightforward	in	the	bare	metal	

stents	as	the	tissue	coverage	is	usually	more	uniform	and	thick;	 in	the	drug	eluting	

stents	however	it	can	pose	twofold	challenge.	Neo-intimal	coverage	of	the	DES	can	

be	 non-uniform,	 crenellated	 and	 very	 thin	 especially	 earlier	 on	 after	 implantation.	
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Hence	not	only	it	can	be	difficult	to	distinguish	covered	versus	uncovered	strut	if	the	

tissue	layer	is	only	 in	the	order	of	10	microns,	the	discriminative	power	of	the	OCT	

can	be	very	 low	 to	discern	between	 true	neo-intimal	 layer	and	strands	of	 fibrin	or	

thrombus	in	some	cases	(26).		

Traditionally	 certain	anatomical	 subsets	 such	as	ostial	 stenosis,	 large	 caliber	 vessel	

and	 left	 main	 coronary	 artery	 disease	 used	 to	 be	 considered	 unsuitable	 for	 OCT	

imaging.	Ostial	lesions	were	mainly	a	problem	when	proximal	balloon	occlusion	was	

mandatory	in	order	to	achieve	adequate	contrast	flush.	In	the	current	generation	of	

OCT	 technology,	 non-occlusive	 flush	 is	 the	 routine	 practice	 allowing	 satisfactory	

ostial	 scanning	 in	majority	 of	 cases	with	 the	 notable	 exception	 of	 the	 aorto-ostial	

lesions.	 	 Similarly	 large	 caliber	 vessels	 can	 be	 problematic	 subset	 as	 the	 entire	

circumference	of	the	artery	quite	often	does	not	get	captured	in	the	image	and	parts	

of	the	vessel	can	drop	out.	This	together	with	difficulty	in	achieving	adequate	blood	

displacement	 in	 large	 vessels	means	 that	 the	 left	main	 coronary	 arteries	 and	 vein	

grafts	can	be	challenging	to	image	with	OCT	(27).		

In	addition	to	the	above,	extreme	caution	should	be	exercised	in	considering	OCT	in	

the	presence	of	single	remaining	vessel	and	severe	 left	ventricular	dysfunction	due	

to	 the	 potential	 risk	 of	 ensuing	 hemodynamic	 instability	 caused	 by	 transient	

coronary	 ischemia.	 Similarly	 patients	 with	 low	 body	 mass	 index	 and	 pre-existing	

renal	insufficiency	can	incur	acute	kidney	injury	from	additional	contrast	load.		

7 Recent	advances	and	emerging	innovations	
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Up	until	now	the	major	hindrance	to	the	widespread	adaption	of	this	tool	has	been	

the	inability	to	obtain	some	of	the	most	clinically	relevant	measurements	in	the	cath	

lab	in	real	time	fashion	to	guide	day	to	day	decision	making.	With	the	exception	of	

the	instantaneous	availability	of	the	visual	pullback,	most	of	the	important	objective	

measurements	 such	 as	 minimum	 lumen	 diameter	 (MLD),	 minimum	 lumen	 area	

(MLD),	reference	vessel	diameter	and	stent	evaluation	could	only	be	done	either	on	

the	mobile	 unit	monitor	 or	 on	 the	 off-line	 review	 station	which	 inherently	meant	

that	a	third	person	other	than	the	primary	operator	had	to	carry	out	this	part	of	the	

process.	 In	 the	 daily	 proceedings	 of	 a	 busy	 catheterization	 laboratory	 this	 could	

potentially	increase	the	procedure	times	meaning	frequent	avoidance	of	the	use	of	

this	 imaging	tool	altogether	even	in	 indicated	scenarios.	Recent	 introduction	of	the	

OPTISTM	Integrated	System	(St	Jude	Medical)	has	solved	this	 issue	to	a	 large	extent	

thereby	making	this	a	more	readily	available	technique.	This	ready-to-use	system	can	

now	be	installed	in	the	catheterization	laboratory	and	provides	a	tableside	control	so	

that	 the	 primary	 operator	 can	 run	 the	 entire	 operation	 starting	 from	 the	 imaging	

acquisition	to	the	review	and	performance	of	measurements	while	still	maintaining	

sterile	conditions.	This	considerably	improves	the	workflow	efficiency.		

Another	 breakthrough	 recently	 has	 been	 the	 introduction	 of	 angiography-OCT	 co-

registration	 method.	 This	 allows	 the	 simultaneous	 acquisition	 of	 the	 OCT	 and	

angiography	and	then	automatic	synchronization	of	the	two	so	that	the	observer	can	

orientate	the	point	or	area	of	interest	in	one	modality	with	the	other.	For	instance,	

moving	the	pointer	 in	OCT	pullback	also	automatically	moves	 the	pointer	cursor	 in	

the	angiographic	view	providing	the	observer	with	accurate	anatomical	alignment	of	
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the	 both.	 This	 type	 of	 information	 previously	 could	 only	 be	 obtained	manually	 by	

measuring	the	distance	from	anatomical	landmarks	such	as	side	branch	or	ostium	of	

a	vessel	or	distance	from	the	lesion,	stent	edge	or	stent	overlap	segment	whichever	

applied	 in	a	given	case.	This	method	was	not	only	 time	 inefficient	and	more	 labor	

intensive	 but	 also	 fraught	 with	 potential	 inaccuracies	 making	 the	 obtained	 data	

somewhat	 less	 reproducible.	 Integrated	 system	 on	 the	 other	 hand	 gives	 real	 time	

processing	 capability	 to	 efficiently	 guide	 the	whole	 range	 of	 procedural	 situations	

such	 as	 lesion	 location	 and	 extent,	 stent	 sizing,	 placement	 and	 apposition	

assessment;	and	post	stent	evaluation.		

In	 addition	 to	 the	 above	 there	 has	 been	 phenomenal	 refinement	 in	 the	 three	

dimensional	 reconstruction	 of	 the	 OCT	 pullback	 (28).	 What	 was	 previously	 only	

possible	through	meticulous	post	processing	on	third	party	softwares,	this	capability	

has	now	been	made	available	to	the	users	in	the	latest	OPTISTM	system	(St.	Jude,	St.	

Paul,	Minnesota).	 The	most	 clinically	 relevant	data	 that	will	 be	of	most	 interest	 to	

the	 clinicians	 is	 the	metallic	 stent	 optimization	 tool.	 This	 program	 provides	 color-

coded	 outlay	 of	 the	 stent	 malapposed	 regions	 with	 the	 threshold	 of	 >1mm	 in	

longitudinal	and	>25%	in	the	cross-sectional	scale.	Strut	to	wall	detachment	distance	

is	set	to	200-300	microns	but	can	be	customized	by	the	user.	This	information	is	then	

displayed	 in	 color-coded	 fashion	 on	 OCT	 pullback	 as	 well	 as	 on	 the	 co-registered	

angiographic	images.	Although	the	exact	long-term	impact	of	the	OCT	detected	strut	

detachment	 still	 remains	 undetermined	 (29,	 30),	 it	 gives	 an	 opportunity	 to	 the	

clinician	 to	 optimize	 the	 stent	 result	 with	 further	 post	 dilatation.	 Despite	 the	

successful	 incorporation	 of	 the	 above	 mentioned	 volumetric	 analyses	 into	 the	
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automated	 3D	 algorithms,	 the	 development	 of	 automation	 in	 morphological	 and	

compositional	analyses	such	as	plaque	type	and	cap	thickness	is	far	more	challenging	

and	 still	 relies	 heavily	 on	 experienced	 reader	 interpretation.	 However,	 one	 small	

though	 promising	 advancement	 in	 the	 area	 of	 OCT	 tissue	 characterization	 is	 the	

development	of	depth-resolved	(DR)	model	(31).	Through	an	analysis	of	attenuation	

coefficient,	 backscatter	 term	 and	 intensity,	 the	 algorithm	 used	 in	 this	 study	

described	six	 types	of	atherosclerotic	 tissue:	mixed,	 calcification,	 fibrous,	 lipid-rich,	

macrophages,	and	necrotic	core.	

More	 recently	 another	exciting	 innovation	 in	 the	 form	of	Heartbeat	OCT	has	been	

described	 in	 successful	 experiments.	 Due	 to	 20	 to	 30	 times	 faster	 scanning	 speed	

than	 the	commercially	available	 systems,	 it	 can	obtain	volume	datasets	exclusively	

within	 the	 diastolic	 phase	 of	 one	 cardiac	 cycle.	 This	 essentially	 means	 that	 the	

distortions	resulting	from	under-sampling	or	cardiac	motion	during	3D	rendering	can	

be	overcome	(32).				

The	simplified	use	and	ease	of	interpretation	in	the	latest	generation	OCT	systems	is	

expected	 to	 lead	 to	 a	 rise	 in	 the	 use	 of	 this	 precision	 imaging	 tool	 in	 the	

cardiovascular	community	across	the	world.	

8 Summary	
	

OCT	 is	 an	 extremely	 sensitive	 intravascular	 imaging	 tool	 and	 has	 gradually	moved	

from	the	confines	of	the	research	arena	into	the	realm	of	clinical	medicine.	It	is	well	

placed	as	 the	 imaging	modality	of	choice	 to	study	 the	 fine	structural	details	of	 the	

vascular	 lumen	 earning	 the	 synonyms	 of	 “optical	 biopsy”	 or	 “in-vivo	 histology”	 in	
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literature.	 Tremendous	 advancements	 have	 been	 made	 in	 the	 commercially	

available	technology	enabling	its	efficient	and	safe	utilization	in	the	busy	day-to-day	

clinical	 proceedings.	 As	 we	 eagerly	 await	 the	 emerging	 data	 to	 further	 prove	 its	

impact	 on	 clinical	 outcomes,	 it	 is	 expected	 that	 it	 will	 continue	 to	 refine	 our	

understanding	of	the	vascular	biology	and	guide	interventional	treatment	strategies	

well	into	the	future.				
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1 ABSTRACT	

Coronary	 optical	 coherence	 tomography	 (OCT)	 is	 now	 an	 established	 imaging	

technique	in	many	catheterization	laboratories	worldwide.	With	its	near-histological	

view	of	the	vessel	wall	and	lumen	interface,	it	offers	unprecedented	imaging	quality	

to	 improve	 our	 understanding	 of	 the	 pathophysiology	 of	 atherosclerosis,	 plaque	

vulnerability,	 and	 vascular	 biology.	 Not	 only	 is	 OCT	 used	 to	 accurately	 detect	

atherosclerotic	 plaque	 and	 optimize	 stent	 position,	 but	 can	 further	 characterize	

plaque	 composition,	 quantify	 stent	 apposition,	 and	 assess	 endothelial	 tissue	

coverage.	Given	 that	 its	 resolution	of	15µm	 is	well	 above	 that	of	 angiography	and	

intravascular	ultrasound,	OCT	has	become	the	invasive	imaging	method	of	choice	to	

examine	the	interaction	between	stents	and	the	vessel	wall.	This	review	focuses	on	

the	 application	 of	 OCT	 to	 examine	 coronary	 stents,	 the	 mechanisms	 of	 stent	

complications,	and	future	directions	of	OCT-guided	intervention.	

2 Introduction	
	

Coronary	stent	placement	is	a	well-established	and	effective	treatment	for	occlusive	

coronary	 artery	 disease.	 Nevertheless,	 a	 small	 but	 significant	 number	 of	 patients	

develop	adverse	outcomes	related	to	stent-induced	vessel	injury	(1).	Mechanisms	of	

in-stent	restenosis	and	stent	thrombosis	likely	include	uncovered	stent	struts,	stent	

malapposition,	 neointimal	 hyperplasia,	 and	 neoatherosclerosis.	 Intra-coronary	

optical	 coherence	 tomography	 (OCT)	 readily	 identifies	 these	 features	 and	 has	

provided	significant	insights	into	the	pathogenesis	of	stent	complications.		
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OCT	has	been	successfully	and	safely	used	 to	better	 characterize	 lumen	geometry,	

plaque	 composition,	 culprit	 lesions,	 and	 acute	 thrombus	 in	 patients	 with	 acute	

coronary	 syndromes	 (2,	 3)	 (Figure	 1).	 OCT	 is	 also	 used	 to	 enhance	 optimal	 stent	

placement	 by	 detecting	 features	 such	 as	 edge	 dissection,	 under-expansion,	

malapposition,	and	residual	thrombus	that	are	missed	by	angiography	alone	(4).	OCT	

has	 also	 been	 used	 in	 long-term	 follow	 up	 to	 assess	 for	 late	 incomplete	 stent	

apposition	(ISA),	uncovered	stent	struts,	neointimal	hyperplasia,	neoatherosclerosis,	

and	 other	 high-risk	 features	 associated	 with	 in-stent	 restenosis	 and	 late	 stent	

thrombosis	(5,	6).		

While	 OCT	 has	 become	 a	 powerful	 tool	 to	 complement	 angiography	 in	 the	

catheterization	 laboratory,	 further	 advances	 in	 OCT-guided	 PCI	 are	 expected	 to	

improve	 early	 detection	 and	 treatment	 of	 stent	 complications,	 and	 perhaps	 even	

help	avoid	stent	placement	entirely	in	certain	patients	(7).		

This	review	will	examine:	1)	current	mechanisms	of	stent	failure;	2)	OCT	assessment	

of	coronary	vessels	and	stents	in	the	context	of	stent	failure;	3)	applications	of	OCT-

guided	PCI	in	management	of	ACS	and	stent	failure.	

	

2.1 Current	model	of	stent-induced	endothelial	injury	and	stent	failure	

	

Current	 models	 of	 native	 coronary	 atherosclerosis	 show	 that	 chronic	 endothelial	

injury	 and	 inflammation	 are	 the	 core	 pathologic	 processes	 of	 disease	 progression.	

Similarly,	ongoing	research	suggests	 that	stents	may	 induce	various	 forms	of	acute	
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and	chronic	endothelial	injury,	ultimately	resulting	in	complications	such	as	in-stent	

restenosis	(ISR)	and	stent	thrombosis	(ST).	Because	OCT	provides	exceptionally	clear	

assessment	of	endothelial	 integrity,	plaque	composition,	and	strut-level	analysis	of	

apposition	and	endothelial	coverage,	it	has	been	instrumental	in	much	of	this	work.		

Based	partly	on	OCT	 imaging	data,	 several	possible	 sources	of	 stent-induced	 injury	

have	 been	 identified:	 1)	 DES-related	 inhibition	 of	 normal	 endothelial	 regeneration	

resulting	 in	 uncovered	 stent	 struts;	 2)	 stent	 malapposition	 associated	 with	

uncovered	 stent	 struts	 and	 hemodynamic	 changes	 associated	 with	 progressive	

atherosclerosis	and	thrombosis;	3)	DES-related	hypersensitivity	reactions	resulting	in	

chronic	arterial	inflammation	and	pathologic	vessel	remodeling;	4)	direct	mechanical	

injury	resulting	in	vascular	inflammation	and	neointimal	hyperplasia;	5)	stent	design	

factors	resulting	in	atherogenic	shear	stress	patterns.		

These	and	other	 as-yet	unknown	mechanisms	 form	a	highly	 complex	and	dynamic	

web	 of	 interactions	 that	 induce	 vascular	 injury	 and	 result	 in	 progression	 of	

atherosclerosis,	potentially	leading	to	ISR	and	ST.	OCT	imaging	has	been	invaluable	in	

visually	identifying	these	findings	and	improving	our	understanding	of	stent	failure.	

2.2 Stent	Tissue	Coverage	observed	using	OCT	

	

Endothelial	healing	and	coverage	of	stent	struts	 is	essential	 to	reduce	the	 inherent	

thrombogenic	 potential	 of	 stents.	 Drug-eluting	 stents	 (DES)	 have	 been	 associated	

with	 anti-proliferative	 drug-mediated	 inhibition	 of	 cellular	 mitosis,	 resulting	 in	 a	

higher	risk	of	uncovered	stent	struts	than	bare	metal	stents	(BMS)	(8).	This	Inhibition	
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of	 endothelial	 healing	 is	 not	 only	 agent-specific	 (9)	 and	 dose-responsive	 (10),	 but	

also	appears	sensitive	to	release	kinetics	(11).		Because	OCT	can	reliably	detect	early	

and	very	 thin	 layers	of	 tissue	coverage	on	stent	 struts,	 it	has	been	 instrumental	 in	

the	detection	of	stent	tissue	coverage	at	follow-up.	

Guagliumi	 et	 al	 used	 OCT	 to	 examine	 strut	 coverage	 in	 77	 patients	 with	 long	

coronary	 stenoses	 randomized	 to	 overlapping	 BMS,	 1st	 generation	 DES,	 or	 2nd	

generation	DES	 (12).	 They	demonstrated	 that,	 overall,	 1st	 generation	DES	had	 the	

highest	 rates	 of	 uncovered	 and	malapposed	 struts,	 followed	 by	 BMS	 and	 the	 2nd	

generation	zotarolimus-eluting	stent.	They	also	showed	that	both	malapposition	and	

neointimal	thickness	were	higher	in	overlapping	areas	than	in	non-overlapping	areas	

in	 the	 1st	 and	 2nd	 generation	 DES.	 These	 results	 suggest	 not	 only	 decreased	 drug	

efficacy	 in	 overlapping	 regions	 or	 perhaps	 augmented	 vascular	 injury	 due	 to	

increased	 stent	 rigidity	 in	 overlapping	 areas,	 but	 that	 neointimal	 hyperplasia	 does	

not	necessarily	correlate	with	strut	coverage	or	apposition.		

Recent	 comparisons	 of	 1st	 and	 2nd-generation	DES	 using	OCT	 suggest	 that	 newer	

stent	 platforms	 are	 associated	 with	 faster	 endothelial	 healing	 and	 better	 strut	

coverage	 than	 earlier	 generation	 DES	 (11-13).	 A	 large	 prospective	 cohort	 study	

demonstrated	 lower	 rates	 of	 very	 late	 ST	 and	 cardiac	 death	 in	 patients	 with	

everolimus-eluting	stent	(EES)	compared	to	1st	generation	DES	(14),	although	the	4-

year	 follow-up	 data	 on	 EES	 and	 PES	 groups	 was	 not	 complete	 at	 the	 time	 of	

publication.	Another	systematic	review	found	that	1st	generation	SES	had	the	highest	

rates	of	malapposition	and	uncovered	stents,	followed	by	PES,	ZES	and	EES	(15).	



	 85	

Drug	release	kinetics	is	also	shown	to	affect	endothelial	healing	(11).	An	OCT-based	

study	of	43	patients	 randomized	 to	2nd	 generation	 zotarolimus-eluting	 stents	 (ZES)	

with	either	slow	or	fast	drug	release	found	that	slow	release	kinetics	was	associated	

with	better	inhibition	of	neointimal	hyperplasia	(p<0.001)	but	a	higher	proportion	of	

malapposed	(p<0.001)	and	uncovered	struts	(p<0.001)	(11).	

Thus	 it	 appears	 that,	 overall,	 2nd	 generation	 DES	 have	 struck	 a	 better	 balance	

between	 intimal	 hyperplasia	 and	 delayed	 healing,	 corresponding	 to	 the	 currently	

lower	observed	rates	of	late	ST	and	ISR	although	further	long-term	data	is	necessary.	

2.3 Stent	apposition	

	

While	definite	conclusions	about	the	role	of	incomplete	stent	apposition	(ISA)	in	ST	

have	 been	 elusive,	 it	 has	 received	 considerable	 attention	 as	 a	 possible	marker	 of	

delayed	endothelial	healing	 (5,	16-19)	and	pathologic	arterial	 remodeling	 (20),	and	

perhaps	even	late	ST	(8).		

Studies	 using	 OCT	 immediately	 following	 stent	 implantation	 have	 demonstrated	 a	

high	 incidence	of	acutely	malapposed	struts	even	after	optimal	high	pressure	post-

dilatation,	particularly	in	regions	of	stent	overlap	(21).	Following	stent	implantation	

to	complex	coronary	lesions,	Tanigawa	et	al	(22,	23)	used	OCT	to	analyze	a	total	of	

6,402	 struts	 from	23	patients	 (25	 lesions)	 and	 found	9.1±7.4%	of	all	 struts	 in	each	

lesion	 treated	 were	 malapposed.	 Univariate	 predictors	 of	 malapposition	 on	

multilevel	 logistic	 regression	 analysis	 where:	 implantation	 of	 a	 1st	 generation	 SES,	

overlapping	 stents,	 longer	 stent	 length,	 and	 type	 C	 lesions.	 Likely	 explanations	 for	



	 86	

malapposition	 include	 increased	 strut	 thickness,	 closed	 cell	 design,	 or	 acute	 stent	

recoil.	The	latter	has	been	demonstrated	in	SES	to	be	in	the	range	of	15%	despite	the	

use	of	high-pressure	balloon	dilatation	(24).	While	these	findings	are	impressive	and	

helpful	 for	 the	 improvement	 of	 future	 stent	 designs,	 the	 clinical	 relevance	 and	

potential	long-term	sequelae	of	malapposed	struts	as	detected	by	OCT	are	currently	

unknown.		

Several	studies	suggest	that	acute	malapposition	 increases	risk	of	uncovered	struts	

(19).	 	 Gutierrez-Chico	 et	 al	 used	 OCT	 to	 assess	 neointimal	 strut	 coverage	 9-13	

months	after	1st	and	2nd	generation	DES	placement	in	99	patients.	They	found	that	at	

follow-up,	94.1%	of	well-apposed	struts	were	covered	by	tissue	versus	78.1%	of	non-

apposed	 struts	 and	27.4%	of	 ISA	 struts	 (18).	 This	 group	 subsequently	 showed	 that	

while	 acute	 ISA	 is	 exceedingly	 common	 overall	 (84%,	 n=36/43	 patients),	 it	

completely	 resolves	by	 6-13	months	 in	 72%	of	 cases.	However,	 areas	of	 acute	 ISA	

were	more	likely	to	show	delayed	tissue	coverage	at	follow-up	(RR=2.37),	and	larger	

regions	of	acute	ISA	predicted	both	persistent	ISA	and	delayed	healing	(19).	Based	on	

OCT	 imaging,	 they	 proposed	 6	 morphological	 patterns	 of	 ISA	 that	 correlate	 with	

uncovered	struts,	and	may	be	related	to	different	mechanisms	and	risks	of	late	stent	

failure	(19).		

Im	et	al	more	recently	used	OCT	in	351	patients,	showing	that	while	acute	ISA	occurs	

in	62%	of	patients,	it	persists	in	31%	of	these	patients	(19%	overall)	at	6	months.	Risk	

factors	for	persistent	ISA	included	location	at	stent	edges	(OR	6.3)	and	longer	regions	

of	acute	ISA	(OR	1.17).	Ultimately,	however,	no	major	adverse	cardiac	events	were	
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reported	 in	 patients	 with	 late	 ISA	 during	 a	 mean	 follow-up	 of	 28.6	 months	 (5),	

highlighting	the	controversial	role	of	late	ISA	in	stent	failure.	

2.4 Plaque	morphology	

	

The	 indication	 for	 stent	 placement	 (ACS	 versus	 stable	 angina)	 has	 received	

considerable	 attention	 as	 a	 risk	 factor	 for	 late	 stent	 failure	 (25).	 OCT	 has	made	 it	

possible	 to	 investigate	 one	 step	 further	 and	 assess	 the	 role	 of	 culprit	 plaque	

morphology	 in	 clinical	 presentation	 and	 prediction	 of	 overall	 severity	 of	

atherosclerosis.		

OCT	 has	 been	widely	 used	 to	 identify	 key	morphological	 plaque	 components	 that	

predict	vulnerability	and	 rupture,	 such	as	 thin	 fibrous	caps,	high	 lipid	content,	and	

large	 necrotic	 cores	 (26).	 Correlation	 between	 clinical	 presentation	 and	 culprit	

plaque	 morphology	 show,	 for	 instance,	 that	 ruptured	 plaques	 more	 often	 cause	

STEMI	 than	 eroded	 or	 calcified	 plaques	 (27).	 Vergallo	 et	 al	 recently	 conducted	 3-

vessel	OCT	 in	38	patients	with	ACS	due	to	either	plaque	rupture	or	plaque	erosion	

(28).	 They	 found	 that	 in	 patients	 with	 ruptured	 culprit	 plaque,	 the	 non-culprit	

plaques	in	other	coronary	vessels	were	more	often	TCFAs	(52.9%	v	19.0%,	p=	0.029)	

and	had	higher	prevalence	of	features	of	vulnerability	such	as	wider	lipid	arc,	greater	

lipid	content	and	thinner	fibrous	caps	(28).		

These	findings	suggest	that	patients	with	ruptured	culprit	plaques	may	be	at	greater	

risk	 of	 stent	 failure	 due	 to	 higher	 burden	 and	 severity	 of	 atherosclerosis,	 but	 the	

long-term	 incidence	 in	 these	 cases	 remains	 to	 be	 seen.	 If	 these	 observations	 are	
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confirmed,	OCT	to	 identify	culprit	 lesion	morphology	may	help	risk-stratify	patients	

who	 are	 at	 higher	 risk	 of	 late	 adverse	 outcomes,	 thereby	 altering	 medical	

management	of	coronary	disease.		

3 Stent	Edge	Dissection	
	

Percutaneous	 coronary	 interventions	 (PCI)	 carry	 an	 inherent	 risk	 of	 injury	 to	 the	

vessel	wall.	Edge	dissection	is	one	such	form	of	injury,	characterized	by	disruption	in	

the	internal	surface	of	the	arterial	lumen,	and	depending	on	the	severity,	can	involve	

the	 intima,	 media,	 and	 adventitia.	 At	 the	 advent	 of	 PCI,	 balloon	 angioplasty-

associated	 dissections	 were	 not	 uncommon	 and	 were	 often	 associated	 with	

catastrophic	 sequelae	 such	 as	 acute	 vessel	 closure	 (29).	 In	 the	 current	 era	 of	

coronary	stents,	 iatrogenic	dissections	mostly	occur	 in	the	transition	zone	between	

the	rigid	sent	edge	and	adjacent	arterial	wall	(30).	They	have	been	identified	as	one	

factor	that	 increases	the	risk	of	stent	thrombosis	and	major	adverse	cardiac	events	

(MACE)	(31-33).	 	

Most	OCT	studies	define	edge	dissection	if	it	occurs	within	the	5mm	regions	adjacent	

to	 the	 stent	 borders.	 Based	 on	 OCT	 appearance,	 Chamie	 et	 al.	 (34)	 proposed	

classification	of	edge	dissection	according	to	morphology	(flap	or	cavity)	and	depth	

of	penetration	(intimal,	medial,	or	adventitial)	(Figure	2).			

Rates	 of	 detection	 of	 edge	 dissection	 are	 different	 depending	 upon	 the	 imaging	

modality	used.	One	study	compared	edge	dissection	rates	by	angiography,	IVUS,	and	

OCT	 in	58	consecutive	patients	after	 stent	 implantation,	and	reported	 rates	of	3%,	
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4%	and	24	%	 respectively	 (35)	 .	 Liu	et	 al.	 used	 IVUS	after	DES	 implantation	 in	887	

patients,	reporting	an	overall	9%	incidence,	with	near	equal	distribution	at	distal	and	

proximal	edges	(36).	An	OCT	study,	however,	showed	more	than	twice	as	many	distal	

dissections	than	proximal	 (67.9%	vs.	32.1%),	with	an	overall	 incidence	of	37.8	%	 in	

249	treated	lesions	(34).	While	most	of	these	dissections	(84%)	were	not	visible	on	

angiography,	 those	 identified	by	both	OCT	and	angiography	extended	deeper	 than	

the	 intima	 and	 had	 larger	 flap	 dimensions.	 The	 authors	 concluded	 that	 vessel	

overstretching	 plays	 a	 significant	 role	 in	 distal	 edge	 dissection	 and	 that	 every	 1%	

increase	in	the	ratio	of	stent/lumen	diameter	results	in	a	22%	increase	in	its	risk	(34).		

Chamie	et	al.(34)	identified	following	independent	predictors	of	OCT-detected	edge	

dissections:	 atherosclerotic	 plaque	 at	 stent	 edges,	 angle	 of	 calcification	 in	 fibro-

calcific	plaques,	minimum	fibrous	cap	thickness	in	lipid-rich	plaques,	stent	and	lumen	

eccentricity,	 and	 stent-to-lumen	diameter	 and	 area	 ratios.	 Stent	 placement	 over	 a	

diseased	 section	 carried	 6	 times	 higher	 odds	 of	 causing	 dissection	 (Figure	 2),	 and	

indeed,	 plaque	 composition	 at	 the	 site	 of	 dissection	 is	 often	 characterized	 by	

necrotic	 core	 and	 greater	 dense	 calcium	 levels	 (35).	 Taken	 together,	 these	 results	

highlight	an	important	observation	that	only	4.7%	of	all	dissected	edges	were	free	of	

disease	 by	 OCT,	 contrasting	 to	 24.6%	 of	 the	 non-dissected	 edges	 (p	 <	 0.001).	 It	

proves	 once	 again	 that	 angiography	 is	 limited	 in	 assessing	 the	 extent	 of	

atherosclerotic	disease.	PCI	based	solely	on	angiographic	information	can	potentially	

lead	 to	 a	 “geographical	 miss”,	 whereas	 in	 OCT-guided	 PCI,	 one	 can	 accurately	

identify	 truly	 disease-free	 stent	 landing	 zone	 thereby	 minimizing	 the	 risk	 of	 edge	

dissection.	
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3.1 Impact	on	Acute	management	

	

Given	 the	 high	 resolution	 of	 OCT,	 more	 and	 more	 edge	 dissections	 are	 being	

detected.	This	poses	a	dilemma	for	interventionalists	when	deciding	which	ones	are	

significant	enough	to	be	treated.	Previous	studies	(31,	32,	37-39)	correlating	them	to	

catastrophic	outcomes	of	acute	and	sub-acute	stent	thrombosis	utilized	angiography	

and	IVUS,	which,	because	they	have	a	substantially	lower	sensitivity,	tend	to	detect	

only	 larger,	 more	 complex,	 and	 more	 severe	 cases	 than	 those	 detected	 by	 OCT.	

More	recent	data	suggests	 that	most	of	 the	OCT	detected	edge	dissections	can	be	

managed	 conservatively.	 In	 the	 study	 by	 Chamie	 et	 al,	 22.6%	 of	 OCT-detected	

dissections	 required	 additional	 stents,	 but	 only	 just	 over	 half	 of	 these	 were	

detectable	 concomitantly	 on	 angiography	 and	 OCT,	 meaning	 larger	 and	 complex	

dissections.	 Prati	 et	 al	 (40)	 also	 identified	 edge	 dissection	 in	 14.2	 %	 of	 the	 cases	

where	OCT	was	used	to	guide	PCI.	Out	of	these,	5.4	%	were	treated	with	additional	

stenting.	All	of	the	OCT	detected	dissections	were	angiographically	silent.	

3.2 Natural	History	

	

The	healing	response	to	acute	vessel	wall	injury	includes	a	sequence	of	inflammation,	

granulation,	 extracellular	 matrix	 remodelling,	 and	 smooth	 muscle	 cell	 (SMC)	

proliferation	that,	if	uncontrolled,	can	potentially	lead	to	intimal	hyperplasia	and	re-

stenosis	(41).	Surprisingly	however,	some	studies	from	the	1990s	reported	minimal	

influence	of	small	dissections	(NHLBI	type	A	and	B)	on	adverse	outcomes	(42,	43).	
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Similar	 outcome	 trends	 were	 reported	 in	 an	 “all	 comers”	 OCT	 trial	 involving	 395	

stent	edges	 in	230	patients	where	authors	concluded	 that	 smaller	dissections	with	

longitudinal	length	≤1.75	mm,	with	<2	concomitant	flaps,	flap	depth	≤0.52	mm,	flap	

opening	≤0.33	mm,	and	not	extending	deeper	than	the	media	layer,	if	left	untreated	

had	minimal	impact	on	MACE	at	12	months	(34).	De	Cock	et	al.	assessed	incidence	of	

acute	 vessel	 trauma	 after	 DES	 implantation	 in	 62	 lesions	 with	 OCT	 and	 checked	

healing	 response	 at	 9	months,	 finding	 acute	 edge	 dissections	 in	 56%,	 but	 residual	

flap	was	visible	only	in	one-third	at	follow-	up	(44).	

OCT	 use	 post	 PCI	 reveals	 more	 edge	 dissections	 with	 only	 a	 proportion	 of	 these	

concomitantly	 visible	 on	 angiography.	 It	 seems	 that	most	 of	 the	 superficial,	 short	

and	non-flow-limiting	dissections,	if	left	untreated	are	benign.	This	is	especially	true	

if	these	are	only	detectable	on	OCT	(44-46).	

4 Stent	Fracture			
	

Due	to	its	potential	association	with	stent	thrombosis	(47)	and	stent	re-stenosis	(48),	

stent	 fracture	 has	 attracted	 considerable	 attention	 in	 interventional	 cardiology.	

Depending	 upon	 the	 definition,	 duration	 of	 follow	 up,	 type	 of	 stent,	 and	 imaging	

modality	used,	rates	of	stent	fracture	have	been	reported	anywhere	from	1.7-2.6%	

in	clinical	registries	(49)	to	29%	in	one	autopsy	study	(50).	Thus	while	reported	rates	

vary	 considerably,	 it	 has	been	particularly	 associated	with	 focal	 in-stent	 restenosis	

(51,	52)	and	 increased	need	for	 target	 lesion	revascularization	 (53),	but	 the	overall	

risk	of	stent	fracture-related	MACE	is	relatively	low	(2,	52).	
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4.1 Classification	

Lee	 et.	 al	 used	 the	 following	 fluoroscopic	 definitions	 of	 stent	 fracture	 in	 1009	

patients	with	DES	who	had	undergone	 follow-up	angiography,	 reporting	an	overall	

incidence	of	1.5	%.		

Type	I:	single	strut	fracture	only		 	

Type	II:	multiple	strut	fractures	at	different	sites	

Type	 III:	 incomplete	 transverse	 fracture	 and	 complete	 transverse	 fracture	without	

displacement	more	than	1mm	during	the	cardiac	cycle	

Type	IV:	Transverse	fracture	with	displacement	(52)	

This	group	also	defined	stent	fracture	by	IVUS	as	absence	of	stent	struts	on	at	least	

one	IVUS	frame.	

4.2 Predisposing	Factors	

Predisposing	factors	include	length	of	the	implanted	stent,	angulated	lesion	(2),	use	

of	 overlapping	 stents	 (48),	 lesion	 length	 >	 20mm,	 extensive	 calcification,	 ostial	

location	(54),	vein	grafts,	and	right	coronary	artery	location	(49,	53).			

The	type	of	the	stent	also	seems	to	have	a	bearing	on	the	incidence	of	stent	fracture.	

It	is	more	frequently	reported	with	1st	generation	SES	(2,	55),	perhaps	reflective	of	its	

closed	cell	design	(48),	thicker	struts	(154	microns),	and	thinner	interconnecting	links.	

It	 has	 also	 been	demonstrated	 in	more	 recent	 devices	 such	 as	 zotarolimus-eluting	
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and	 third-generation	 DESs	 using	 biodegradable	 polymers,	 like	 the	 biolimus-eluting	

stent;	 (Terumo	Corporation,	Tokyo,	 Japan)	 (56,	57).	BMS-related	 stent	 fracture,	on	

the	other	hand,	has	only	been	reported	sporadically,	and	those	mostly	in	vein	grafts	

(58,	59).	This	may	be	explained	by	higher	mechanical	strain	in	the	vein	grafts	due	to	

their	 tortuosity	and	peri-graft	 fibrosis	 leading	 to	 repetitive	hinge	movement.	 It	has	

been	proposed	however,	that	the	actual	incidence	of	stent	fracture	in	BMS	may	be	

higher	 than	 reported	 because	 diffuse	 tissue	 overgrowth	 inside	 BMS	 masks	 some	

fractures	from	detection.	

4.3 Diagnosis	of	Stent	Fracture	

Traditionally,	 coronary	 angiography	 (48)	 or	 plain	 fluoroscopy	 (2)	 were	 used	 to	

identify	stent	fracture,	but	in	2008	Yamada	et	al	demonstrated	improved	sensitivity	

for	 stent	 fracture	 detection	 by	 using	 IVUS,	 detecting	 cases	missed	 by	 angiography	

alone	 (60).	 Other	 studies	 have	 demonstrated	 the	 incremental	 value	 of	 IVUS	 in	

detection	rates	(52,	61),	however	both	coronary	angiography	and	IVUS	have	limited	

ability	to	visualize	individual	struts,	hence	the	true	incidence	is	likely	underestimated.	

More	 recently	 CT	 angiography	 has	 been	 shown	 to	 have	 higher	 sensitivity	 than	

angiography	and	 IVUS	 for	detecting	 stent	 fracture	 (62).	A	comparison	of	DES	stent	

fracture	rates	utilizing	both	CT	Angiography	and	coronary	angiography	 in	the	same	

patients	showed,	for	instance,	rates	of	16.9%	versus	1.0%,	respectively	(35).		

4.4 Role	of	OCT	

Although	 strict	OCT	 criteria	 for	 stent	 fracture	 have	 not	 been	 established,	OCT	 has	

emerged	 as	 one	 the	 most	 sensitive	 diagnostic	 tools	 to	 detect	 this	 due	 to	 its	
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exceptional	 resolution	of	 10-15	microns.	 The	 appearance	of	 stent	 fracture	on	OCT	

imaging	 includes	 features	 such	 as	 lack	 of	 circumferential	 struts,	 disruption	 in	 the	

circular	 geometry	 of	 stented	 segment,	 strut	 misalignment	 and	 overlap,	 abrupt	

alteration	 in	 stent	 architecture	with	 or	without	 tissue	 protrusion,	 and	 focal	 tissue	

hyperplasia	(51,	63).	

4.5 Role	of	3D	OCT	

The	above-mentioned	 criteria	have	 several	 limitations,	 especially	 as	 the	designs	of	

the	modern	day	stent	platforms	continue	to	evolve.	Platforms	with	open	cell	designs	

have	minimal	cross	links,	which	can	result	in	strut	separation	particularly	under	high	

pressure	 balloon	 inflation,	 thereby	 giving	 a	 false	 appearance	 of	 stent	 fracture	 on	

fluoroscopy	 or	 CT	 (pseudo-fracture).	 Contemporary	 stents	 have	 improved	

deliverability	 and	 flexibility	 but	 it	 can	 be	 at	 the	 expense	 of	 decreased	 longitudinal	

strength	with	some	reports	observing	this	finding	more	commonly	in	stents	based	on	

platinum-chromium	 platforms	 (64,	 65).	 This	 same	 phenomenon	 can	 present	 a	

problem	even	for	2D-OCT:	in	the	transverse	frame	perspective	of	traditional	OCT,	it	

is	 not	 always	 clear	 whether	 non-uniform	 strut	 distribution	 is	 due	 to	 true	 stent	

fracture	 or	 pseudo-fracture.	 This	 concept	 was	 demonstrated	 in-silico	 models	 by	

Ormiston	et	al	when	they	tested	longitudinal	strength	of	seven	different	stents	with	

micro-computed	 tomography,	 concluding	 that	 stents	 with	 only	 two	 connectors	

between	 hoops	 exhibited	 bunching	 or	 separation	 of	 struts	 which	 can	 be	 easily	

confused	 with	 true	 stent	 fracture	 (66).	 OCT	 with	 3D	 volume	 rendering	 and	 strut	

segmentation	has	shown	considerable	promise	in	distinguishing	these	two	(Figure	3,	

Video	1	&	2)	especially	when	the	fracture	involves	only	one	side	of	the	stent	(67).	
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4.6 Clinical	Implications	

It	is	expected	that	with	the	increasingly	widespread	use	of	intravascular	imaging	and	

with	 further	 refinements	 in	 3D	 technology,	 even	 the	 tiniest	 of	 distortions	 in	 strut	

geometry	 will	 become	 detectable.	 The	 significance	 of	 such	 sub-clinical	 imaging	

findings	can	only	be	determined	by	long-term	follow	up.	However,	such	knowledge	

may	potentially	assist	the	cardiologist	in	selecting	the	appropriate	stent	where	more	

longitudinal	 integrity	 is	required,	such	as	 in	ostial	 lesions	or	vessel	segment	subject	

to	 repetitive	 deforming	 forces.	 It	 can	 also	 provide	 valuable	 information	 to	 help	

improve	future	stent	designs.	

	

5 In-stent	Restenosis	and	Neoatherosclerosis		
	

It	 is	 widely	 established	 that	 almost	 one-third	 of	 patients	 with	 BMS	 present	 with	

acute	 coronary	 syndrome	 related	 to	 in-stent	 restenosis(ISR)	 (68).	 OCT	 studies	

suggest	 that	 in-stent	 restenosis	 after	 BMS	 typically	 shows	 a	 homogeneous	 high	

signal	 tissue	band,	which	 is	 characteristic	of	neointimal	hyperplasia	 rich	 in	 smooth	

muscle	 cells	 (69).	 Intimal	 hyperplasia	 has	 been	 reported	 to	 peak	 early	 at	 6-12	

months	after	BMS	 implantation	and	then	stabilize	 (70-72)	or	even	regress	 to	some	

extent	(70,	73,	74).	Although	DES	reduced	the	early	incidence	of	in-stent	restenosis,	

recent	 studies	 have	 suggested	 a	 continuous	 neointimal	 growth	 during	 long-term	

follow-up,	referred	to	as	a	“late	catch-up”	phenomenon.	Thus	there	remain	concerns	

about	late	complications	of	 in-stent	restenosis	as	well	as	 late	stent	thrombosis	(68,	
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75-81),	which	have	both	been	associated	with	need	for	repeat	procedures	and	target	

lesion	 revascularization	 late	 after	 DES	 implantation	 (82,	 83).	 In	 contrast	 to	 the	

homogeneous	neointimal	hyperplasia	in	a	BMS,	the	ISR	after	DES	is	characterized	by	

a	 layered	 or	 heterogeneous	 intra-stent	 tissue	 band,	 which	 may	 represent	

hypocellular	neointima	with	high	proteoglycan	or	 fibrin	content,	or	may	be	part	of	

the	spectrum	of	neoatherosclerotic	changes	(69).	Further	studies	confirm	that	after	

an	initial	period	of	stabilization	in	the	neointimal	hyperplasia,	there	is	subsequent	re-

narrowing	of	the	lumen	likely	related	to	neoatherosclerosis	(84).		

The	 neointimal	 layer	 over	 BMS	 or	 DES	 struts	 is	 subject	 to	 atherosclerotic	 forces	

similar	 to	 that	 of	 the	 native	 coronary	 vessels	 (85,	 86).	 Neoatherosclerosis	 is	 this	

subsequent	 development	 of	 atherosclerosis	 within	 the	 neointimal	 layer	

(histologically	 defined	 as	 clusters	 of	 lipid-laden	 foamy	 macrophages	 within	 the	

neointima	 with	 or	 without	 necrotic	 core	 formation)	 (86,	 87),	 and	 has	 been	

hypothesised	to	provide	the	substrate	for	late	stent	failure	(85,	86,	88)	including	ISR	

and	 late	 stent	 thrombosis	 (89).	 The	 exact	 pathogenesis	 of	 neoatherosclerosis	

remains	unknown,	but	 chronic	 inflammation	and	endothelial	dysfunction	are	 likely	

to	play	a	role	(86,	87).		

5.1 Histological	and	Angioscopic	Findings	

Initial	histological	studies	suggested	that	peri-strut	inflammatory	reaction	to	metallic	

stents	might	accelerate	new	indolent	atherosclerotic	changes	within	the	stents	(90).	

It	was	noted,	however,	 that	new	restenosis	after	5	years	of	BMS	 implantation	had	

neoatherosclerosis	regardless	of	the	presence	of	inflammation	(91).	In	fact,	autopsy	
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studies	 suggest	 that	neoatherosclerosis	 in	DES	 is	more	 frequent	and	occurs	earlier	

than	 in	 BMS,	 therefore	 likely	 related	 to	 different	 pathogenic	mechanism	 (87,	 92).	

The	atherosclerotic	change	with	foamy	macrophage	infiltration	was	seen	as	early	as	

4	months	 in	DES	 vs	2-4	 years	 in	BMS,	 and	 the	necrotic	 core	 formation	began	at	 9	

months	 compared	 to	 5	 years	 in	 BMS	 (92).	 Unstable	 lesions	 like	 the	 thin-cap	

fibroatheromas	 (TCFA)	 or	 intimal	 rupture	 were	 seen	 early	 in	 DES	 (1.5	 ±	 0.4	 years	

compared	 with	 6.1	 ±	 1.5	 years	 for	 BMS)	 (87).	 Similar	 findings	 were	 observed	 on	

angioscopic	 studies	 suggesting	an	early	healing	 response	after	a	BMS	 implantation	

with	a	subsequent	atherosclerotic	transformation,	and	a	significant	rise	in	incidence	

with	time	after	6	months	associated	with	late	luminal	narrowing	(93,	94).	

5.2 Insights	from	Optical	Coherence	Tomography	

Owing	 to	 its	 remarkable	 resolution,	OCT	has	demonstrated	 its	 ability	 to	accurately	

characterize	 and	 evaluate	 vascular	 responses	 after	 stent	 implantation.	

Neoatherosclerotic	change	has	been	defined	on	OCT	as	heterogeneous	appearance	

with	 low-intensity	 areas	 within	 the	 neointimal	 tissue	 (representing	 lipid-laden	

neointima),	or	calcification	within	stents	(95,	96).	On	OCT	images,	lipidic	neointima	is	

described	as	diffusely	bordered,	signal-poor	regions	with	overlying	signal-rich	band	

while	 calcific	 neointima	 is	 well-delineated,	 signal-poor	 region	 with	 sharp	 borders	

(Figure	4).	

Long-term	 OCT	 studies	 have	 demonstrated	 neoatherosclerosis	 may	 be	 associated	

with	lumen	loss	late	after	BMS	implantation,	suggesting	the	late	development	of	an	

unstable	 substrate	 for	 ACS.	 Within	 a	 year	 of	 BMS	 implantation,	 the	 incidence	 of	
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neoatherosclerotic	change	is	approximately	18%	and	rises	dramatically	to	90%	after	

5	 years	 (96).	 The	 incidence	of	neointimal	disruption	 (morphologically	 analogous	 to	

ruptured	fibroatheroma	in	a	native	coronary	vessel)	can	be	as	high	as	18.6%	after	5	

years	 of	 BMS	 implantation	 (96).	 Similarly,	 Takano	 et	 al	 showed	 that	 lipid-laden	

intima	(67%),	intimal	disruption	(38%),	and	luminal	thrombus	formation	(52%)	were	

found	frequently	at	≥5	years	(97).	

A	 recent	 OCT	 analysis	 of	 50	 patients	 with	 DES	 restenosis	 and	 intimal	 hyperplasia	

>50%	of	stent	area	(median	follow-up	time	of	32.2	months)	demonstrated	that	52%	

of	lesions	had	at	least	1	TCFA–containing	neointima	and	58%	had	at	least	1	in-stent	

neointimal	rupture	(98).	Compared	with	stable	angina,	patients	with	unstable	angina	

had	 thinner	 fibrous	 caps	 (55	 μm	 vs.	 100	 μm;	 p=0.006),	 higher	 incidence	 of	 TCFA-

containing	neointima	(75%	vs.	37%;	p=0.008),	presence	of	 intimal	 rupture	 (75%	vs.	

47%;	 p=0.044),	 thrombi	 (80%	 vs.	 43%;	 p=0.010),	 and	 red	 thrombi	 (30%	 vs.	 3%;	

p=0.012).	 The	 incidence	 increased	with	 time,	 and	 at	 ≥20	months,	 the	 incidence	of	

TCFA-containing	 neointima	 and	 red	 thrombi	 was	 significantly	 higher	 compared	 to	

<20	 months.	 These	 findings	 suggest	 that	 in-stent	 neoatherosclerosis	 may	 be	 an	

important	mechanism	of	DES	failure,	especially	late	after	implantation.	

5.3 Predictors	of	Neoatherosclerosis	

Yonetsu	et	al.	 (95)	recently	analysed	1080	patients	who	underwent	OCT	to	 identify	

179	 stents	 in	 151	 patients	 in	whom	 the	mean	 neointimal	 thickness	was	 >100	 µm	

(Table	1).	A	stent	age	of	≥48	months,	all	subtypes	of	DES,	current	smoking,	chronic	

kidney	 disease	 (CKD),	 and	 angiotensin-converting	 enzyme	 (ACE)	



	 99	

inhibitors/angiotensin	 II	 receptor	 blockers	 (ARB)	 use	 were	 the	 independent	

predictors	for	neoatherosclerosis	(the	use	of	ACE-I	/	ARB	was	significantly,	inversely	

associated	with	presence	of	NA).	Age	≥65	year	was	significant	on	univariate	but	not	

on	 multivariate	 analysis.	 No	 significant	 association	 was	 observed	 with	 traditional	

atherosclerosis	risk	factors	such	as	hypertension,	hyperlipidemia,	and	even	diabetes	

mellitus.	Importantly,	although	all	the	subtypes	of	DES	were	independent	predictors	

for	 neoatherosclerosis	 in	 this	 study,	 the	 underlying	 vascular	 response	 might	 be	

different	among	them	(99).	Lee	et	al	have	suggested	that	the	use	of	first-generation	

DES	as	 another	 independent	 risk	 factor,	 in	 addition	 to	 stent	 age	and	hypertension	

(100).	 Furthermore,	 patients	 with	 neoatherosclerosis	 more	 frequently	 underwent	

TLR	or	suffered	from	stent	thrombosis	when	compared	to	patients	without	it	(100).		

A	possible	association	with	smoking	may	be	that	nicotine	enhances	angiogenesis	 in	

endothelial	cells,	and	cigarette	smoke	can	induce	endothelial	injury	with	subsequent	

atherosclerosis	 (101).	 Given	 the	 metallic	 materials	 beneath	 the	 intimal	 tissue,	

endothelial	 function	 in	 neointima	 can	 be	 inhibited	 especially	 in	 DES,	 which	 may	

affect	 the	 impaired	 recovery	 from	 endothelial	 injury	 in	 patients	 with	 smoking.	

Moreover,	 angiogenesis	 may	 also	 exaggerate	 the	 development	 of	 lipid	 within	 a	

neointima	 (95).	 Similarly,	 chronic	 kidney	 disease	 is	 associated	 with	 systemic	

abnormalities	 including	 high	 oxidative	 stress,	 endothelial	 dysfunction,	 and	

inflammatory	status	which	may	be	responsible	for	inducing	endothelial	damage	and	

promoting	lipid	proliferation	thus	leading	to	plaque	vulnerability	(95).	

These	 findings	 further	 support	 the	 importance	of	 secondary	prevention	after	 stent	

implantation.	Therapy	with	ACE	inhibitors	or	angiotensin	receptor	blockers	reduced	
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neointimal	proliferation	and	restenosis	suggesting	that	the	tissue	renin	angiotensin	

system	may	play	a	role	in	neointima	formation	inside	the	stent	(95).		

5.4 Neoatherosclerosis:	 The	 missing	 link	 between	 restenosis	 and	

thrombosis?		

Rapidly	emerging	and	compelling	data	support	 the	 importance	of	NA	 in	relation	to	

ACS,	 particularly	 late	 stent	 thrombosis	 after	 either	 BMS	 or	 DES	 implantation.	 OCT	

findings	 of	 ruptured	 neoatherosclerotic	 plaques	 with	 intraluminal	 thrombi	 may	

provide	 a	missing	 link	 between	 very	 late	 in-stent	 restenosis	 and	 stent	 thrombosis	

(102).	Histological	and	OCT	evidence	of	an	early	neoatherosclerotic	 transformation	

in	DES	as	compared	to	BMS	associates	 it	with	neointimal	rupture	as	a	contributory	

mechanism	 to	 ST	 in	 addition	 to	 incomplete	 endothelialization	 (87,	 97).	 The	 best	

cutoff	to	detect	lipid-laden	neointima	has	been	reported	55	months	for	BMS	and	14	

months	 for	 DES	 (95).	 Lee	 et	 al.	 have	 reported	 an	 optimal	 cut-off	 time	 to	 predict	

neoatherosclerosis	 in	DES-treated	 lesions	 as	 30	months	 (100).	On	 the	 other	 hand,	

the	 best	 cut-off	 to	 predict	 TCFA	 has	 been	 suggested	 as	 20	 months	 after	 a	 DES	

implantation	(98).	A	ruptured	neointima	can	present	as	a	non	ST-elevation	MI	or	ST-

elevation	MI	with	thrombotic	occlusion	of	stent.	

The	precise	mechanisms	of	neoatherosclerosis	development	in	DES	remain	unknown	

at	this	stage,	although	various	pathophysiologic	factors	have	been	postulated	which	

include	 incomplete	 endothelial	 coverage	 or	 defective	 function	 and	 alteration	 of	

extracellular	matrix	leading	to	accelerated	atherosclerosis.		
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Neoatherosclerosis	 is	 increasingly	recognized	as	an	important	substrate	for	 in-stent	

restenosis	and	late	stent	thrombosis.	It	occurs	in	both	DES	and	BMS,	although	much	

earlier	 and	 more	 frequently	 in	 DES.	 	 Postulated	 predictors	 are	 stent	 age,	 DES,	

smoking,	 hypertension,	 and	 chronic	 kidney	 disease,	 whereas	 the	 use	 of	 ACE	

inhibitors	or	angiotensin	receptor	blockers	appears	to	be	protective.	Early	detection	

of	 neoatherosclerosis	may	 help	 to	 improving	 long-term	outcomes	 in	 patients	with	

stents.	 	OCT	provides	the	imaging	capabilities	for	 long	term	follow	up	of	such	high-

risk	patients,	and	is	able	to	shed	light	on	the	effect	of	therapies	that	aim	to	attenuate	

the	 risk	 of	 recurrence.	 Recent	 findings	 highlight	 the	 critical	 role	 secondary	

prevention	plays	in	the	long	term	following	stent	implantation.	

6 Emerging	role	of	OCT-guided	PCI	
	

	

A	 large	 and	 increasing	 body	 of	 literature	 suggests	 that	 stent	 malapposition,	

uncovered	stent	struts,	and	neoatherosclerosis	are	increasingly	relevant	markers	for	

late	 ST	 (103,	 104)	 Further	 studies	 may	 implicate	 culprit	 lesion	 morphology,	 stent	

fracture,	and	stent	edge	dissection	as	well.	Because	OCT	is	the	superior	modality	to	

detect	 these	 entities,	 it	 is	 expected	 that	 OCT-guided	 intervention	 will	 become	

increasingly	 relevant	 in	 the	 early	 detection	 and	 treatment	 of	 high-risk	 findings.	

Recent	work	using	OCT	and	computational	fluid	dynamics	has	provided	encouraging	

examples	of	how	OCT	can	guide	intervention	and	improve	outcomes	(105).	

While	OCT	 studies	 show	 that	acute	 ISA	 is	extremely	 common,	 the	vast	majority	of	

cases	show	spontaneous	resolution	and	a	marked	absence	of	MACE	(25).	It	appears,	
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however,	 that	 the	 ultimate	 significance	 is	 that	 it	 increases	 risk	 for	 late	 ISA	 and	

uncovered	 struts,	 which	 have	 stronger	 implications	 on	 ST	 and	 other	 late	 stent	

outcomes	(19,	106).		

Recent	 OCT-based	 computational	 fluid	 dynamics	 (CFD)	 studies	 have	 also	 explored	

the	 relationship	 between	 ISA	 and	 atherogenic	 shear	 stress	 patterns.	 Foin	 et	 al	

showed	 proportional	 increases	 in	 hemodynamic	 flow	 disturbance	 with	 increasing	

strut	malapposition	 (16).	 Further	 analysis	 of	 post-PCI	 and	 6-month	 follow-up	 OCT	

images	 in	 48	 patients	 showed	 that	 increasing	 acute	malapposition	 correlates	with	

increased	 risk	 of	 uncovered	 struts	 at	 follow-up,	 particularly	 in	 cases	 of	 acute	

malapposition	>300µm	(16).	These	 findings	also	correlate	with	an	earlier	proposed	

OCT-derived	 cut-off	 value	 of	 acute	 malapposition	 >260µm	 to	 determine	 risk	 for	

persistent	ISA	and	uncovered	struts	(106).		

Other	OCT-based	measures	of	stent	malapposition	and	endothelial	healing	have	also	

been	suggested.	Gutierrez-Chico	et	al	proposed	6	distinct	morphological	patterns	of	

endothelial	 coverage	 in	 ISA:	 homogenous,	 layered,	 crenellated,	 bridged,	 partially	

bridged,	 and	 bare	 (19).	 Based	 on	 the	 OCT	 appearance	 of	 these	 different	 strut	

coverage	patterns,	they	hypothesized	that	each	pattern	may	correlate	with	specific	

pathologic	 mechanisms.	 Although	 further	 study	 is	 required,	 this	 OCT-based	

classification	 scheme	 may	 provide	 critical	 information	 about	 the	 risk-profile	 of	

different	types	of	ISA.	It	may	help	distinguish	relevant	from	irrelevant	forms	of	ISA,	

thereby	 identifying	 high-risk	 findings	 in	which	medical	 or	 interventional	 treatment	

may	reduce	risk	of	late	ST.		
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While	 evidence	 does	 not	 yet	 unequivocally	 support	 OCT-guided	 re-intervention	 in	

acute	malapposition,	these	studies	suggest	that	post-PCI	OCT	may	be	able	to	identify	

significant	 acute	 ISA	 that	 may	 benefit	 from	 post-dilatation	 to	 reduce	 risk	 of	 late	

persistent	ISA,	uncovered	struts,	and	late	ST	(Figure	5).		

In	 fact,	 recent	 studies	 show	 that	 OCT-guided	 PCI	 is	 safe	 and	 improves	 outcomes.	

Prati	 et	 al	 compared	 12-month	 mortality	 and	 MI	 rates	 in	 670	 patients	 who	

underwent	either	standard	angiography	or	OCT-guided	angiography	for	ACS.	 In	the	

OCT	 group,	 post-PCI	 imaging	 showed	 edge	 dissection,	 malapposition,	 residual	

thrombus,	 and	 stent	 under-expansion	 not	 detected	 by	 angiography	 alone,	 and	

resulted	in	re-intervention	(further	stenting	and/or	post-dilatation)	in	34.7%	of	cases.	

At	 12-month	 follow-up,	 patients	 who	 underwent	 OCT-guided	 angiography	 had	

significantly	 lower	 rates	 of	 cardiac	 death	 and	 MI	 (p=0.037)	 (4).	 This	 study	

demonstrates	 the	 particular	 strength	 of	 OCT	 as	 a	 method	 of	 early	 detection	 and	

treatment	of	stent	complications	in	a	prospective,	preventative	manner.	

The	role	of	intervention	to	address	late	findings	such	as	uncovered	struts	and	arterial	

remodeling,	however,	is	less	clear.	It	is	perhaps	most	realistic	to	acknowledge	OCT	as	

a	 retrospective	 tool	 in	 this	 regard,	 and	 to	 use	 findings	 such	 as	 uncovered	 struts,	

arterial	 remodeling,	 and	 neoatherosclerosis	 to	 improve	 the	 general	 medical	

management	of	patients	at	risk	for	catastrophic	late	outcomes.		

Finally,	a	very	recent	study	by	Souteyrand	et	al	illustrates	perhaps	the	most	striking	

application	of	OCT-guided	PCI	reported	thus	far	(7).	In	this	study,	101	patients	with	

ACS	and	large	thrombus	burden	(defined	as	thrombus	twice	as	long	as	vessel	caliber)	

were	 treated	 with	 standard	 pharmaceutical	 thrombolysis	 and	 angiography	 to	
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achieve	reperfusion	evidenced	by	TIMI	3	flow	and	>50%	reduction	in	ST-elevation	on	

electrocardiography.	 If	these	criteria	were	met,	stent	placement	was	deferred	until	

repeat	OCT	at	 days	 0-2,	 3-6,	 or	 7-30,	 in	order	 to	 assess	 residual	 thrombus	burden	

and	 reconsider	 the	 need	 for	 stent	 placement	 based	 on	 angiographic	 and	 OCT	

imaging.	Most	 significantly,	 they	 found	 that	 38%	 (38/101)	patients	did	not	 require	

stents	 upon	 follow-up	OCT-guided	 angiography,	with	 only	 1	 case	 of	 non-fatal	 ACS	

during	the	12-month	follow-up	period	compared	to	1	case	of	DES-related	angina	in	

the	stented	group.	Although	this	study	did	not	contain	an	angiography-only	control	

group,	 this	 work	 highlights	 a	 critical	 observation	 that	 OCT-guided	 PCI	 has	 the	

significant	potential	to	identify	patients	that	may	not	require	stents,	thus	eliminating	

the	risk	of	stent	complications	altogether.	

7 Conclusions	
	

Ongoing	research	into	the	mechanisms	of	stent	complications	has	elucidated	several	

risk	factors	that	increase	risk	for	in-stent	restenosis	and	stent	thrombosis,	including	

uncovered	 stent	 struts,	 stent	 malapposition,	 stent	 fracture,	 edge	 dissection,	 and	

neoatherosclerosis.	 As	 the	 superior	 technique	 to	 invasively	 image	 these	 findings,	

OCT	continues	to	provide	insights	into	the	pathologic	mechanisms	of	restenosis	and	

s	tent	thrombosis.	It	is	expected	that	OCT-guided	PCI	will	improve	both	medical	and	

interventional	management	strategies	of	stent	complications.			

	

	



	 105	

Figures	and	Tables	
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Figure	1:	Uses	of	OCT	
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Figure	2:	Morphology	of	stent	edge	dissection	

A)	Stent	edge	dissection	adjacent	to	a	fibrous	plaque	which	appears	as	homogenous	
area	of	high	signal	intensity.		

B)	Flap	morphology:	a)	dissection	opening,	b)	length,	c)	depth.	

C)	A	very	small	edge	dissection	at	the	margin	of	a	large	calcified	plaque	(outlined).		
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Figure	3:	Stent	Fracture	

A)	Angiographic	view	of	the	left	Circumflex	artery	with	total	occlusion	of	the	stented	
mid	segment	(33mm	sirolimus-eluting	stent,	Cordis,	Warren,	NJ,	two	years	after	
implantation).	Distal	vessel	filled	via	bridging	collaterals.	OCT	was	performed	after	
recanalization	of	the	vessel.	

B)	OCT	frame	from	fracture	site	with	near-absence	of	stent	struts.		

C	&	D)	3-D	strut	segmentation	revealed	complete	transversal	fracture	of	the	stent	
(arrows).			
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Figure	4:	Representative	Images	of	Neoatherosclerosis	

(Adapted	from:	Yonetsu	T	et	al.	Circ	Cardiovasc	Imaging.	2012;5:660-666,	Copyright	©	American	
Heart	Association,	Inc.	All	rights	reserved.)	

A)	Lipid-laden	neointima	is	identified	as	a	diffusely	bordered	signal-poor	region	with	
overlying	signal-rich	homogenous	band	(red	arrows).		

B)	Heterogeneous	neointima	is	identified	as	a	tissue	showing	a	focally	changing	
optical	property	and	various	backscattering	patterns.		

C)	Layered	neointima	is	defined	as	a	tissue	composed	of	concentric	layers	of	a	high-
scattering	endoluminal	layer	and	a	low-scattering	abluminal	layer	delineated	
by	a	clear	border.		

D)	Calcified	neointima	is	defined	as	a	signal-poor	or	heterogenous	region	with	a	
sharply	delineated	border	(yellow	arrowheads).	
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Figure	5:	Stent	Malapposition		

73	year	old	patient	with	diabetes,	dyslipidaemia,	hypertension	presented	with	
NSTEMI.	A	3.0	x	30	mm	Zotarolimus-eluting	stent	(Resolute,	Medtronic	Vascular,	
Santa	Rosa,	CA)	was	deployed	at	14	atmospheres.		

A.	Pre-PCI:	Coronary	angiography	(CA)	shows	visually	significant	stenosis	in	proximal	
right	coronary	artery.	OCT	shows	significant	lipid	and	fibrous	plaques	with	ruptured	
cap	at	9	o’clock		

B.	Post-stent:	CA	demonstrates	satisfactory	result	with	no	residual	stenosis,	however	
OCT	imaging	shows	significant	stent	malapposition.		

C.	Post-stent	and	post-high	pressure	dilation:	CA	demonstrates	further	increase	in	
lumen	diameter	in	the	stented	segment	and	OCT	confirms	significantly	improved	
stent	apposition.	
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Table	1.	Predictors	for	Neoatherosclerosis	on	multivariate	analysis	(95)	

	 Odds	Ratio	 95%	CI	 P	
Stent	Factors	 	 	 	
Stent	age	>48	months	 10.45	 3.71–29.41	 <0.001	
DES	 	 	 	
	 SES	 3.86	 1.44–10.38	 0.007	
	 PES	 24.17	 6.02–97.02	 <0.001	
	 ZES	 7.18	 1.51–34.21	 0.013	
	 EES	 6.46	 1.65–25.34	 0.007	
Clinical	Factors	 	 	 	
Age>65	y	 1.84	 0.85–3.97	 0.121	
Hypertension	 1.87	 0.77–4.52	 0.166	
Hyperlipidemia	 1.01	 0.39–2.61	 0.982	
Diabetes	mellitus	 1.12	 0.53–2.43	 0.765	
Smoking	 7.03	 2.46–20.04	 <0.001	
CKD	 3.69	 1.10–12.35	 0.035	
Protective	Factors	 	 	 	
Statin	use	 0.46	 0.14–1.55	 0.213	
ACE-I/ARB	use	 0.39	 0.17–0.91	 0.028	

Legend:	

DES:	drug-eluting	stent	

SES:	sirolimus-eluting	stent	

PES:	paclitaxel-eluting	stent	

ZES:	zotarolimus-eluting	stent	

EES:	everolimus-eluting	stent	

CKD:	 chronic	 kidney	 disease,	 defined	 as	 estimated	 glomerular	 filtration	 rate	 <60	
mL/min	per	1.73	m2	

ACE-I:	angiotensin-converting	enzyme	inhibitor	

ARB:	angiotensin	receptor	blocker.		

(Adopted	from	Yonetsu	et	al.)	
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Introduction	
	

With	 the	 increasing	 adaptation	 of	 the	 optical	 coherence	 tomography	 as	 the	

preferred	 choice	 for	 intracoronary	 imaging	 in	 the	 research	 and	 clinical	 arenas,	

several	challenges	have	arisen	from	users’	experience	ranging	from	acquisition	and	

post	processing	to	the	interpretation	and	clinical	application	of	the	data.	Very	much	

like	 any	 other	 procedural	 technology,	 there	 is	 a	 learning	 curve	 towards	 safe	 and	

effective	application	of	OCT	to	help	guide	clinical	decisions	and	interventions.	With	

appropriate	 proctorship	 and	 increasing	 experience,	 these	 hurdles	 can	 be	

systematically	navigated.	Increasing	sophistication	in	the	commercially	available	OCT	

equipment	 has	 led	 to	 remarkable	 improvements	 in	 the	 image	 quality	 and	 time	

efficiency	on	one	hand,	and	at	the	same	time	this	has	been	beautifully	blended	with	

operational	 simplicity.	 This	 chapter	 discusses	 some	 of	 the	 commonly	 encountered	

sources	 of	 errors	 and	 difficulties	 that	 an	 OCT	 user	 can	 come	 across	 during	 its	

performance	 and	 interpretation.	 Once	 again,	 with	 engineering	 advancements,	 the	

incidence	 of	 these	 obstacles	 continues	 to	 decline,	 making	 the	 overall	 experience	

exceptionally	safe	for	the	patients	and	far	more	user	friendly	for	the	clinicians.	

	

Challenges	in	the	image	analysis	
		

Qualitative	analysis:	
	

OCT	is	a	widely	established	tool	for	in-vivo	evaluation	of	plaques	and	identification	of	

thin	cap	fibroatheroma	(TCFA).	Histology	studies	have	shown	very	close	correlation	

between	OCT	phenotyping	of	 the	atherosclerotic	plaques	and	microscopic	 findings	
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(1).	 Based	 on	 the	 surface	 morphology	 of	 the	 plaques	 seen	 on	 OCT,	 they	 can	 be	

divided	 into	 lipid	 rich	 (signal	poor	with	diffuse	borders),	 calcified	 (signal	poor	with	

well	 delineated	 borders)	 and	 fibrous	 (signal	 rich)	 types.	 Yabushita	 et	 al	 (2)	

formulated	 these	 criteria	 by	 examining	 the	 OCT	 images	 of	 50	 diseased	 arterial	

segments	 obtained	 at	 autopsy	 and	 correlating	 them	with	 histology.	 These	 authors	

then	 sought	 independent	 validation	 of	 these	 criteria	 by	 conducting	 OCT	

interpretation	 of	 another	 307	 arterial	 segments,	 examined	 by	 two	 readers.	 This	

study	reported	a	sensitivity	and	specificity	ranging	from	71%	to	79%	and	97%	to	98%	

for	fibrous	plaques,	95%	to	96%	and	97%	for	fibrocalcific	plaques,	and	90%	to	94%	

and	90%	to	92%	for	lipid-rich	plaques.		

	

However,	 this	 high	 degree	 of	 sensitivity	 and	 specificity	 can	 only	 be	 achieved	with	

clear	and	refined	images.	Artifacts	introduced	through	some	seemingly	trivial	errors	

can	 distort	 the	 final	 image	 quality	 and	 pose	 a	 significant	 challenge	 in	 the	 correct	

interpretation	 of	 atherosclerotic	 plaques.	 These	 caveats	 in	 turn	 can	 lead	 to	

misclassification	of	 the	 type	 and	 extent	 of	 plaques.	One	 inherent	 limitation	of	 the	

OCT	 is	 the	 rapid	attenuation	of	 signal	 strength	as	 it	 traverses	 the	 lipid	 rich	 tissues.	

This	 also	 holds	 true	 if	 the	 angle	 of	 incidence	 is	 shallow	 or	 tangential.	 This	 simply	

means	that	under	these	circumstances	OCT	may	not	provide	adequate	 information	

of	 the	 structures	 lying	 even	 immediately	 underneath	 the	 intimal	 border.	 Hence	

shallow	 or	 tangential	 glancing	 angle	 of	 OCT	 signal	 can	 result	 in	 strong	 surface	

reflectivity	 and	 poor	 penetration	 giving	 rise	 to	 false	 appearance	 of	 signal	 poor	

necrotic	core	or	even	thin	cap	fibroatheroma		(TCFA)	(3).	Another	similar	confounder	
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can	be	introduced	when	there	is	superficial	macrophage	infiltration	in	the	intima	(1).	

This	causes	superficial	 light	 scattering	and	casts	a	dark	shadow	behind,	once	again	

mimicking	the	appearance	of	TCFA.	Similarly	presence	of	smooth	muscle	cells	in	the	

fibrous	cap	and	loose	connective	tissue	can	also	be	mistaken	for	TCFA	and	lipid	core	

respectively	 (4).	 Lastly,	 any	optical	 impurities	within	 the	 imaging	 catheter	 can	also	

cast	 apparently	 dark	 shadow	 behind.	 The	 resultant	 signal	 loss	 jeopardizes	 the	

qualitative	 interpretation	 of	 the	 interrogated	 vessel.	 This	 particular	 problem,	

however,	 has	 largely	 been	 overcome	 by	 improved	 newer	 design	 of	 imaging	 wire.	

Most	of	the	above	mentioned	technical	barriers	are	particularly	accentuated	in	the	

presence	of	an	eccentric	 imaging	wire	and	some	with	 inadequate	blood	clearance.	

For	 instance,	 poor	 blood	 clearance	 can	 artifactually	 increase	 fibrous	 cap	 thickness	

measurements	 by	 as	much	 as	 18.8±12.9%	 (146±37μm	 to	 171±30μm,	p=0.016)	 (5).	

These	 can	 have	 serious	 implications	 in	 longitudinal	 studies	 of	 the	 coronary	

atherosclerosis,	which	involve	serial	measurements	of	fibrous	cap	thickness	and	lipid	

core	regression	using	them	as	surrogate	markers	of	plaque	vulnerability.		

Common	Artifacts	
	

Blood	swirls	and	specks:	
	

The	 quality	 of	 OCT	 imaging	 and	 thereby	 reliability	 of	 the	 analysis	 results	 depends	

hugely	 on	 the	 blood	 free	 field	 during	 acquisition.	 Incomplete	 blood	 displacement	

during	 the	 pullback	 results	 not	 only	 in	 an	 overall	 poor	 imaging	 quality	 but	 can	

sometimes	 render	 segments	 of	 the	 pullback	 almost	 un-interpretable.	 As	 the	 near	

infrared	light	used	in	the	OCT	does	not	penetrate	through	the	red	cells,	it	is	of	vital	
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importance	to	achieve	a	blood	free	field	during	acquisition.	As	opposed	to	the	first	

generation	OCT	systems	which	had	 in-built	proximal	balloons	 to	occlude	 the	blood	

flow	during	pullback,	fourier	domain	OCT	relies	solely	on	the	real	time	injection	of	an	

alternative	 fluid	 to	 render	 a	 blood	 free	 field.	 Although	 some	 operators	 have	

successfully	 used	 saline	 flush	 to	 do	 that,	 majority	 uses	 contrast	 medium.	 Such	

contrast	 media	 offer	 clear	 advantage	 over	 isotonic	 saline	 injection	 due	 to	 higher	

viscosity	 resulting	 in	 far	 greater	 ability	 to	 displace	 the	 luminal	 blood.	 In	 practice,	

either	 of	 the	 hand	 held	manual	 injection	 or	 an	 automated	 power	 injector	 can	 be	

used.	 In	 our	 observation,	 automated	 injection	 can	 provide	 more	 reliable	 and	

predictable	results.	This	is	especially	advantageous	for	less	experienced	operators.	

Blood	 can	 take	 any	 forms	 (Figure	 1).	 These	 range	 from	 swirls	 that	 can	 completely	

obscure	 the	structures	behind	 to	scattered	specks	 that	can	cause	 light	attenuation	

making	 delicate	 observations	 very	 challenging.	 This	 reduced	 brightness	 becomes	

even	more	pronounced	 in	 large	vessels	and	the	 lumen	wall	 situated	at	 the	highest	

radial	distance	from	the	imaging	wire	is	affected	the	most.	Whereas	lumen	of	stent	

areas	may	 still	 be	 traceable,	 assessment	 of	 tissue	 coverage	 of	 the	 struts	 certainly	

becomes	very	challenging	especially	with	the	thinner	neointima	currently	seen	with	

contemporary	drug	eluting	stents.				

Residual	blood	can	also	be	easily	misinterpreted	as	thrombus	or	tissue	flap	and	great	

caution	 needs	 to	 be	 observed	 to	 avoid	 this	 type	 of	 error.	 This	 becomes	 of	 critical	

importance	 in	 acute	 coronary	 syndromes	 and	 even	 during	 elective	 coronary	

interventions	 as	 false	 concern	 can	 trigger	 unwarranted	 prolongation	 of	 the	

procedure	and	further	unnecessary	actions.	
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Eccentric	image	wire:	merry-go-round	and	sunflower	effects	
	

The	 effects	 of	 eccentric	 imaging	 wire	 were	 first	 described	 in	 the	 intravascular	

ultrasound	(IVUS)	era	 (6),	although	owing	to	 its	 larger	calibre,	 IVUS	catheter	 is	 less	

likely	 to	 lose	 centricity.	 With	 the	 increasingly	 wider	 adaptation	 of	 the	 OCT,	 it	 is	

important	 to	 recognize	 that	 with	 this	 finer	 technology,	 wire	 eccentricity	 can	 have	

multiple	potential	 distorting	 influences	on	 the	 images	 (7,	 8).	 To	better	understand	

the	dynamic	relationship	between	the	spinning	imaging	wire	and	lumen	structures,	

one	 should	 remember	 that	 the	 final	 OCT	 image	 is	 a	 reconstruction	 of	 a	 series	 of	

scans	called	A	–	lines,	obtained	during	pullback	of	the	wire.	Thus	the	structures	are	

aligned	 perpendicular	 to	 the	 emitted	 light	 beam	 and	 along	 the	 direction	 of	 the	

pullback.	This	relationship	is	sometimes	not	maintained	with	eccentric	wire	position.	

Wire	eccentricity	 can	affect	 the	visibility,	 length	and	orientation	of	 the	 lumen	wall	

structures.	 In	 the	 stented	 segments,	 the	 struts	 can	 appear	 longer,	 distorted	 and	

aligned	non-parallel	and	sometimes	even	perpendicular	to	the	lumen.	As	the	lateral	

resolution	 of	 OCT	 is	 distance	 dependent,	 the	 struts	 located	 farthest	 from	 the	

eccentric	wire	and	in	the	opposite	hemisphere	can	appear	stretched	and	elongated.	

This	phenomenon	has	been	described	as	 resembling	 the	mechanics	of	a	merry-go-

round	as	the	objects	in	the	far-field	appear	to	move	faster	and	cast	a	stretched	view	

as	compared	to	the	near-field	objects	(Figure-2).		

Another	 artifact	 related	 to	 the	 wire	 position	 is	 the	 pseudo	 alteration	 in	 strut	

alignment.	 If	 they	 appear	 aligned	 perpendicular	 to	 the	 lumen	 wall	 and	 leaning	

towards	the	imaging	wire,	they	can	resemble	sunflowers	aligning	to	the	sun.	Newer	
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generation	OCT	catheters	have	 largely	eliminated	these	problems	due	to	designing	

parameters.	

In	 order	 to	 examine	 the	 effect	 of	 eccentric	 position	 of	 intraluminal	 wire	 on	

calibration	and	image	reconstruction,	Suzuki	et	al	(7)	evaluated	thirty	stented	lesions	

comprising	zotarolimus,	sirolimus,	paclitaxel	eluting	and	bare	metal	stents,	at	various	

stages	 of	 follow	 up.	 Authors	 concluded	 that	 the	 luminal	 hemisphere	 containing	

eccentric	wire	 resulted	 in	 shorter	 strut	 reflections	 (5.0±1.6°	 vs.	 6.6±2.1°,	 p<0.001)	

compared	 to	 the	 opposite	 hemisphere	 and	 as	 much	 as	 84	 %	 of	 the	 struts	 were	

depicted	as	non-parallel	to	the	luminal	surface.	Another	intriguing	observation	from	

the	 same	 study	 was	 that	 even	 a	 small	 change	 is	 Z	 offset	 by	 1%	 resulted	 in	 non-

uniform	 expansion	 or	 shrinkage	 of	 luminal	 contours	 in	 the	 presence	 of	 eccentric	

imaging	wire.	This	change	was	not	seen	if	the	wire	was	concentric.	

	

Non	uniform	rotational	distortion	(NURD)	
	

As	OCT	like	IVUS,	is	built	upon	the	principle	of	rotational	mechanics,	it	 is	subject	to	

non-uniform	distortion	of	the	image.	It	can	result	from	a	variety	of	factors,	which	can	

be	broadly	divided	into	anatomical	and	procedure	related	factors.	In	relatively	small,	

tortuous	 vessels	 or	 at	 acute	 bends,	 OCT	 wire	 can	 encounter	 rotational	 resistance	

resulting	in	partial	drop	out	of	blurring	of	the	image	obtained.	One	such	scenario	is	

that	 of	 an	 OCT	 pullback	 from	 a	 side	 branch	 into	 the	main	 vessel	 especially	 if	 the	

branching	 angle	 is	 acute	 and	 calcified	 offering	mechanical	 constraint.	 Occasionally	

apparently	trivial	factors	such	an	overly	tight	hemostatic	valve	at	the	start	of	guide	

catheter	can	also	introduce	this	type	of	effect.			
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Sew	up	or	step	artifacts	
	

An	apparent	step	or	partial	discontinuity	may	appear	in	the	lumen	wall	if	during	the	

image	formation	of	a	given	frame,	there	is	rapid	movement	of	the	image	wire	or	of	

the	artery	itself	due	to	cardiac	motion.	The	classic	appearance	of	such	artifact	is	that	

of	an	abrupt,	single	point	misalignment	(Figure-3A)	and	should	be	distinguished	form	

true	 injury	 to	 the	 wall	 or	 dissection,	 which	 have	 distinct	 appearance	 and	 usually	

extend	for	at	least	few	frames.		

	

Saturation	artifacts	
	

These	appear	as	liner	shadows	or	streaks	of	bright	light	and	are	typically	described	in	

the	stented	vessels.	These	are	thought	to	emanate	from	the	signals	returning	from	

highly	reflective	surfaces	that	exceed	the	processing	capacity	of	the	dynamic	range	

of	OCT	data	acquisition	system.	Apart	from	causing	some	disturbance	during	analysis,	

these	 artifacts	 can	 be	 readily	 identified	 and	 are	 usually	 not	misinterpreted	 as	 any	

true	vascular	structure	(Figure	3-B).	Although	classically	described	in	relation	to	the	

stent	 struts,	 this	 finding	 has	 also	 been	 observed	with	 other	 vessel	 wall	 structures	

such	as	micro-calcifications	or	pockets	of	cholesterol	crystals.	 	The	lateral	extent	of	

these	 bright	 lines	 depends	 upon	 the	 introduced	 artifactual	 frequencies.	 They	 can	

extend	deep	into	the	vessel	wall	and	all	the	way	to	the	edge	of	OCT	image.	
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Ghost	reflections	
	

Ghost	reflections	in	the	stented	segments	are	a	manifestation	of	optical	scattering	in	

the	 longitudinal	 direction	 along	 the	OCT	pullback.	 They	 result	 from	 increased	 light	

scatter	 between	 the	 catheter	 and	 the	 struts	 and	 lead	 to	 appearance	 of	 struts	 like	

shadows	in	places	where	no	struts	exist.	In	the	worst	scenario,	they	can	appear	as	a	

series	of	circles	made	up	of	ghost	strut	outside	the	actual	stent.		

	

Air	or	blood	inside	the	image	catheter	
	

Optical	 impurities	 such	as	 trapped	air	bubble	or	blood	 inside	 the	 imaging	 catheter	

can	adversely	affect	the	imaging	quality.	Air	bubble	can	result	in	signal	attenuation	in	

the	 corresponding	 arc.	 If	 this	 happens,	 a	 close	 examination	 of	 the	 catheter	 will	

usually	reveal	air	as	bright	shadow	inside	the	catheter.	Similarly	residual	blood	inside	

the	sheath	can	also	lead	to	poor	signal.	Both	of	these	problems	can	be	overcome	by	

meticulous	attention	to	the	system	preparation	with	contrast	medium	purge	via	the	

side	port.		

	

Conclusion	
	

It	 is	evident	 that	 reliability	of	OCT	data	both	 in	clinical	and	 research	studies,	 relies	

heavily	on	 the	quality	of	 image	acquisition	and	 interpretation.	 It	 is	 critical	 that	 the	

physicians	 and	 research	 scientists	 should	 be	 familiar	with	 the	 common	 sources	 of	

error	and	take	them	into	account	while	analyzing	this	otherwise	precision	 imaging.	
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Small	 changes	 in	 the	 acquisition	 settings,	 Z	 offset,	 wire	 position	 and	 blood	

displacement	can	introduce	bias	in	the	final	results.	Knowledge	of	these	confounders	

helps	 reach	 more	 accurate	 interpretation	 and	 ultimately	 better	 clinical	 decisions.		

Whereas	 through	 engineering	 advancements	 in	 the	 design	 of	 imaging	 equipment	

and	 reviewing	 platforms,	majority	 of	 these	 obstacles	 have	 largely	 been	overcome,	

nevertheless	the	nature	of	OCT	analysis	is	such	that	it	requires	meticulous	attention	

to	 detail.	 This	 becomes	 even	 more	 relevant	 with	 its	 expanding	 role	 in	 advanced	

research	 such	 as	 three	 dimensional	 reconstructions	 and	 computational	 flow	

modeling	 all	 of	 which	 start	 with	 the	 very	 basics	 of	 good	 quality	 imaging	 with	

minimum	artifacts.					
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Figure-1:		Examples	of	inadequate	clearance	of	blood	during	OCT	acquitison.	A	–	Large	volume	of	
blood	is	present	in	the	lumen	resulting	in	complete	loss	of	visulzation	of	vessel	strutctures	between	
11	to	4	o’	clock	(marked	by	curved	line).	B	–	Blood	swirls	in	a	native	vessel	(arrow).	C-	Thick	layer	of	
blood	(arrow)	floating	freely	in	the	lumen.	Stent	struts	are	visible	as	bright	reflective	strutures	
scattered	along	the	vessel	circumference.	In	the	assessment	of	stent	tissue	coveregae,	even	this	
apparently	small	amout	of	blood	can	reduce	accuracy	of	the	analysis.	

	

	

	

	

	

Figure-2:	Merry-Go-Round	effect.	A-	Struts	appear	elongated	and	stretched	and	aligned	at	an	angle	

to	the	luminal	surface.	Note	the	eccentric	position	of	image	wire.	B-	Ideal	appearance	of	the	struts	as	

sharp,	distinct	reflective	structures	casting	back	shadows	and	aligned	along	the	lumen	surface.		
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Figure-3:	A-	Sew	up	artifact	marked	by	arrows.	B-	Saturation	artifact	
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Abstract		
	

Aims	

This	 randomized	 trial	used	Optical	Coherence	Tomography	 (OCT)	 to	examine	 stent	

apposition	 between	 the	 first-generation	 sirolimus-eluting	 (SES)	 and	 second-

generation	everolimus-eluting	(EES)	stents	in	acute	and	stable	coronary	syndromes.	

Methods	&	Results	

Patients	requiring	percutaneous	coronary	intervention	underwent	OCT	immediately	

after	 stent	 deployment.	 Patients	were	 randomized	 to	 SES	 or	 EES.	 Study	 endpoints	

included	 Incomplete	 Stent	 Apposition	 (ISA)	 and	 stent	 eccentricity	 index	 (SEI).	 	 40	

patients	 (mean	age	63.6±9.9	 years)	were	 randomized	1:1	 to	 SES	or	 EES.	A	 total	 of	

5908	stent	struts	were	analyzed	using	OCT.	ISA	rate	was	597/3151	(19%)	in	SES	and	

300/2757	(11%)	in	EES.	Completely	embedded	struts:	1270	(40%)	and	2198	(80%)	of	

SES	 and	 EES	 respectively.	 Adjusting	 for	 cofounding	 factors,	 there	was	 significantly	

greater	 ISA	 in	SES	versus	EES	 (p=0.003).	EES	had	more	embedded	struts	 (p<0.001),	

higher	SEI	(p	=	<0.01)	and	less	protrusion	(p<0.0001)	compared	to	SES.	ISA	was	more	

often	clustered	in	the	proximal	third	of	stents	(p=0.002).		

Conclusions	

	

Immediately	 following	 stent	 implantation,	 SES	 had	 a	 higher	 risk	 of	 ISA	 compared	

with	 EES,	 predominantly	 clustered	 in	 the	 proximal	 thirds	 of	 stents.	 Emerging	 data	

indicates	 clinical	 superiority	 of	 second	 generation	 over	 first	 generation	 stents	 and	

improved	stent	strut	apposition	may	be	an	important	contributor	to	this	success.	
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1 Introduction	

	

Advances	 in	 drug-eluting	 stents	 (DES)	 have	 translated	 into	 reduced	 risk	 of	 repeat	

revascularization	and	improved	outcomes	compared	to	bare	metal	stents	(BMS)	and	

first	generation	DES	(1).	However,	despite	these	developments	in	stent	technology,	

stent	 thrombosis	 (ST)	 remains	 a	 major	 concern,	 particularly	 in	 the	 context	 of	

complex	 coronary	 lesions	 (1).	 Incomplete	 stent	 apposition	 (ISA)	 due	 to	 failure	 of	

contact	between	the	stent	strut	and	the	underlying	intimal	surface	of	the	vessel	wall	

has	 also	 been	 linked	 to	 potential	 adverse	 sequelae	 in	 the	 DES	 era	 but	 is	 not	well	

visualized	by	coronary	angiography	(2).	

Optical	 coherence	 tomography	 (OCT)	 is	 an	 intracoronary	 imaging	 modality	 that	

provides	 complimentary	 information	 when	 combined	 with	 angiography.	 High-

resolution	 permits	 detailed	 assessment	 of	 atherosclerotic	 plaques	 and	 coronary	

stents	(3-5).	In	particular,	OCT	may	detect	ISA,	an	important	predictor	of	future	stent	

endothelial	tissue	coverage	and	ST	(6).	Consequently,	 ISA	 is	considered	a	surrogate	

marker	of	stent	thrombosis	risk.	In	this	study	we	used	OCT	to	examine	differences	in	

the	 degree	 of	 stent	 apposition	with	 a	 first-generation	 sirolimus-eluting	 stent	 (SES,	

Cypher,	Cordis,	USA)	and	a	second-generation	everolimus-eluting	DES	(EES,	Xience	V,	

Abbott	Vascular,	Santa	Clara,	USA).	We	hypothesized	that	EES,	by	virtue	of	its	more	

pliable	 open	 cell	 design,	 would	 result	 in	 relatively	 greater	 contact	with	 the	 vessel	

wall,	and	therefore	less	ISA.	

	

2 Study	Devices	
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Characteristics	of	both	study	stents	are	summarized	in	table-1.		

The	 CYPHERTM	 Sirolimus-eluting	 Coronary	 Stent	 (CYPHER	 Stent,	 Cordis,	 Johnson	 &	

Johnson)	 is	 a	 combination	 product	 comprised	 of	 two	 regulated	 components:	 a	

device	(a	stent	system)	and	a	drug	product	(a	formulation	of	sirolimus	in	a	polymer	

coating).	The	stent	platform	is	made	of	electropolished	stainless	steel	(316L),	which	

is	laser-cut	from	seamless	tubing	in	a	sinusoidal	pattern.	The	stent	is	manufactured	

in	a	closed	cell	design	fashion.	The	stent	is	then	coated	with	a	polymer	and	sirolimus	

mixture.		The	stent	is	mounted	on	a	balloon,	which	is	constituted	from	single-layer	of	

nylon.	 The	 balloon	 is	 nominally	 2	 mm	 longer	 than	 stent	 and	 the	 mounted	 stent	

length.	 Two	 platinum-iridium	 radiopaque	marker	 bands	 define	 the	 location	 of	 the	

stent.	 The	 stent	 and	 balloon	 assembly	 is	 mounted	 on	 a	 delivery	 catheter.	 The	

catheter	 shaft	 outer	 diameter	 is	 3.3F	 (1.10	 mm)	 proximally,	 and	 2.7F	 (0.90	 mm)	

distally.	

The	 active	 drug	 ingredient	 in	 the	 CYPHER	 Sirolimus-eluting	 Coronary	 Stent	 is	

sirolimus	(also	known	as	rapamycin).	Sirolimus	is	a	macrocyclic	lactone	produced	by	

Streptomyces	hygroscopicus.	It	is	insoluble	in	water.	The	drug	is	mixed	with	the	two	

non-erodible	 polymers:	 polyethylene-co-vinyl	 acetate	 (PEVA)	 and	 poly	 n-butyl	

methacrylate	(PBMA),	in	67%/33%	ratio.	The	drug/polymer	coating	is	adhered	to	the	

entire	 surface	 (i.e.,	 luminal	 and	 abluminal)	 of	 the	 stent.	 Sirolimus	 binds	 to	

intracellular	proteins,	 this	 complex	 then	binds	 to	and	 inhibits	 the	activation	of	 the	

mammalian	 Target	 of	 Rapamycin	 (mTOR),	 leading	 to	 inhibition	 of	 cell	 cycle	

progression	 from	 the	G	 to	 the	 S	 phase.	Due	 to	 its	 lipophilic	 properties,	 almost	 no	
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drug	 is	 released	 into	 the	 bloodstream	 during	 stent	 placement,	 and	 after	 stent	

implantation,	 the	 diffusion	 gradient	 favors	 elution	 into	 tissue,	 again	 limiting	 the	

amounts	of	circulating	free	sirolimus	(6).	

The	 second	 device	 is	 Xience	 V®	 everolimus-eluting	 stent	 (Abbott	 Laboratories,	

Abbott	Park,	 IL,	USA)	system.	The	platform	of	the	Xience	V	stent	 is	made	of	cobalt	

chromium	 (CoCr),	 remarkably	 similar	 to	 its	 successful	 bare	 metal	 equivalent,	 the	

Multi-Link	Vision®.	Everolimus,	is	an	analogue	of	sirolimus.	It	arrests	the	cell	cycle	at	

the	late	G1	stage.	Polymer	coating	 in	the	Xience	V	stent	 is	formed	by	two	layers:	a	

primer	 and	 a	 drug	 reservoir,	 and	 also	 by	 two	 polymers:	 an	 acrylic	 polymer	 and	 a	

fluoro	polymer	(7).	The	polymer	appears	highly	biocompatible.	The	first	25%	of	stent	

drug	is	released	during	the	first	day	after	stent	implantation,	leading	to	75%	during	

the	first	month,	and	the	remaining	drug	is	released	within	4	months	(8)	

	

3 Methods	

Study	Population	
	

Patients	presenting	for	percutaneous	coronary	intervention	(PCI)	to	de-novo	lesions	

for	 either	 stable	 angina	 or	 acute	 coronary	 syndromes	 (ACS)	 including	 ST-segment	

elevation	 myocardial	 infarction	 (STEMI)	 were	 included.	 Patients	 with	 left	 main	

disease,	 residual	 thrombus,	 dissection,	 or	 final	 post-procedural	 Thrombolysis	 In	

Myocardial	Infarction	(TIMI)	grade	flow	<3	were	excluded.		

Study	Design	
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The	Optimal	Revascularization	of	the	Coronary	Artery	(ORCA)	2	Trial	is	a	prospective	

randomized	controlled	 single-center	 trial	 comparing	2	 types	of	DES.	Table	1	 shows	

the	individual	properties	of	the	two	stents	types	relevant	to	this	study.	Patients	were	

randomized	1:1	to	receive	either	the	EES	or	SES.	

The	 study	 complied	 with	 the	 declaration	 of	 Helsinki	 and	 was	 approved	 by	 the	

institutional	 ethics	 committee.	 Informed	 written	 consent	 was	 obtained	 from	 all	

patients.		

Study	endpoints	
	

The	 primary	 endpoint	 was	 OCT	 detected	 incomplete	 stent	 apposition	 assessed	

immediately	post	stent	deployment	and	balloon	post-dilatation.	OCT	was	performed	

once	 the	 operator	 had	 achieved	 angiographically	 optimal	 result	 with	 a	 residual	

diameter	stenosis	(DS)	<20%	by	visual	estimate.	The	percentage	of	malapposed	stent	

struts	as	a	proportion	of	the	total	number	of	struts	analyzed	within	each	stent	group	

was	calculated.	The	secondary	endpoints	included	stent	eccentricity	index	(SEI)	and	

degree	 of	 embedded	 stent	 struts.	 	 SEI	 is	 a	 measure	 designed	 to	 quantify	 the	

uniformity	and	symmetry	of	a	stent	after	deployment.		Embedded	stent	strut	relates	

to	the	degree,	if	at	all,	to	which	the	stent	strut	is	'buried'	within	the	coronary	artery	

wall	(9,	10).	The	proportion	of	each	stent	struts	embedded	was	calculated	and	then	

averaged	for	each	group.		

Optical	coherence	tomography	
	

The	OCT	procedure	was	performed	using	a	commercially	available	system	(C7xR,	St	

Jude	 Medical,	 St.	 Paul,	 MN,	 USA)	 after	 optimal	 stent	 deployment	 as	 assessed	 by	
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angiography	 with	 a	 target	 residual	 DS	 <20%	 by	 visual	 estimate.	 Following	

administration	 of	 intravenous	 heparin	 and	 intracoronary	 nitrate,	 OCT	 imaging	

(Dragonfly	catheter,	St	Jude	Medical,	St.	Paul,	MN,	USA)	was	performed	at	a	pullback	

speed	 of	 20mm/s	 and	 acquired	 at	 100	 frames	 per	 second.	 This	 was	 done	 during	

injection	of	iso-osmolar	contrast	medium	through	the	guiding	catheter	to	achieve	a	

blood	 free	 field.	 In	 case	 of	 inadequate	 blood	 clearance	 or	 sub-optimal	 imaging	

quality,	repeat	pullback	could	be	performed	on	operators	discretion.		

Optical	coherence	tomography	analysis	
	

OCT	analysis	was	performed	by	blinded,	 experienced	observers	 at	 an	 independent	

analysis	facility	(Victoria,	Australia)	using	a	dedicated	offline	review	station	(St	Jude	

Medical,	St.	Paul,	MN,	USA).	Analysis	of	consecutive	cross	sections	at	one-millimeter	

(mm)	intervals	was	performed	and	the	numbers	of	stent	struts	were	determined	in	

each	 frame.	 A	 strut	 was	 considered	 for	 analysis	 if	 it	 was	 clearly	 visible	 and	 had	

characteristic	 shadow	 perpendicular	 to	 the	 OCT	 catheter.	 Frames	 were	 excluded	

from	stent	strut	measurement	if	>30	%	of	vessel	wall	was	not	visible;	in	which	case	

the	next	cross	section	was	selected	for	analysis.	Stent	struts	abutting	side	branches	

were	not	categorized	as	incompletely	apposed.			

Distances	 were	 adjusted	 based	 on	 the	 known	 thickness	 of	 the	 strut	 including	 the	

polymer	 for	 each	 stent	 type.	A	 stent	 strut	was	 considered	malapposed	 if	 the	 axial	

distance	 between	 strut	 surface	 and	 luminal	 surface	 was	 greater	 than	 the	 strut	

thickness	 including	 its	polymer.	 If	 the	distance	was	 less	 than	 the	 strut	 thickness,	 it	

was	 considered	 apposed.	 Table	 2	 demonstrates	 the	 definitions	 used	 for	 the	 OCT	

analysis.		
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Apposed	 struts	 were	 further	 categorized	 into	 embedded	 and	 protruding.	 If	 the	

distance	 between	 strut	 surface	 and	 vessel	 lumen	 was	 more	 than	 half	 of	 strut	

thickness,	 (endoluminal	 strut	 boundary	 above	 the	 level	 of	 luminal	 surface)	 then	 it	

was	 considered	 protruding.	 Similarly	 the	 stent	 strut	 was	 considered	 embedded	 if	

distance	 between	 strut	 surface	 and	 vessel	 lumen	was	 less	 than	 50	%	 of	 the	 strut	

thickness.	Stent	Eccentricity	Index	(SEI)	was	calculated	as	the	minimum	diameter	of	

the	stent	divided	by	the	maximum	stent	diameter	

4 Statistical	analysis	

Malapposition	 data	 was	 expressed	 as	 a	 percentage	 of	 total	 struts	 visible	 and	

analyzed	 using	 multilevel	 logistic	 regression.	 A	 hierarchical	 linear	 model	 was	

employed	 where	 the	 absolute	 number	 of	 malapposed	 stent	 struts	 as	 opposed	 to	

mere	proportion	can	be	taken	into	account,	with	an	assumption	that	an	ideal	stent	

would	have	no	malapposed	struts.		

Data	are	presented	as	values	and	percentages	or	mean	value	±	standard	deviation.	

Various	 patient,	 lesion,	 and	 stent	 factors	were	 considered	 in	 regression	models.	 A	

two-tailed	p	value	of	<0.05	was	considered	statistically	 significant.	 SPSS	version	22	

(IBM	corporation,	USA)	and	Genstat	version	16	(VSN	International,	UK)	were	used	for	

analysis.	 Statistical	 Consulting	 Centre	 (SCC)	 at	 University	 of	Melbourne	 performed	

statistical	analysis	independently.	

5 Results	
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Table	3	demonstrates	the	baseline	clinical	characteristics	of	the	included	patients.	A	

total	 of	 68	 consecutive	 patients	 were	 screened	 of	 which	 28	 were	 excluded	 (no	

intervention	 required,	 left	 main	 coronary	 artery	 stenosis,	 requiring	 surgery,	

presenting	 with	 cardiogenic	 shock).	 A	 total	 of	 40	 patients	 were	 therefore	

randomized.	The	mean	age	was	63.6	±	9.9	years,	with	80%	males	and	a	mean	body	

mass	index	(BMI)	of	27.7	±	2.8.	The	majority	of	the	study	participants	underwent	PCI	

for	 stable	 angina	 (27/40;	 67%),	whereas	 8	 (20%)	 presented	with	 non-ST	 elevation	

myocardial	infarction	(NSTEMI)	and	5	(12.5%)	with	STEMI.		

	Lesion	and	quantitative	coronary	angiographic	findings	
	

Table	 4	 illustrates	 procedural	 characteristics	 of	 both	 study	 groups.	 Of	 the	 40	

participants,	the	left	anterior	descending	artery	(LAD)	was	revascularized	in	23	(57%),	

left	circumflex	artery	(LCx)	including	marginal	branch	in	8	(20%),	and	right	coronary	

artery	 (RCA)	 in	9	 (22%).	Patients	were	randomly	assigned	1:1	to	receive	SES	(n=20,	

50%)	or	EES	(n=20,	50%).	A	total	of	20	stents	were	implanted	in	the	SES	and	22	in	the	

EES	groups.	In	majority	of	the	patients	lesion	pre-dilatation	was	done	in	either	group	

(n=16	 (8%)	 in	 SES	 and	 n=17	 (85%)	 in	 EES	 group	 respectively.	 However	 stent	 post-

dilatation	was	performed	less	frequently	in	both	groups	(n=4,	20%	and	n=7,	35%,	p	=	

0.48).	Results	for	lesion	characteristics	and	quantitative	angiographic	analysis	(QCA)	

for	 the	 patient	 population	 are	 shown	 in	 Table	 5.	 There	was	 similar	 distribution	 of	

lesion	complexity	in	both	groups	according	to	the	ACC	classification,	with	a	balanced	

mix	of	type	B	and	type	C	lesions.	There	were	no	significant	differences	between	the	

groups	pre	and	post	stenting.	Average	lesion	length	was	14.8	±	3.9	mm	for	the	SES	

and	 15	 ±	 3.9	 mm	 for	 the	 EES	 groups	 respectively	 (p=0.9).	 All	 procedures	 were	
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deemed	successful	on	angiographic	criteria	with	residual	diameter	stenosis	of	9	±	3.9	

(mean	±	SD)	in	the	SES	group	and	10.6	±	4.9	in	the	EES	group.		

	

Optical	coherence	tomography	findings	
	

Table	6	summarizes	the	OCT	analysis	findings.	A	total	of	743	frames	were	analyzed	

by	OCT	with	5907	stents	struts	measured.	The	number	of	malapposed	struts	was	597	

out	 of	 3149	 in	 the	 SES	 (18.9%)	 and	 300	 out	 of	 2758	 in	 the	 EES	 (10.9%)	 groups.	

Embedded	stent	struts	 in	the	SES	were	1333	(42.3%)	and	2135	(77.4	%)	 in	the	EES,	

while	protruding	struts	were	found	in	1219	(38.7	%)	of	the	SES	and	323	(11.7	%)	in	

the	EES	groups.		

After	adjusting	 for	patient,	 lesion,	and	 stent	 factors	on	multivariate	analysis,	 there	

was	 a	 significant	 difference	 in	 the	 number	 of	malapposed	 struts	 between	 the	 SES	

and	 EES	 (p=0.003).	 In	 addition,	 the	 EES	 had	more	 embedded	 and	 less	 protruding	

struts	(p<0.001	and	p<0.0001	respectively).		

5.1.1 Stent	eccentricity	index	(SEI)	

	

On	univariate	analysis	SEI	was	0.82	±	0.09	for	SES	and	0.84	±	0.1	for	EES		(p	=0.007).	

On	 multivariate	 analysis,	 after	 adjusting	 for	 patient,	 stent	 and	 lesion	 factors,	 EES	

stents	were	more	 likely	 to	have	a	higher	stent	eccentricity	 index	 (more	circular)	as	

compared	to	SES	(p=0.001)	though	the	absolute	difference	in	SEI	was	minimal.	

5.1.2 Clustering	of	ISA	within	the	stents	
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Statistically,	 more	 malapposed	 struts	 were	 seen	 in	 proximal	 thirds	 of	 each	 stent	

(p=0.002)	 (Figure	 1).	 Patients	 who	 had	 stents	 implanted	 in	 the	 distal	 third	 of	 a	

coronary	vessel	were	less	likely	to	have	malapposed	stent	struts	(p=0.03)	(Figure	2).	

	

5.1.3 Predictors	of	ISA	

	

There	was	no	correlation	of	ISA	with	traditional	cardiovascular	risk	factors	however	

the	 number	 of	 diabetics	 was	 low	 in	 our	 study	 (7/40;	 17%).	 Clinical	 presentation	

including	 type	 of	 ACS	 did	 not	 influence	malapposition	 (p	 =	 0.236)	 on	multivariate	

analysis.		Factors	predicting	ISA	on	multivariate	analysis	included	stent	type	(EES	less	

likely	to	cause	ISA,	p	=	0.003),	frame	thirds	(more	ISA	in	proximal	third	of	a	stent,	p	=	

0.02)	and	cross	sectional	lumen	area	(more	ISA	in	bigger	luminal	areas,	p	=	<0.001).	

Stents	within	the	proximal	vessel	tended	to	be	associated	with	more	ISA	(p	=	0.06).		

5.1.4 Total	number	of	malapposed	stents	

	

The	 rate	of	malapposed	 struts	per	 stent	 ranged	between	0%	and	42%	of	 the	 total	

struts	 assessed,	 with	 93%	 (39/42)	 of	 stents	 having	 at	 least	 1	 malapposed	 strut.	

Presence	 of	 one	 or	 more	 strut	 when	 not	 in	 contact	 with	 the	 vessel	 wall	 has	

previously	 been	 used	 as	 criterion	 for	 malapposition	 in	 the	 IVUS	 assessment	 (11).	

Although	same	definition	of	ISA	has	been	adapted	for	the	OCT	studies,	however	with	

its	 10	 times	 higher	 resolution,	 it	 is	 obviously	 more	 likely	 to	 detect	 ISA	 in	 greater	

volume.		
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6 Discussion	

	

This	study	demonstrated	that	the	second	generation	drug-eluting	stent	(EES,	Xience)	

had	improved	immediate	apposition	characteristics	compared	to	the	first	generation	

stent	(SES,	Cypher).	These	findings	are	in	keeping	with	existing	observational	or	non-

randomized	 study	 data	 (10).	 Additionally,	 we	 have	 identified	 in	 this	 randomized	

study	that	ISA	was	clustered	in	the	proximal	thirds	of	the	implanted	stents,	and	was	

more	commonly	seen	in	stents	implanted	in	proximal	and	larger	caliber	segments	of	

the	coronary	tree.	This	real	world	study	population	includes	patients	often	excluded	

from	 OCT	 trials	 with	 one	 third	 of	 patients	 having	 had	 acute	 coronary	 syndromes	

including	STEMI.	

	

Predictors	of	ISA	
	

In	this	study,	stent	type	was	the	strongest	predictor	of	ISA.	SES	was	associated	with	

almost	 50%	 less	 embedded	 struts	 compared	 to	 the	 EES.	 One	 explanation	 for	 this	

could	be	that	the	thicker	metal	struts	of	SES	(140μm)	compared	to	the	EES	(90μm)	

may	 affect	 the	 stent’s	 conformability	 to	 the	 uneven	 intimal	 surface.	 Additionally,	

other	 studies	 have	 suggested	 that	 the	 open	 cell	 design	 of	 EES	 improves	

conformability	 and	 therefore	 reduces	 ISA	 (12,	 13).	 These	 findings	 are	 similar	 to	 a	

previous	non-randomized	study	(14).	

	

Beyond	 the	 mechanistic	 data,	 the	 disparate	 ISA	 findings	 of	 this	 study	 may	 have	

important	clinical	implications.	Although	factors	such	as	strut	coverage	and	localized	
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hypersensitivity	 from	durable	polymers	predict	ST	 (13,	15,	16),	 ISA	may	also	be	an	

important	 influence.	 Indeed,	we	 know	 that	 immediate	 ISA	 is	 a	 strong	 predictor	 of	

late	and	very	late	ISA,	which	in	turn	is	associated	with	ST	(14).	The	second	generation	

DES	are	widely	believed	to	be	associated	with	lower	rates	of	ST	and	with	potentially	

shorter	 terms	 of	 dual	 anti-platelet	 therapy,	 however	 studies,	 designed	 for	 non-

inferiority,	have	failed	to	clearly	demonstrate	this	when	compared	to	1st	generation	

DES	 (15,	 16).	 	 It	 could	 be	 suggested	 that	 the	 Cypher	 SES	 stent	 has	 now	 been	

implanted	 in	over	 four	million	 individuals	with	 relatively	 low	ST	 rates	 and	perhaps	

that	 these	 data	 are	 academic	 now	 that	 the	 Cypher	 stent	 is	 obsolete.	 We	 would	

suggest,	 however,	 that	 this	 study	 improves	 our	 understanding	 of	 optimal	 stent	

design.	 One	 could	 argue	 that	 OCT	 derived	 ISA	 should	 be	 routinely	 used	 to	 assess	

newer	generations	of	DES.	

Other	Predictors	of	ISA	–	Proximal	versus	Distal		
	

We	have	demonstrated	an	increased	risk	of	ISA	both	within	the	proximal	part	of	the	

epicardial	 vessel	 and	 the	 proximal	 third	 of	 the	 stent.	 ISA	 was	 seen	 in	 clusters	

proximally	 within	 both	 stent	 and	 vessel,	 despite	 operators	 performing	 apparently	

angiographically	 optimal	 angioplasty	 before	 OCT	 assessment.	 These	 findings	 were	

consistent	across	both	groups	in	our	study.		This	may;	of	course,	be	a	consequence	

of	 natural	 tapering	 of	 coronary	 vessel	 as	 it	 traverses	 downstream	 but	 could	 have	

important	 clinical	 implications.	 The	 finding	 of	 increased	 stent	 malapposition	 in	

proximal	 stent	 or	 vessel	 would	 support	 the	 concept	 of	 preferentially	 post-dilating	

proximally,	particularly	in	larger	caliber	vessels.		

7 Limitations	
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This	 study	was	 relatively	 small	and	 therefore	not	powered	 to	detect	differences	 in	

clinical	outcomes	and	clinical	follow	up	was	not	recorded.	We	are	therefore	unable	

to	correlate	ISA	with	worse	outcome.	One	could	argue	that	performing	OCT	analysis	

before	PCI	might	have	enabled	a	more	thorough	assessment	of	the	effect	of	 lesion	

type	and	complexity	on	 the	 rate	of	 ISA.	Patients	were,	however,	 randomized	after	

angiography	and	the	subsequent	lesion	complexity	was	well	matched.	Although	the	

sample	 size	was	 relatively	 small,	 the	 study	 had	 fairly	 broad	 inclusion	 criteria.	 As	 a	

consequence,	 we	 feel	 that	 these	 data	 are	 applicable	 to	 angioplasty	 performed	 in	

both	acute	and	non-acute	settings.		

8 Conclusion			

	

Recent	 international	 guidelines	 have	 actively	 encouraged	 the	 use	 of	 second	

generation	DES	by	default	 in	 ‘all	 clinical	 conditions	 and	 lesion	 subsets’	 (19).	 These	

recommendations	 stem	 from	 proven	 efficacy	 but	 also	 due	 to	 evidence	 of	 a	

significantly	improved	safety	profile.		In	this	study,	the	first	generation	Cypher	stent	

was	 associated	 with	 more	 stent	 strut	 malapposition	 as	 compared	 to	 the	 second	

generation	 Xience.	 	 Malapposition	 was	 seen	more	 frequently	 within	 the	 proximal	

third	 of	 both	 coronary	 vessels	 and	 of	 the	 implanted	 stent.	 The	 CFD	 analysis	 of	

proximal	stent	malapposition	resulting	in	hemodynamic	changes	remains	hypothesis	

generating	 and	 may	 be	 an	 important	 consideration	 in	 future	 stent	 complications	

such	 as	 in-stent	 restenosis	 and	 thrombosis.	Our	 findings	may	 support	 and	 help	 to	

explain	 improved	 safety	 performance	 of	 the	 newer	 generation	 stents	 and	 are	

concordant	with	the	latest	practice	guidelines.	Nevertheless,	owing	to	the	size	of	the	
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study	and	the	lack	of	outcome	data,	further	studies	are	required	to	confirm	clinical	

implications	of	these	findings.		

	

Table	1	–	Characteristics	of	CoCr-EES	(Xience)	and	SES	(Cypher)	drug-eluting	
stents	

	

	 SES	(Cypher)	 EES	(Xience)	

Manufacturer	 Cordis,	Johnson	&	Johnson	 Abbott	Vascular	

Drug	coating	 Sirolimus	 Everolimus	

Drug	concentration	 140	μg/cm2	 100	μg/cm2	

Drug	release	 80%	during	first	30	days	 80%	during	first	30	days	

Platform	material	 Stainless	steel	 Cobalt–chromium	

Strut	thickness	(μm)	 140	 81	

Polymer	material	 Poly	 (ethylene-co-vinyl	

acetate)	

AND	

Poly	(n-butyl	methacrylate)	

Poly	(n-butyl	methacrylate)	

AND		

copolymer	 of	 vinylidene	

fluoride	 and	

hexafluoropropylene	
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Table-2:	Classification	of	malapposition	by	the	stent	type	
	

Table	2.	Strut	Thickness	and	Classification	of	Apposition	of	the	DES	used	in	this	study	

		 Metal	Strut	 Polymer	 Total	Thickness	 Embedded	 Protruding	 Malapposed	

Cypher		 140	 12.6	 152.6	 <80	 80-160	 ≥160	

Xience	 81	 7.8	 88.8	 <	45	 45-90	 ≥90	

Values	are	(µm),	*Average	thickness	of	uneven	endo-	and	abluminal	polymers	

	 	



	 150	

Table	3:	Baseline	characteristics	
	 SES,	n=20	 EES,	n=20	 p	valve	

Age	 66±10.7	 61±8.8	 0.13	

Male	Sex	 15	(75%)	 17	(85%)	 0.60	

Diabetes	 2	(10%)	 5	(25%)	 0.41	

Current	Smoker	 7	(35%)	 5	(25%)	 0.74	

Hypertension	 12	(60%)	 15	(75%)	 0.50	

Dyslipidemia	 9	(45%)	 10	(50%)	 1.0	

Caucasian		 13	(65%)	 17	(85%)	 0.12	

BMI	 28.1±3.1	 27.2±2.5	 0.48	

	 	 	 	

Presentation	 	 	 	

Stable	Angina	 14	(70%)	 13	(65%)	 0.74	

NSTEMI	 4	(20%)	 4	(20%)	 1.0	

STEMI	 2	(10%)	 3	(15%)	 0.63	

	 	 	 	

Past	history	 	 	 	

Prior	AMI	 4	(20%)	 6	(30%)	 0.72	

Previous	Angina	 7	(35%)	 11	(55%)	 0.34	

Prior	PCI	 0		 4	(20%)	 0.10	

Prior	CABG	 2	(10%)	 1	(5%)	 0.49	
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Table	4:	Procedural	characteristics	
	

	 SES,	 n=20	 patients,	

20	lesions	

EES,	 n=20	 patients,	

22	lesions	

p	valve	

Target	vessel	 	 	 	

LAD	 11	(55%)	 12	(60%)	 0.75	

LCx	 4	(20%)	 4	(20%)	 1.0	

RCA	 5	(25%)	 4	(20%)	 0.7	

	 	 	 	

Stents	per	patient	 1	 1.1	 0.32	

Use	 of	 thrombus	

aspiration	device	

5	(25%)	 6	(30%)	 0.70	

Stent	length	 18.6±4.8	 17.5±5.8	 0.52	

Stent	width	 2.9±0.43	 3.2±0.38	 0.06	

Lesion	pre-dilatation	 16	(80%)	 17	(85%)	 1.0	

Maximal	 predilated	

balloon	 diameter	

(mm)	

2.4±0.39	 2.5±0.25	 0.28	

Peak	 pre-dilatation	

pressure	(atm)	

15.4±2.8	 16.3±3.5	 0.38	

Stent	post-dilatation	 4	(20%)	 7	(35%)	 0.48	

Max.	 post	 dilatation	

pressure	(atm)	

17.5±1.9	 19.4±5.8	 0.55	
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Table	5:	Lesion	Characteristics:	ACC	classification	and	QCA	analysis	
	

	 SES,	n=20	 EES,	n=20	 	

Type	A	 0	 0	 1.0	

Type	B1	 6	(30%)	 9(45%)	 0.5	

Type	B2	 5	(25%)	 4	(20%)	 1.0	

Type	C	 9	(45%)	 7	(35%)	 0.75	

	

QCA	analysis	

	

	 	 	

Pre-procedural	 	 	 	

		Minimal	 lumen	

diameter	(mm)	

	0.72±	0.2	 0.84	±	0.1	 0.1	

		Diameter	 stenosis	

(%)	

71	±	7	 70	±	7		 0.6	

		Lesions	 length	

(mm)	

14.8±3.9	 15	±	3.9		 0.9	

	 	 	 	

Post-procedural	 	 	 	

		Minimal	 lumen	

diameter	(mm)	

	2.7	±	0.3	 2.9	±	0.3	 0.1	

		Diameter	 stenosis	

(%)	

9	±	3.9		 10.6	±	4.9		 0.3	
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Table	6:	Optical	coherence	tomography	results	
	

	 SES	(N=20)	 EES	(N=22)	 p	value	

Total	strut	count	 3149		 2758	 0.2	

Embedded	 1333	(42.3%)	 2135	(77.4%)	 <0.001	

Protruding	 1219	(38.7	%)	 323	(11.7%)	 <0.001	

Malapposed	 597	(18.9	%)	 300			(10.9%)	 <0.001	

SEI	 0.82	±0.09	 0.84	±0.1	 <0.01	
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Figures	

	

	

	

	

Figure	1:	Graphical	representation	of	number	of	malapposed	stent	struts	in	
forty	 patients	 with	 each	 line	 representing	 one	 stent.	 	 Proximal,	 middle	 and	 distal	
thirds	of	each	 stent	are	depicted	demonstrating	more	 stent	 strut	malapposition	 in	
proximal	stent	thirds.	
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Figure	 2:	 	 Frame	wise	 depiction	 of	 ISA.	 Each	point	 represents	one	 frame	with	
significant	overlap.	Distal	vessel	stents	have	less	lumen	area	and	less	ISA.	
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ASSESSMENT	OF	INTIMAL	TISSUE	AND	

MALAPPOSITION	(OPTIMA	Trial)	
A	randomized	comparison	of	biodegradable	
polymer	biolimus-eluting	and	permanent	

polymer	everolimus-eluting	stents	
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1 Introduction:	

	

Drug	eluting	stents	 (DES),	with	 their	controlled	release	of	 therapeutic	agents,	have	

significantly	 reduced	 the	 rate	 of	 major	 adverse	 cardiac	 events	 (MACE)	 following	

coronary	stent	implantation,	primarily	by	a	reduction	in	restenosis	and	target	lesion	

revascularization	as	compared	to	bare	metal	stents	(1,	2).	However	the	use	of	first-

generation	DES	had	been	found	to	be	associated	with	an	increased	risk	of	very	late	

stent	thrombosis	(ST)	(3,	4).	This	adverse	phenomenon	with	multifactorial	etiology,	

had	 been	 linked	 to	 one	 downside	 of	 the	 drug	 coating	 that	 was	 delayed	 arterial	

healing,	with	human	autopsy	 studies	 revealing	uncovered	or	 incompletely	 covered	

stent	 struts	 several	months	after	 the	 stent	 implantation	 (5).	Among	many	possible	

mechanisms	accounting	for	this	concerning	observation,	one	was	thought	to	be	the	

hypersensitivity	reaction	to	the	polymer	coating	which	in	turn	could	have	adversely	

affected	 the	arterial	healing.	Therefore	biodegradable	polymer	coating	on	some	of	

the	second-generation	drug-eluting	stents	was	 introduced	as	a	novel	technology	to	

improve	 the	 healing	 profile	 of	 DES.	 The	 LEADERS	 trial	 demonstrated	 favorable	

outcomes	and	 long	 term	clinical	 safety	of	biolimus	eluting,	biodegradable	polymer	

stent	(6,	7),	and	the	LEADERS-OCT	sub	study	reported	improved	vessel	wall	healing	

as	 compared	 to	 first	 generation	 sirolimus	 eluting	 stent	 as	 assessed	 by	 optical	

coherence	tomography	(OCT)	(8).		

However,	 Late	 ST	 and	 very	 late	 ST	 tend	 to	 occur	 with	 a	 low	 incidence	 after	

implantation	of	permanent	polymer	second-generation	drug-eluting	stents,	 such	as	

everolimus-eluting	stents	(9,	10).	Of	note	everolimus-eluting	stents,	as	compared	to	

bare	metal	stents,	have	been	associated	with	a	lower	risk	of	definite	and	of	definite	
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or	probable	ST	in	a	meta-analysis	of	randomized	trials	(11,	12).	Given	the	small	event	

rate,	 in-vivo	 evaluation	 of	 the	 implanted	 stents	 for	 surrogate	 markers	 of	 tissue	

coverage	with	OCT	is	a	valid	option	and	is	being	widely	utilized	in	the	contemporary	

stent	evaluation	studies.	The	present	Optical	Coherence	Tomography	Assessment	Of	

Intimal	 Tissue	 And	 Malapposition	 (OPTIMA)	 trial	 sets	 out	 to	 assess	 the	 biolimus-

eluting	 biodegradable	 polymer	 stent	 (BES)	with	 the	 everolimus	 eluting	 permanent	

polymer	stent	(EES)	with	serial	OCT	evaluations.	

2 Background	

	

2.1 Stent	Platforms:	
	

Traditionally,	DES	platforms	have	been	made	from	316L	stainless	steel.	The	first	such	

stent	 to	 be	 released	 to	 market,	 the	 sirolimus-eluting	 stent	 (SES,	 Cypher,	 Cordis,	

Miami,	 US)	 had	 demonstrated	 evidence	 of	 greater	 efficacy	 in	 reducing	 restenosis	

and	 late	 lumen	 loss	 in	direct	or	 indirect	comparison	with	other	DES	types	 (13,	14).	

However,	 this	 was	 also	 one	 of	 the	 thickest	 stent	 platforms	 (154	 microns),	 and	

together	 with	 a	 closed	 cell	 design,	 had	 been	 linked	 to	 an	 increased	 frequency	 of	

incomplete	 apposition	 when	 compared	 to	 other	 DES	 incorporating	 thinner	 strut	

profiles.	 (15).	 BES	 in	 this	 study	 is	 structured	on	 stainless	 steel	 platform	but	with	 a	

thinner	120	microns	strut	profile.		

To	compensate	for	some	of	these	‘stainless	steel’	specific	factors,	device	companies	

turned	to	an	array	of	other	metal	alloys	to	manufacture	stent	platforms.	One	of	the	

more	 commonly	 used	 is	 cobalt	 chromium.	 This	 alloy	 is	 stronger	 and	 denser	 than	



	 162	

316L	 stainless	 steel,	 allowing	 for	 thinner	 struts,	 increased	 flexibility,	 and	 improved	

deliverability	with	now	many	second	generation	DESs	using	this	backbone	including	

the	EES	in	current	study.	

	

2.2 Therapeutic	agents:	
	

Sirolimus	and	paclitaxel	have	been	very	effective	at	reducing	intimal	hyperplasia	and	

subsequent	 clinical	 complications.	 Both	 drugs	 are	 highly	 lipophilic	 and	 show	 rapid	

and	 strong	uptake	 in	 arterial	wall	 tissue.	 Both	 the	 sirolimus-eluting	 and	paclitaxel-

eluting	 stents	 have	 been	 compared	 to	 bare	 metal	 stents	 in	 several	 randomized	

clinical	 trials	 and	 have	 shown	 consistent	 reduction	 in	 angiographic	 and	 clinical	

restenosis		(2,	13-15)	

Everolimus	 is	 a	 semi-synthetic	 macrolide	 immunosuppressant,	 synthesized	 by	

chemical	modification	of	rapamycin	(sirolimus).	Biolimus	A-9	 (BA-9)	 is	a	proprietary	

semi-synthetic	Sirolimus	analogue.	It	is	highly	lipophilic,	rapidly	absorbed	in	tissues,	

and	 able	 to	 reversibly	 inhibit	 growth	 factor	 stimulated	 cell	 proliferation.	 Similarly,	

current	 data	 suggests	 that	 biolimus	 (BA-9),	 on	 a	molecular	 level,	 forms	 a	 complex	

with	 the	 cytoplasmic	 proteins	 that	 inhibit	 the	 cell	 cycle	 between	 the	 G0	 and	 G1	

phase.	 The	 result	 is	 an	 interruption	 of	 the	 cascade	 governing	 cell	 metabolism,	

growth,	and	proliferation.	Both	everolimus	and	biolimus	are	well-tolerated	cytostatic	

immunosuppressive	agents,	with	predictable	and	similar	adverse	event	profiles.	

	

2.3 Polymer	Coatings:	
	



	 163	

Current	 DESs	 consist	 of	 a	metal	 stent	 platform	 and	 a	 therapeutic	 agent,	 which	 is	

either	directly	immobilized	on	the	stent	surface	or	released	from	a	polymer	matrix.	

Such	polymer-based,	DES	allow	 for	 controlled	 release	of	 therapeutic	 agents	 at	 the	

site	of	 injury.	 Polymers	 currently	utilized	 for	DES	are	either	biodegradable	or	non-

biodegradable.	While	biodegradable	polymers	are	 released	 together	with	 the	drug	

and	 dissolve	 after	 a	 certain	 period	 of	 time,	 non-biodegradable	 polymers	 reside	

permanently	 on	 the	 stent	 surface.	 Furthermore,	 the	 polymer	 has	 been	 linked	 to	

cases	 of	 hypersensitivity	 reactions	 and	 possible	 thrombogenicity	 (16-19).	 The	 first	

generation	SES	was	covered	by	two	layers	of	permanent	polymer	with	a	top	coating	

for	 slow	 release.	 Pathological	 follow-up	 examinations	 at	 autopsy	 following	

implantation	of	SES	had	shown	that	neointimal	healing	was	still	incomplete	after	16	

months	with	approximately	20%	of	the	stent	remaining	uncovered	(20).		

EES	 uses	 a	 thin,	 durable	 polymer	 matrix	 (fluorinated	 copolymer	 [polyvinylidene	

fluoride-hexafluoropropylene])	 that	 results	 in	 the	 controlled	 release	 of	 everolimus	

(loaded	at	1.0	μg/mm2	concentration).	Despite	the	incidence	of	fatal	hypersensitivity	

events	like	stent	thrombosis	from	polymer-based	DESs	remaining	low,	there	is	still	a	

concern	regarding	insufficient	long	term	follow-up	and	hence	the	underestimation	of	

the	true	 incidence	of	such	complications.	This	may	be	overcome	by	the	use	of	bio-

absorbable	polymers.		

The	biodegradable	polymer	is	polylactic	acid	(PLA),	which	has	been	widely	used	in	a	

variety	 of	 medical	 applications,	 including	 orthopaedic	 and	 dental	 devices	 and	

implants.	 Polylactic	 acid	 has	 been	 evaluated	 in	 preclinical,	 and	 clinical	 studies,	

revealing	a	 favorable	biocompatibility	profile.	The	polymer	has	been	demonstrated	
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to	be	safe	when	used	as	 implant	or	drug	 release-control	polymer	 for	both	animals	

and	humans.	The	polymer	degrades	to	CO2	and	H2O.	As	there	is	no	primer	coating	on	

the	 metal,	 once	 the	 drug	 is	 eluted	 and	 the	 polymer	 degrades	 (6-9	 months	 after	

implantation),	only	a	bare	metal	stent	remains.	Another	difference	between	the	two	

devices	with	 regards	 to	 the	polymer	 is	 the	extent	of	coating.	 In	BES	 it	 is	adluminal	

only	compared	to	the	EES	where	the	polymer	covers	both	abluminal	and	adluminal	

surface	of	the	stent	struts.	Table-1	summarizes	some	of	the	key	differences	between	

these	two	devices.		

3 Objectives:	

	

The	objectives	of	the	present	study	were	to	compare	immediate	stent	apposition	of	

the	biolimus-eluting	stainless	steel	stent	platform	with	the	everolimus-eluting	cobalt	

chromium	 stent	 platform	 and	 to	 compare	 tissue	 strut	 coverage	 between	 these	 2	

stents	by	using	OCT	at	4	pre-specified	and	randomly	allocated	time	points	(3,	6,	12,	

or	15	months	post	stent	implantation)	

4 Methods	

4.1 Study	Design	
	

This	 was	 a	 prospective,	 randomized	 trial,	 which	 was	 conducted	 at	 two	 Australian	

centres.	Patients	were	randomized	 in	a	single-blinded	fashion	(2x2	factorial	design,	

2:1	randomization)	 to	either	 the	BioMatrix	Flex	Biolimus	A9–	eluting	stent	 (BES)	or	

the	Promus	/Xience	V/Xience	Prime	Everolimus-eluting	stent	 (EES)	system	and	OCT	

examination	at	one	of	the	following	randomly	allocated	3,	6,	12	or	15	months	follow-
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up.	 Technical	 specifications	 of	 the	 study	 stents	 are	 described	 in	 Table-1.	 Patients	

were	 allocated	 into	 groups	 using	 computer-generated	 randomization	 into	 2:1	

allocation	 and	 follow	 up	 was	 randomly	 assigned	 to	 one	 of	 four	 time	 points.	 The	

OPTIMA	Trial	was	registered	with	clinicaltrial.gov	identifier:	NCT01137019.		

4.2 Study	population	
	

	Patients	 who	 were	 eligible	 for	 percutaneous	 coronary	 intervention	 with	 lesions	

suitable	for	drug-eluting	stent	implantation	were	included	according	to	the	following	

criteria:		Age	≥	18	years,	symptomatic	coronary	artery	disease	including	patients	with	

chronic	 stable	 angina	or	 acute	 coronary	 syndromes;	 and	presence	of	 one	or	more	

coronary	artery	stenosis	>	50%	in	a	native	coronary	artery	with	a	reference	diameter	

ranging	from	2.25	to	4.0	mm	which	could	be	covered	with	one	or	multiple	stents.	No	

limitation	was	placed	to	the	number	of	treated	lesions,	number	of	vessels	or	lesion	

length	according	to	the	randomization	group.		

Patients	 were	 excluded	 on	 the	 basis	 of	 following	 pre-specified	 criteria:	 known	

intolerance	 to	 aspirin,	 clopidogrel,	 heparin,	 stainless	 steel,	 cobalt	 chromium,	

biolimus,	everolimus,	 contrast	material;	previous	bypass	grafts;	 inability	 to	provide	

informed	consent;	pregnancy;	planned	surgery	within	12	months	of	PCI	unless	dual	

antiplatelet	 therapy	 could	 be	maintained	 throughout	 the	 peri-surgical	 period,	 left	

ventricular	ejection	fraction	<	25%	and	serum	creatinine	>	180mmol/L.	

	

All	participitants	signed	informed	consent	prior	to	screening	angiography.	The	study	

was	approved	by	the	ethics	committees	of	participating	institutions.	



	 166	

4.3 Endpoints:	

	

Primary	 endpoint	 was	 the	 percentage	 of	 OCT	 detected	 uncovered	 struts	 at	

corresponding	 follow-up	 time	 points.	 Secondary	 endpoints	 were	 percentage	 of	

malapposed	struts	(immediately	post-implantation	and	at	follow-up)	and	neointimal	

tissue	 thickness	 at	 follow	 up	 both	 assessed	 on	 OCT.	 Angiographic	 secondary	

endpoints	 included	 in-stent	 and	 in-segment	 binary	 restenosis,	 minimal	 luminal	

diameter	 (MLD),	 percent	 diameter	 stenosis	 (%DS)	 and	 late	 luminal	 loss	 (LLL).	

Secondary	 clinical	 endpoints	 were	 justified	 and	 non-justified	 target	 lesion	

revascularization	 (TLR),	 target	 vessel	 revascularization	 (TVR),	 cardiac	mortality,	 all-

cause	mortality,	myocardial	infarction	(MI)	and	stent	thrombosis	at	30	days,	3,	6,	12	

and	15	months	and	combined	clinical	outcome	of	cardiac	death,	MI	and	target	lesion	

revascularization	at	15	months.	

Lesion	success	was	defined	as	achievement	of	<	20%	residual	stenosis	after	PCI	using	

the	assigned	stent.	

4.4 Procedures	

	

Balloon	angioplasty	and	coronary	stent	implantation	were	performed	using	standard	

techniques	 with	 iso-osmolar	 contrast	 (Visipaque,	 GE	 Health	 Care,	 Cork,	 Ireland).	

Following	maximal	 vasodilatation	 after	 intra-coronary	 nitroglycerin	 administration,	

baseline	 angiography	 of	 the	 involved	 vessel	 was	 performed	 in	 at	 least	 two	

orthogonal	 views	 that	 showed	 the	 target	 lesion	 free	 of	 foreshortening	 or	 vessel	

overlap,	 using	 at	 least	 a	 6	 French	 guiding	 catheter.	 Quantitative	 coronary	

angiography	(QCA)	was	performed	using	a	commercially	available	software	(QAngio	
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XA	 7.3,	 Medis	 Medical	 Imaging	 Systems,	 Leiden,	 The	 Netherlands)	 (21)	 by	 an	

independent	 observer.	 In	 the	 follow-up	 angiography,	 matched	 orthogonal	 views	

were	 acquired.	 Minimum	 lumen	 diameter	 (MLD)	 and	 percent	 diameter	 stenosis	

(%DS)	 were	 assessed	 pre	 and	 post	 PCI	 at	 baseline,	 and	 at	 follow-up	 with	

measurements	 taken	 both	 in-stent	 and	 in-segment.	 Late	 lumen	 loss	 (LLL)	 was	

calculated	 by	 the	 difference	 in	 MLD	 at	 baseline	 and	 follow-up.	 Angiographic	

restenosis	was	defined	as	>50%	DS	at	follow-up.	

	

OCT	was	performed	using	a	commercially	available	system	(C7XR,	St	Jude	Medical,	St.	

Paul,	MN,	USA)	whilst	systemic	anticoagulation	with	heparin	achieved	an	ACT	>	250	

seconds	 and	 following	 nitroglycerin	 administration.	 This	 was	 carried	 out	 at	 the	

conclusion	of	 the	procedure	only	after	optimal	stent	expansion	had	been	achieved	

angiographically	 with	 a	 residual	 stenosis	 <	 20%	 judged	 visually	 by	 the	 operator.	

Following	 advancement	 of	 the	 dedicated	OCT	 imaging	wire	 (Dragonfly	 catheter	 St	

Jude	Medical,	St.	Paul,	MN,	USA),	pullback	was	commenced	at	a	rate	of	20mm/sec	

during	 flush	 of	 iso-osmolar	 contrast	 via	 the	 guiding	 catheter.	 Imaging	 was	

terminated	 once	 the	 entire	 stented	 segment	 had	 been	 scanned	 or	 if	 the	 patient	

became	 intolerant	of	 the	procedure.	 The	OCT	 images	were	 stored	digitally	 for	off-

line	analysis.	

4.5 Optical	coherence	tomography	analysis	

	

Offline	 OCT	 analysis	 was	 performed	 by	 two	 experienced	 observers	 blinded	 to	 the	

stent	 type	 allocation	 and	 clinical	 and	 procedural	 characteristics.	 Consecutive	 one-
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millimeter	 sections	 in	 the	 stented	 segment	 were	 analyzed	 in	 a	 distal	 to	 proximal	

fashion.	If	a	given	frame	was	deemed	unsuitable	for	analysis,	the	frame	immediately	

before	or	after	that	was	chosen	instead.	Measurements	were	performed	after	the	“Z”	

offset	 (catheter	 calibration).	 Anatomic	 landmarks	 such	 as	 side	 branches,	

calcifications,	or	stent	overlap	segments	were	used	for	longitudinal	view	orientation.	

Total	number	of	struts	was	counted	in	each	cross-section.	A	strut	was	included	only	

if	it	was	clearly	visible	with	the	corresponding	back	shadow.	Stent	struts	abutting	the	

side	branches	were	reported	separately	as	“side	branch	related	floating	struts”	and	

not	categorized	as	malapposed.	A	given	stars	was	classified	as	apposed	 if	 it	was	 in	

contact	with	the	vessel	wall	(and	further	subdivided	into	embedded	or	protruding),	

and	mal-apposed	 if	 seen	detached	 from	the	vessel	wall	by	a	distance	greater	 than	

the	combined	thickness	of	the	metal	strut	and	its	polymer		(90	microns	for	EES	and	

120	microns	for	BES)	(Figure-2)		(Table	1).	These	definitions	were	adapted	from	the	

parameters	set	 in	the	 International	Consensus	Document	(Consensus	Standards	for	

Acquisition,	 Measurement,	 and	 Reporting	 of	 Intravascular	 Optical	 Coherence	

Tomography	Studies)	(22).	A	strut	was	considered	“covered”	only	if	tissue	was	seen	

covering	 the	entire	 strut.	 If	 some	part	of	 a	 strut	was	devoid	of	 tissue	 layer,	 it	was	

deemed	 “uncovered”.	 Tissue	 thickness	 was	 measured	 on	 the	 luminal	 side	 of	 the	

strut	at	the	mid-point	of	its	long	axis.				

5 Sample	Size	Calculation	and	Statistical	Analysis		

	

The	sample	size	calculation	was	designed	to	account	for	random-effects	at	the	level	

of	 lesions	 and	 patients.	 The	 pre-specified	 primary	 endpoint	 of	 the	 study	 is	 the	
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difference	in	the	proportion	of	uncovered	struts	between	the	two	stents.	Assuming	

average	numbers	of	1.5	 lesions	per	patients	and	160	struts	per	 lesion	and	a	design	

factor	 of	 1.5	 (defined	 as	 standard	 error	 derived	 from	 the	 Bayesian	 hierarchical	

random-effects	model	assuming	clustering	of	 lesions	within	patients	divided	by	the	

crude	standard	error	derived	from	conventional	analysis	assuming	independency	of	

lesions),	we	estimated	that	the	inclusion	of	80	patients	would	yield	greater	than	90%	

power	 to	 detect	 a	 difference	 in	 uncovered	 struts	 of	 4%	 between	 biolimus-eluting	

and	everolimus-eluting	stents	and	a	two-sided	type	I	error	of	0.05.		

Baseline	 characteristics	 of	 patients	 randomised	 to	 the	 BES	 and	 EES	 groups	 were	

reported.		Descriptive	statistics	were	used	to	compare	the	total	number	and	types	of	

struts	 at	 baseline	 and	 at	 the	 follow-up	 time-points.		 Continuous	 variables	 were	

expressed	as	mean	(SD)	or	median	(25-75	percentiles).		

Raber	 et	 al	 (23)	 indicated	 that	 data	 from	 optical	 coherence	 tomography	 (OCT)	

studies	are	hierarchical,	since	the	evaluation	unit	of	struts	are	nested	within	lesions,	

with	lesions	nested	within	patients.		Thus,	multilevel	models	were	required	to	assess	

whether	 there	 was	 a	 significant	 difference	 between	 the	 BES	 and	 EES	 groups.	The	

underlying	factor	for	using	multilevel	modeling	is	also	the	fact	that,	the	results	from	

the	 struts	within	 each	OCT	 cross-section	 and	 also	 the	 results	 from	 two	 sequential	

OCT	cross-sections	should	be	 related	 to	each	other.	Due	 to	clustering	effect,	 there	

are	unavoidable	correlations	between	the	struts	in	each	cross-section	and	between	

the	 sequential	 cross-sections.	 The	 results	 nested	 in	 one	 stented	 segment	 are	 thus	

not	 independent	 from	 each	 other.	 To	 assess	 the	 proportions	 of	 malapposed	 and	

uncovered	struts	at	a	lesion	level,	Poisson	mixed-effects	maximum-likelihood	models	
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were	used,	with	patients	and	lesions	considered	to	be	random	effects.		To	assess	the	

total	 number	 of	 struts,	 counts	 of	 particular	 types	 of	 struts	 (i.e.	 embedded,	

protruding,	 malapposed),	 linear	 mixed-effects	 maximum-likelihood	 models	 were	

used,	 after	 taking	 a	 square	 root	 transformation,	 to	 ensure	 that	 the	 data	

approximated	normal	distributions.			

Statistical	 analyses	 were	 performed	 with	 Stata	 Version	 12.1	 (StataCorp,	 College	

Station,	TX,	USA).	To	compare	the	angiographic	data,	 independent	t-test	was	used,	

while	 Chi-square	 and	 Fisher’s	 exact	 tests	were	 performed	 for	 categorical	 data.	 An	

alpha	 (p-value)	 of	 0.05	was	 considered	 to	 indicate	 statistical	 significance	 between	

groups.			

6 Results	

From	 January	 2011	 to	 May,	 2012	 a	 total	 of	 45	 patients	 were	 enrolled.	 Due	 to	

withdrawal	 of	 consent	 in	 one	 patient,	 OCT	 was	 not	 performed	 and	 therefore	 44	

patients	were	finally	included	in	the	study	with	28	randomised	to	the	BES	and	16	in	

the	EES	group.		Out	of	these,	26	(93%)	patients	in	the	BES	group	and	15	(94%)	in	the	

EES	group	completed	the	 follow	up.	One	patient	each	 in	both	groups	did	not	have	

angiographic	and	OCT	 follow	up.	There	was	one	non-cardiac	death	 in	 the	BES	at	5	

months	post	 index	procedure.	Figure-1	provides	 the	summarized	 flow	chart	of	 the	

study.	

Baseline	patient	characteristics	are	summarised	 in	Table-2.	The	average	age	of	 the	

patients	 in	 the	BES	group	was	60.3,	with	85.7%	being	male	compared	to	63.7	with	

87.5%	 respectively	 in	 the	 EES	 group.	There	 were	 no	 significant	 between	 group	
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differences	 in	terms	of	baseline	clinical	characteristics.	Table-3	provides	procedural	

and	 lesion	 characteristics	 and	 Table-	 4	 provides	 a	 comparison	 of	 OCT	 results	

between	 two	groups	 at	 baseline.	Twenty-five	percent	of	 the	patients	 in	BES	 group	

had	more	than	one	lesion	(i.e.	7	patients	with	2	lesions	each)	compared	to	thirteen	

percent	 for	 the	 EES	 group	 (i.e.	 1	 patient	 with	 2	 lesions	 and	 1	 patient	 with	 3	

lesions).	A	significant	proportion	of	cases	in	both	groups	(n=13	(37.1%)	in	BES	versus	

n=8	 (42.1%)	 in	 EES)	 had	 complex	 lesions	 (ACC/AHA	 lesion	 class-C).	 Left	 anterior	

descending	(LAD)	artery	was	the	most	commonly	treated	vessel.	Overall,	there	were	

35	lesions	with	7536	struts	in	the	BES	group,	compared	to	19	lesions	with	4948	struts	

in	the	EES	group	at	baseline.	There	was	consistency	in	the	proportion	of	malapposed	

struts	at	baseline	(BES:	median	5.7%:	IQR:	2.7%	–	8.3%,	EES:	median	6.3%:	IQR:	3.0%	

–	8.2%,	p=0.951).	The	average	malapposition	distance	was	175	microns	(160	-	212)	

and	170	microns	(149	-	182)	in	BES	and	EES	group	respectively	(p=0.372).	

At	 follow-up	 (Table-	 5)	 there	 was	 no	 significant	 difference	 in	 the	 proportion	 of	

malapposed	and	uncovered	struts	between	the	two	groups.	The	malapposition	had	

largely	resolved	in	both	groups	(BES:	median	0.8%:	IQR:	0.3-2.1%,	EES:	median	0.6%:	

IQR:	0%-2.2%,	p=0.367).	The	primary	endpoint	of	proportion	of	uncovered	struts	in	

both	 groups	 was	 also	 comparable	 (BES:	 median	 6.3%:	 IQR:	 2.1%	 –	 13.1%,	 EES:	

median	3.5%:	IQR:	0.7%	–	11.5%,	p=0.199).	The	mean	neointimal	tissue	thickness	for	

the	BES	group	was	69	±	19	μm	(Mean	±	SD),	which	was	significantly	lower	than	the	

mean	thickness	in	the	EES	group	of	90	±	27	μm	(p<0.006).	

To	study	 the	healing	profile	of	 the	stents	 in	a	 longitudinal	 fashion,	 tissue	coverage	

characteristics	of	the	stents	were	also	compared	based	on	two	time-point	categories	
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during	follow-up	 i.e.	 (early	phase)	3-to-6	months	and	(late	phase)	12-to-15	months	

(Table-6).	This	was	to	specifically	evaluate	the	strut	coverage	properties	before	and	

after	the	complete	degradation	of	the	polymer	in	BES	group	as	compared	to	the	EES,	

which	has	a	permanent	polymer.	Not	surprisingly	the	proportion	of	uncovered	struts	

was	 higher	 at	 the	 early	 follow-up	 phase	 regardless	 of	 the	 stent	 type	 (BES:	 11.3%:	

IQR:	 4.8%	 –	 21.1%,	 EES:	 9.5%:	 IQR:	 1.3%	 –	 19.8%,	 p=0.785)	 and	 it	 substantially	

decreased	in	the	late	phase	i.e.;	at	12-15	months	(BES:	2.8%:	IQR:	1.2%	–	12%,	EES:	

2.5%:	IQR:	0.2%	–	4.0%,	p=0.375).	However	no	significant	between-group	differences	

were	observed.	These	results	are	summarized	in	a	bar	chart	in	figure-2.	

Angiographic	 results	 are	 presented	 in	 Table-7.	 All	 procedures	 were	 considered	

successful	meeting	 the	 criteria	 of	 less	 than	 10%	 residual	 diameter	 stenosis.	 Acute	

lumen	gain	was	comparable	in	both	groups	[(mean	±	SD)	2.07	±	0.46	mm	and	2.06	±	

0.70	 in	 BES	 and	 EES	 respectively,	 p	 =	 0.966)].	 Although	 late	 lumen	 loss	 was	

numerically	higher	in	the	EES	group	then	BES	(0.11mm	±	0.40	versus	0.23mm	±	0.33),	

it	 did	 not	 reach	 statistical	 significance	 (p=0.306).	 There	 were	 no	 cases	 of	

angiographic	restenosis	in	either	group	at	the	respective	follow	up	time	points.		

6.1 Clustering	of	malapposition	

An	 interesting	 observation	 during	 the	 OCT	 analysis	 was	 that	 at	 baseline	

malapposition	was	clustered	predominantly	in	the	proximal	one	third	of	the	stents	in	

both	 groups	 (proximal	 versus	 distal	 3rd:	 in	 the	 BES	 5.3%	 and	 1.3%	 and	 in	 the	 EES	

group	 9.3%	 and	 2.1%	 respectively).	 We	 examined	 the	 spatial	 correlation	 of	

malapposition	 clustering	 at	 baseline	 with	 lack	 of	 tissue	 coverage	 at	 follow	 up.	

However	 this	 correlation	 was	 not	 found	 as	 uncovered	 struts	 were	 non-selectively	



	 173	

distributed	along	 the	 stent	 length	with	no	 consistent	predilection	 for	 the	proximal	

stented	 segments	 (in	 BES	 group	 uncovered	 proportions	 are	 6.5%	 in	 proximal	

compared	 to	 6.5%	 in	 distal	 thirds	 and	 in	 EES	 group	 3.0%	 in	 proximal	 and	 4.8%	 in	

distal	thirds).		

6.2 Clinical	endpoints	

At	 24	months	 post-index	 procedure,	 in	 the	 BES	 group	 there	 was	 one	 non-cardiac	

death	and	clinical	follow	up	information	was	not	available	for	one	patient	beyond	13	

months	 (at	 12	 months	 scheduled	 follow	 up	 this	 patient	 did	 not	 have	 any	 clinical	

events).	One	patient	in	the	BES	group	had	unplanned	target	vessel	revascularization	

(TVR)	at	the	time	of	scheduled	angiographic	and	OCT	follow	up	(3	months)	to	treat	

an	 iatrogenic	 complication	 (catheter	 induced	 dissection	 of	 proximal	 RCA).	 	 This	

patient	 had	 no	 further	 events	 during	 the	 remaining	 period	 of	 24	 months.	 In	 EES	

group	one	 patient	 had	 unplanned	non-TVR	 at	 14	months.	 There	were	 no	 cases	 of	

probable	or	definite	stent	thrombosis.	

7 Discussion	

	

Higher	rates	of	late	stent	thrombosis	(>	1	year)	were	observed	in	the	first	generation	

DES	with	durable	polymers	(3,	24,	25).	Amongst	few	possible	mechanisms	underlying	

this	catastrophic	outcome,	persistent	inflammatory	response	to	the	durable	polymer	

coating	 was	 thought	 to	 be	 one.	 Such	 evidence	 emerged	 not	 only	 from	 animal	

experiments	 and	 autopsy	 studies	 but	 later	 on	 also	 from	 the	 IVUS	 examination	 of	

thrombosed	DES	specimens	(5,	17,	18,	26,	27).		
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Stents	with	degradable	polymer	were	developed	in	order	to	eliminate	the	long-term	

polymer	exposure	with	an	 intended	 favorable	modulation	of	 the	healing	 response.	

Earlier	 studies	 have	 demonstrated	 the	 efficacy	 and	 safety	 of	 such	 stents	 when	

compared	with	the	first	generation	durable	polymer	DES	(6,	28-30).	Stefanini	et	al	in	

2012	published	a	pooled	analysis	from	three	of	these	trials	(ISAR-TEST3,	ISAR-TEST4,	

and	 LEADERS)	 comparing	 biodegradable	 polymer	 DES	 with	 durable	 polymer	 SES	

involving	 a	 total	 of	 4062	 patients.	 They	 reported	 clinical	 outcomes	 at	 4	 years	 and	

found	that	the	risk	of	stent	thrombosis	was	significantly	reduced	with	biodegradable	

polymer	 DES	 versus	 durable	 polymer	 SES	 (hazard	 ratio	 0.56,	 95%	 CI	 0.35–0.90,	

P=0.015).	It	was	largely	driven	by	a	lower	risk	of	very	late	stent	thrombosis	(hazard	

ratio	 0.22,	 95%	 CI	 0.08–0.61,	 P	 ¼	 0.004)	 (9).	 However	 In	 the	more	 contemporary	

trials	 involving	the	2nd	and	3rd	generation	drug-eluting	durable-	polymer	stents	as	a	

comparator,	such	differences	in	the	incidence	of	late	and	very	late	stent	thrombosis	

risk	were	not	observed	(31-33).	

The	NEXT	trial	was	the	one	of	 the	 larger	among	such	studies	comparing	these	two	

polymer	 types	 (31).	 It	 randomized	 3,235	 patients	 without	 exclusion	 criteria	 to	

receive	 the	Nobori	 biodegradable-polymer	biolimus-eluting	 stent	 (BES;	 Terumo)	 or	

Xience/Promus	 durable-polymer	 everolimus-eluting	 stent	 (EES;	 Abbott	

Vascular/Boston	Scientific).	At	3	years,	 the	BES	was	non-inferior	 to	 the	EES	 for	 the	

primary	safety	endpoint	of	death	or	MI.		Rates	of	TLR,	the	primary	efficacy	endpoint,	

also	 were	 similar	 between	 the	 two	 devices	 (7.4%	 versus	 7.1%;	 P=0.8)	 (34).		

Raungaard	et	al	(SORT	OUT-VI)	have	also	shown	similar	non-inferiority	results	for	the	

biodegradable-polymer	 biolimus-eluting	 stent	 compared	 to	 the	 durable-polymer	
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zotarolimus-eluting	 stent	 in	 1502	 patients	 for	 the	 primary	 efficacy	 endpoint	 of	

composite	 of	 cardiac	 death	 and	 myocardial	 infarction	 and	 efficacy	 endpoint	 of	

target-lesion	 revascularisation	 at	 12	 months	 (35).	 More	 recently	 in	 the	 EVOLVE-II	

trial	 an	 ultrathin	 strut,	 everolimus-eluting	 stent	 with	 bioabsorbable	 polymer	

(SYNERGYTM-	 Boston	 Scientific)	 was	 found	 to	 be	 non-inferior	 to	 the	 PROMUS	

Element-Plus	everolimus-eluting	stent	(with	durable	polymer)	with	respect	to	target	

lesion	 failure	at	one	year	 (6.7%	vs	6.4%	 respectively	by	 intention-to-treat	analysis)	

(32).	In	this	stent	the	polymer	degrades	completely	within	3	months.	

Our	 study	 demonstrates	 comparable	 stent	 strut	 apposition	 between	 the	

biodegradable	polymer	BES	and	durable	polymer	EES	at	baseline	with	no	significant	

difference	in	tissue	coverage	at	various	time	points	ranging	from	3	months	to	up	to	

15	 months	 post	 implantation.	 Of	 note	 these	 findings	 were	 observed	 in	 spite	 of	

statistically	 significant	 lower	 neointimal	 tissue	 thickness	 in	 the	 biodegradable	

polymer	BES	group.	

These	 results	are	 somewhat	different	 to	 the	previously	published	STACCATO	study	

(33)	 which	 included	 64	 patients	 and	 compared	 the	 primary	 endpoint	 of	 OCT	

detected	 percentage	 of	 uncovered	 struts	 at	 nine	 months.	 Authors	 reported	 a	

significantly	higher	percentage	of	uncovered	struts	in	the	BES	group	compared	to	the	

cobalt	 chromium-EES	 group	 (8.7±7.8%	 vs	 4.3±4.8%,	 p=0.019).	 In	 addition	 to	 the	

difference	in	the	duration	of	OCT	follow-up,	a	procedure-related	factor	needs	to	be	

highlighted	 here.	 In	 STACCATO,	 post-dilation	 was	 performed	 in	 relatively	 smaller	

proportion	of	cases	(50%	and	22%	for	BES	and	EES	respectively)	as	compared	to	our	

study	(93%	and	100	%).	As	post	dilatation	has	been	shown	to	achieve	higher	degree	
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of	 struts	 apposition	 which	 in	 turn	 facilitates	 uniform	 tissue	 coverage	 of	 the	 stent	

with	time,	we	believe	this	factor	could	account	for	some	of	the	observed	differences	

in	arterial	healing.	Another	difference	from	STACCATO	was	the	population	studied.		

Our	 study	 mainly	 comprised	 of	 patients	 with	 stable	 coronary	 artery	 disease	 or	

NSTEMI	as	compared	to	the	STACCATO	trial	 in	which	one	third	of	 the	patients	had	

STEMI.	 Previous	 OCT	 studies	 examining	 the	 stent	 strut	 coverage	 have	 revealed	

higher	 incidence	 of	malapposed	 and	 uncovered	 struts	 in	 patients	with	 ACS	 versus	

non-ACS	presentations.	This	difference	has	been	reported	at	mid	term	follow	up	of	9	

months	and	even	at	a	much	later	stage	at	5	years	(36,	37).		

We	 also	 performed	 OCT	 follow	 up	 at	 different	 time	 points	 to	 examine	 any	

differences	 in	 tissue	healing	 patterns	 before	 and	 after	 the	 cut-off	 of	 nine	months;	

which	 is	 the	 average	 time	 needed	 for	 complete	 polymer	 degradation.	 To	 our	

knowledge	 this	 approach	 has	 not	 been	 reported	 before.	 We	 hypothesized	 that	

beyond	 nine	 months,	 any	 proposed	 advantage	 of	 the	 biodegradable	 polymer	

technology	 should	 be	 easier	 to	 detect	 given	 the	 freedom	 from	polymer	 exposure.	

Such	clear	advantage	was	not	 found	probably	because	both	devices	demonstrated	

excellent	tissue	coverage	at	12	to	15	moths	OCT	follow	up.		

It	 is	 important	to	remember	that	the	comparator	device	(EES)	in	our	study	perhaps	

represents	 on	 of	 the	 best	 in	 class	 in	 durable	 polymer	 stent	 technology.	 The	

fluorinated	 polymer	 present	 in	 the	 platinum	 or	 cobalt-chromium	 EES	 everolimus	

eluting	 stent	 has	 been	 shown	 to	 be	 highly	 biocompatible,	 as	 it	 is	 associated	with	

minimal	 vessel	 inflammation	 leading	 to	a	biologically	active	endothelium	 in	animal	

models	 (38).	 So	 perhaps	 not	 surprisingly	 our	 trial	 confirms	 the	 optimal	 vascular	
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healing	at	follow-up	of	EES	and	therefore	raises	a	more	general	question	of	whether	

bioabsorbable	 polymer	 technology	 is	 truly	 superior	 to	 permanent	 polymer	 newer	

generation	DES	 technology.	On	 the	other	 side	of	 the	debate	 it	 can	also	be	argued	

that	whether	 the	difference	 in	 the	metallic	platform	of	BES	with	 its	 thicker	profile	

could	 have	 potentially	 attenuated	 the	 healing	 advantages	 to	 be	 gained	 with	 the	

degradable	polymer	coating.	While	the	strut	thickness	of	the	BES	is	approximately	30	

microns	 greater	 than	 the	 EES	 (metal	 platform	 and	 polymer	 combined),	 which	 in	

theory	 could	 have	 posed	 a	 mechanical	 disadvantage	 in	 terms	 of	 expansion,	

immediate	procedural	results	were	comparable	in	both	groups	as	demonstrated	by	

angiographic	 acute	 lumen	 gain	 and	OCT	 detected	 struts	 apposition.	 Therefore	 the	

impact	of	this	mechanical	difference	on	long	term	healing	should	have	been	minimal	

if	 any.	 Lastly,	 acute	 malapposition	 seen	 immediately	 following	 implantation	 had	

largely	resolved	at	follow	up.	In	a	prior	OCT	study	by	Foin	et	al	(39)	it	was	seen	that	

the	 strut	 to	 wall	 detachment	 distance	 of	 <	 100	 µm	 led	 to	 complete	 neointimal	

coverage	at	6	months	follow	up,	whereas	distances	of	100	to	300	and	>	300	µm	had	

6.1%	and	15.7%	of	 their	 struts	 still	uncovered	at	 follow-up.	Average	malapposition	

distances	in	our	study	were	modest		(170	and	175	µm	for	BES	and	EES	respectively).	

This,	 together	 with	 longer	 follow-up	 period	 meant	 near-complete	 resolution	 of	

malapposition.	

8 Limitations	

	

This	 study	 tested	 two	 contemporary	 drug	 eluting	 stents	 with	 different	 polymer	

coating.	Although	no	difference	was	seen	at	2	years	clinical	follow	up	in	terms	of	MI,	
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TLR,	TVR	or	ST	rates	however	it	is	important	to	note	that	due	to	small	numbers	the	

study	 was	 not	 powered	 to	 test	 such	 differences.	 As	 biodegradable	 polymer	

technology	was	 primarily	 developed	 to	 overcome	 the	perceived	 risks	 of	 persistent	

inflammation	 caused	 by	 permanent	 polymer	 and	 its	 probable	 link	 to	 late	 stent	

thrombosis	 (ST),	 a	 very	 large	 scale	 trial	 will	 be	 required	 to	 evaluate	 the	 such	 a	

difference	 given	overall	 very	 low	 risk	 of	 stent	 thrombosis	with	majority	 of	 current	

generation	drug	eluting	stents.		A	valid	alternative	is	to	test	for	OCT	detected	tissue	

coverage	as	a	surrogate	marker	of	stent	safety	and	is	this	approach	is	being	widely	

utilized	 in	 the	 clinical	 trials	 worldwide.	 In	 the	 initial	 statistical	 plan,	 a	 total	 of	 80	

patients	were	 to	be	enrolled	 to	 test	 for	non-inferiority.	Although	 this	number	was	

not	achieved	but	it	is	important	to	highlight	that	in	an	OCT	study,	as	each	stent	strut	

becomes	an	 individual	data	point	and	with	 the	strength	of	 several	 thousand	struts	

examined	 in	 the	 trial,	 this	 approach	 compensates	 for	 some	 of	 the	 limitations	

associated	with	smaller	patient	number.				

9 Conclusion		

	

In	 conclusion,	 our	 study	 demonstrates	 a	 comparable	 vascular	 healing	 profile	 of	 a	

biodegradable	polymer	BES	and	durable	polymer	EES	at	various	stages	of	follow	up,	

as	assessed	by	optical	coherence	tomography.	It	adds	to	a	growing	body	of	evidence	

regarding	the	safety	and	efficacy	of	biodegradable	polymer.	When	taken	as	a	binary	

finding,	proportion	of	 covered	and	uncovered	 struts,	was	 similar	between	 the	 two	

stents.	However	in	quantitative	terms,	the	neointimal	tissue	thickness	was	lower	in	

the	BES	group	when	compared	to	the	EES	group.	What	this	finding	clinically	means	
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can	be	a	matter	of	debate.		Despite	the	observed	difference	in	this	parameter,	it	can	

be	cautiously	concluded	that	as	the	neointimal	tissue	thickness	was	 in	the	order	of	

70	to	90	microns	for	BES	and	EES	respectively,	it	should	provide	an	adequate	barrier	

against	stent	thrombogenicity	and	yet	not	lead	to	any	significant	lumen	loss.		
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10 Tables	
	

	

10.1 Table	1	–	Characteristics	of	study	stents	
	

Variable	 BES		 EES	

Type	of	Drug	 Biolimus	 A-9,	 a	 sirolimus	

analogue	

Everolimus	

	

Drug	Coating	Profile	 Abluminal	only	

	

Abluminal	and	adluminal	

Drug	release	 Controlled	 release	 through	 the	

period	of	 polymer	 degradation,	

completed	after	9	months	(6)	

80%	during	the	first	30	days	

Platform	material	 Stainless	Steel	

	

Cobalt	Chromium	

Strut	 thickness	 including	

polymer	(μm)	

120	 90	

Polymer	Type	and	material	 Biodegradable.	

Polylactic	 acid	 (PLA):	 dissolves	

into	CO2	and	H2O	in	6-9	months	

	

Durable.	

copolymer	of	vinylidene	fluoride	

and	hexafluoropropylene	
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10.2 Table	2	-	Baseline	patient	characteristics	(n=44),	n	(%)	unless	otherwise	

specified	

	

Variable	 BES	(n=28	patients)	 EES	(n=16	patients)	 p-value	

Age,	Mean	±	SD	 60.3	±	11.9	 63.7	±	12.0	 0.421	

Male	 24	(85.7)	 14	(87.5)	 1.000	

Hypertension	 18	(64.3)	 13	(81.3)	 0.314	

Dyslipidemia	 22	(78.6)	 11	(68.8)	 0.492	

Diabetes	 6	(21.4)	 7	(43.8)	 0.118	

Prior	myocardial	infarction	 10	(35.7)	 3	(18.8)	 0.314	

Prior	revascularization	 4	(14.3)	 1	(6.3)	 0.638	

Current	smoker	 10	(35.7)	 4	(25.0)	 0.521	

Clinical	Presentation	 	 	 0.212	

		Stable	Angina	 13	(46.4)	 4	(25.0)	 	

		Unstable	Angina	 3	(10.7)	 5	(31.3)	 	

		NSTEMI	 10	(35.7)	 7	(43.8)	 	

		STEMI	 2	(7.1)	 0		 	

Medications	 	 	 	

Aspirin	 28	(100)	 16	(100)	 1.000	

Thienopyridines	 28	(100)	 16	(100)	 1.000	

Statin	 27	(96.4)	 16	(100)	 1.000	

Beta	Blocker	 24	(85.7)	 12	(75.0)	 0.434	

ACEI	 16	(57.1)	 9	(56.3)	 0.954	

ARB	 6	(21.4)	 5	(31.3)	 0.469	
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10.3 Table-3:	 Lesion	and	procedural	 characteristics:	n	 (%)	unless	otherwise	

specified*	

Variable	 BES	(n=28)	 EES	(n=16)	 p-value	

Total	Lesions	 35	 19	 	

Number	of	lesions	per	patient	 	 	 0.257	

One	 21	(75.0)	 14	(87.5)	 	

Two	 7	(25.0)	 1	(6.3)	 	

Three	 0	 1	(6.3)	 	

Target	vessel	and	lesion	type	 	 	 	

Left	anterior	descending		 17	(60.7)	 10	(62.5)	 0.907	

Diagonal		 1	(3.6)	 0	(0)	 0.444	

Circumflex		 4	(14.3)	 2	(12.5)	 0.868	

Obtuse	marginal	 2	(7.1)	 1	(6.3)	 0.910	

Right	coronary	artery	 7	(25.0)	 6	(37.5)	 0.582	

Bifurcation		 5	(17.9)	 4	(25.0)	 0.572	

Chronic	Total	Occlusion	 0	 1	 1.000	

ACC	Lesion	Class	

(percentages	based	on	lesions)	

	 	 0.375	

A	 4	(11.4)	 2	(10.5)	 	

B1	 12	(34.2)	 4	(21.0)	 	

B2	 6	(17.1)	 5	(26.3)	 	

C	 13	(37.1)	 8	(42.1)	 	

Procedural	Details	 	 	 	

Pre-dilation		 26	(92.9)	 16	(100)	 0.274	

Post-dilation	 27	(96.4)	 16	(100)	 0.444	

Direct	Stenting		 2	(7.1)	 0	 0.274	

No.	of	stents	per	patient	 	 	 0.197	

One	 18	(64.3)	 13	(81.3)	 	

Two	 8	(28.6)	 2	(12.5)	 	

Three	 2	(7.1)	 0	 	

Four	 0	 1	(6.3)	 	

Stents	per	patient,	Mean	±	SD	 1.43	±	0.63	 1.31	±	0.79	 0.583	

Mean	stent	diameter	(mm)	 3.10	±	0.48	 3.09	±	0.44	 0.957	

Mean	stent	length	(mm)	 22.44	±	7.47	 22.55	±	7.24	 0.958	

Max	NC	balloon	diameter	 3.58	±	0.53	 3.58	±	0.56	 0.878	

Max	post-inflation	pressure	(Atm)	 20.15	±	3.15	 21.50	±	3.14	 0.164	

*	Percentages	based	on	number	of	patients	
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10.4 Table-4:	 	 OCT	 results	 at	 baseline	 (Median	 (IQR)	 unless	 otherwise	

specified)	

	

Variable	 BES	(n=28)	 EES	(n=16)	 p-value	

	 	 	 	

Total	number	of	struts	analysed	 7,536	 4,948	 	

Number	of	lesions	 35	 19	 	

Number	of	struts	per	patient	 244	(167	–	369)	 246	(180	–	329)	 0.798	

Apposed	 233	(148	-	302)	 223	(171	-	302)	 0.751	

Embedded	 106	(63	-	187)	 136	(123	-	202)	 0.164	

Protruding	 91	(66	-	140)	 68	(39	-	159)	 0.329	

Malapposed	 12	(6	-	20)	 16	(7	-	21)	 0.835	

Proportion	malapposed	 5.7%	(2.7%	-	8.3%)	 6.3%	(3.0%	-	8.2%)	 0.951	

More	than	10%	malapposed,	n	(%)	 5	(17.9)	 1	(6.3)	 0.392	

More	than	5%	malapposed,	n	(%)	 17	(60.7)	 10	(62.5)	 0.907	

Average	malapposition	distance	(mm)	 0.175	(0.160	-	0.212)	 0.170	(0.149	-	0.182)	 0.372	

Struts	overlying	a	SB,	(Mean	±	SD)	 1.86	±	1.18	 2.00	±	1.26	 0.696	

Quantitative	parameters	 	 	 	

Mean	lumen	area	(mm2)	 8.42	±	2.92	 8.30	±	2.62	 0.942	

Minimum	lumen	area	(mm2)	 5.97	±	3.05	 6.14	±	2.19	 0.510	

	

	

	 	



	 184	

10.5 Table-5:	 	 OCT	 results	 at	 follow-up	 (Median	 (IQR)	 unless	 otherwise	

specified)	

	

	

	

Variable	 BES	(n=26)	 EES	(n=15)	 p-value	

Total	number	of	struts	analyzed	 6,648	 4,714	
	

Number	of	struts	per	patient	
220	(148	–	373)	

246	(189	–	355)	 0.588	

Malapposed	
2	(1	-	6)	

2	(0	-	7)	 0.711	

Proportion	malapposed	 0.8%	(0.3%	-	2.1%)	
0.6%	(0%	-	2.2%)	 0.367	

>10%	malapposed,	n	(%)	
0	 0	

1.000	

>5%	malapposed,	n	(%)	

	
1	(3.9)	 0	 1.000	

At	least	one	malapposed,	n	(%)	
21	(80.8)	 9	(60.0)	 0.272	

Average	malapposition	distance	(mm)	
0.190	(0.155	-	0.250)	 0.208	(0.160	-	0.275)	 0.750	

Uncovered	Struts	
18	(4	–	30)	 13	(1	–	30)	 0.336	

	
Prop	uncovered	 6.3%	(2.1%	-	13.1%)	 3.5%	(0.7%	-	11.5%)	 0.199	

>10%	uncovered,	n	(%)	 12	(46.2)	 4	(26.7)	 0.322	

>5%	uncovered,	n	(%)	 15	(57.7)	 6	(40.0)	 0.275	

Prop	of	malapposed	and	uncovered	 9.1%	(2.6%	-	15.8%)	 4.7%	(1.9%	-	11.8%)	 0.159	

Quantitative	Parameters	 	 	 	

Neointimal	thickness	(mm)	 0.069	±	0.019	 0.090	±	0.027	 0.006	

Mean	Lumen	Area	(mm2)	 8.11	±	3.36	 7.52	±	2.28	 0.551	

Minimum	lumen	area	(mm2)	 2.91	±	0.60	 2.83	±	0.44	 0.644	

Neointimal	Area	(mm2)	 0.392	±	0.163	 0.590	±	0.222	 0.003	
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10.6 Table-6:	OCT	results	by	different	time	points	at	follow	up,	(Median	(IQR)	
unless	otherwise	specified)	

	

Variable	 BES	
	
EES	

	
p-value	

3	to	6	months	time-point:	 	
	 	

Number	of	Patients	(n)	 14	 8	
	

Total	number	of	struts	analysed	 3,757	 2,540	 	

Number	of	struts	per	Patient	 254	(134	–	385)	 232	(177	–	312)	 0.733	

Malapposed	 2	(1	-	6)	 2	(0	-	7)	 0.605	

Proportion	malapposed	 1.1%	(0.3%	-	2.4%)	 0.5%	(0%	-	2.8%)	 0.450	

Uncovered	struts	 26	(11	–	44)	 28	(2	–	40)	 0.707	

Prop	uncovered	 11.3%	(4.8%	-	21.1%)	 9.5%	(1.3%	-	19.8%)	 0.785	

>10%	uncovered,	n	(%)	 8	(57.1)	 4	(50.0)	 1.000	

>5%	uncovered,	n	(%)	 10	(71.4)	 5	(62.5)	 1.000	

12	to	15	months	time-point:	
	 	

	
	 	

Number	of	Patients	(n)	 12	 7	 	

Total	number	of	struts	analysed	 2,891	 2,174	 	

No.	Struts	per	Patient	 215	(192	–	257)	 246	(189	–	465)	 0.612	

Malapposed	 1	(0.5	-	6)	 2	(0	-	7)	 1.000	

Prop	Malapposed	 0.7%	(0.2%	-	1.8%)	 0.6%	(0%	-	1.7%)	 0.637	

Uncovered	Struts	 9	(4	–	22)	 5	(1	–	15)	 0.351	

Prop	uncovered	 2.8%	(1.2%	-	12.0%)	 2.5%	(0.2%	-	4.0%)	 0.375	

>10%	uncovered,	n	(%)	 4	(33.3)	 0	 0.245	

>5%	uncovered,	n	(%)	 5	(41.7)	 1	(14.3)	 0.333	
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10.7 Table-7:	QCA	Results,	Mean	±	SD	unless	otherwise	indicated	
	

Variable	 BES	 EES	 p-value	

Pre-procedural	 	 	 	

Minimum	lumen	diameter	(mm)	 0.83	±	0.32	 0.81	±	0.32	 0.784	

Reference	vessel	diameter(mm)	 2.79	±	0.61	 2.86	±	0.51	 0.682	

Diameter	stenosis	(%)	 70.01	±	9.24	 71.30	±	11.70	 0.662	

Lesions	length	(mm)	 17.28	±	5.84	 18.68	±	5.31	 0.392	

Post-procedural	 	 	 	

Minimal	lumen	diameter	(mm)	 2.92	±	0.47	 2.86	±	0.64	 0.729	

Diameter	stenosis	(%),	Med	(IQR)	 7.7	(6.0	–	9.4)	 9.0	(7.2	–	11.9)	 0.098	

Acute	gain	in-stent	(mm)	

(post	procedure	MLD	minus	pre	procedure	MLD)	 2.07	±	0.46	 2.06	±	0.70	 0.966	

At	follow	up	 	 	 	

Minimal	lumen	diameter	(mm)	 2.82	±	0.58	 2.57	±	0.53	 0.138	

Diameter	stenosis	(%)	 11.10	±	5.39	 15.43	±	5.95	 0.014	

Late	lumen	loss		

(Post	procedure	MLD		minus	FU	MLD)	 0.11	±	0.40	 0.23	±	0.33	 0.306	

Binary	restenosis	(>50%	DS)	 0	 0	 	

	

	

	

	



	 187	

Figures	

	

	

Figure-1:		Study	flow-chart	
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Figure-2:	Proportion	of	uncovered	struts	in	each	group	according	to	different	
follow-up	time	points.	As	such	overall	incidence	of	uncovered	struts	was	
higher	in	early	phase	of	follow	up	(3	to	6	months)	in	both	stent	types.	At	12-15	
months	follow	up,	substantial	reduction	in	the	uncovered	struts	was	noted.			
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Introduction	
	

Cardiovascular	disease	is	the	leading	cause	of	mortality	and	morbidity	worldwide	(1,	

2).	 The	number	of	 fatalities	 from	 these	disorders	 is	 projected	 to	 increase	 to	more	

than	24	million	by	2030	(3).	Over	the	past	decades	phenomenal	advancements	have	

been	 made	 in	 the	 fields	 of	 pharmacotherapies	 and	 intervention	 to	 treat	 these	

conditions,	and	at	the	same	time	considerable	research	has	been	conducted	 in	the	

area	 of	 primary	 prevention	 in	 order	 to	 identify	 individuals	 at	 risk	 of	 future	

cardiovascular	 events	 so	 that	 preventive	 strategies	 can	 be	 targeted	 to	 high	 risk	

individuals	in	order	to	achieve	greater	benefits.		

Retinal	vasculature	is	unique,	information-rich	and	relatively	easy	to	access,	and	can	

be	monitored	periodically	over	time.	For	years	it	has	been	proposed	as	a	“window	to	

the	body”	that	can	provide	surrogate	information	for	the	health	of	other	circulatory	

beds.	Observational	 studies	have	demonstrated	correlation	between	 the	structural	

and	 functional	 changes	 in	 the	retinal	micro-vessels	and	the	risk	of	cerebral	 lacunar	

infarcts,	white	matter	changes,	systemic	hypertension	and	cardiovascular	disease	(4-

7).	Multiple	 studies	 have	 demonstrated	 that	 retinal	 arteriolar	 narrowing	 precedes	

the	development	of	essential	hypertension	by	years	(8-10).	Although	the	traditional	

risk	factors	of	hypertension,	diabetes,	dyslipidemia,	family	history,	renal	disease	and	

smoking	 continue	 to	 be	 the	 cornerstones	 of	 vascular	 risk	 assessment	models,	 the	

search	for	additional	clinical	or	biochemical	markers	to	further	refine	the	accuracy	of	

these	risk	calculators	is	an	area	of	ongoing	research.	
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Eyes	can	be	considered	as	rich	vascular	organs	given	that	the	retina	has	the	highest	

oxygen	consumption	per	volume	in	the	body	and	choroid	has	the	highest	blood	flow	

per	 volume	 in	 the	 body.	 Coronary	 and	 retinal	 vasculatures	 are	 exposed	 to	 many	

similar	metabolic	and	systemic	stressors	and	endothelial	dysfunction	seems	to	be	a	

common	pathway	associated	with	many	of	 these	 (11).	Flow	mediated	dilatation	of	

retinal	vessels	in	response	to	flickering	light	serves	as	a	marker	of	normal	endothelial	

function	 and	 can	 be	 captured	 with	 a	 retinal	 vessel	 analyzer	 (12).	 Assessment	 of	

endothelial	function	by	non-invasive	means	can	be	of	great	interest	to	cardiologists	

as	it	has	been	shown	that	in	patients	with	established	coronary	disease,	those	with	

endothelial	 dysfunction	 have	 higher	 rates	 of	 adverse	 clinical	 events	 (13).	 Another	

study	has	shown	a	link	between	impaired	flow-mediated	dilatation	and	higher	rates	

of	in-stent	restenosis	(14).		

Similar	 to	 the	 functional	 retinal	 changes	described	above,	a	 spectrum	of	structural	

changes	 in	 the	 retinal	 vessels	 such	 as	 arteriolar	 narrowing,	 venular	 dilatation	 and	

decrease	 in	 the	 arterio-venous	 ratio	 (AVR)	 have	 been	 noted	 in	 subjects	 with	

coronary	 artery	 disease,	 diabetes	 mellitus,	 systemic	 hypertension	 and	 obesity.	

Grade-III	and	IV	retinal	changes	have	been	associated	with	increased	risk	of	cardio-

vascular	events	(15,	16).	Whereas	some	reports	have	shown	a	correlation	between	

the	 structural	 retinal	 changes	 and	 the	 extent	 of	 coronary	 artery	 disease	 (4),	 one	

recent	study	did	not	to	establish	this	 link	(17).	One	possible	explanation	for	 lack	of	

this	 association	 in	 the	 later	 study	 can	 be	 that	 the	 extent	 of	 coronary	 disease	was	

gauged	 indirectly	 by	 classifying	 those	who	 had	 undergone	 coronary	 artery	 bypass	

surgery	as	having	more	extensive	disease.			
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In	more	recent	years,	somewhat	unexpected	evidence	has	emerged	about	the	role	

of	 retinal	 venular	dilatation	 to	be	an	even	 stronger	predictor	of	 stroke	 (18).	 It	 has	

also	been	associated	with	cerebral	hypoxia,	endothelial	dysfunction,	hyperglycemia	

and	 inflammation	 (19-21).	 It	 has	 dramatically	 changed	 the	 long	 held	 perception	

about	 the	 veins	 from	 merely	 being	 seen	 as	 passive	 conduits,	 to	 more	 dynamic	

vessels.		

Taken	together,	these	observations	generate	an	intriguing	view	point	that	the	heart	

and	 the	 eyes	 can	 be	 seen	 as	 two	 vascular	 beds	 that	 are	 subject	 to	 many	 similar	

systemic	insults	and	share	common	pathologic	processes.	Therefore	detection	of	an	

emerging	abnormality	 in	one	could	yield	valuable	 insights	 into	 the	health	status	of	

the	other.		

Objectives	
	

Previous	studies	have	revealed	that	the	pathological	changes	 in	retinal	bed	parallel	

those	 in	 coronary	 circulation,	 and	 retinal	 arteriolar	 narrowing	 strongly	 correlates	

with	 angiographic	 coronary	 artery	 disease	 (4,	 22).	 This	 association	 has	 also	 been	

established	 indirectly	 in	 the	 studies	 using	 cardiac	MRI	 and	 cardiac-CT,	which	 have	

revealed	 reduced	 myocardial	 perfusion	 measures	 (23)	 and	 increased	 coronary	

calcification	 (24)	 in	 people	 with	 narrowed	 retinal	 arterioles	 respectively.	 Retinal	

vessel	 caliber	measurements	 from	 retinal	 photography,	 specifically	 a	 lower	 central	

retinal	artery	equivalent	(CRAE)	and	higher	central	venular	equivalent	(CRVE),	have	

also	been	thought	to	be	associated	with	hypertension	and	increased	cardiovascular	

risk	and	mortality.	
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Coronary	angiography	provides	a	2D	view	of	the	lumen	and	therefore	only	a	glimpse	

of	 the	 atherosclerotic	 disease	 process	 which	 is	 often	 widespread	 and	 can	 be	

angiographically	 silent.	 It	 is	 a	pathology	 that	 can	propagate	 in	 the	vessel	wall	with	

variable	 encroachment	 into	 the	 lumen.	 OCT	 has	 the	 ability	 to	 provide	 detailed,	

lesion-level	 assessment	of	 coronary	plaques.	 In	 the	 current	 study	we	explored	 the	

association	 between	 structural	 retinal	 vascular	 disease	 and	 OCT-derived	

characteristics	 of	 atherosclerotic	 plauqes	 in	 the	 epicardial	 coronary	 arteries.	

Establishing	 such	 an	 association	 has	 the	 potential	 to	 translate	 into	 a	 clinically	

applicable	risk	marker	in	future.	

Methods	
	

Study	population:	
	

This	was	a	single	center,	cross-sectional,	observational	study.	Patients	over	the	age	

of	 18	 who	 had	 undergone	 coronary	 angiography	 and	 stent	 implantation	 for	

symptomatic	 stable	 coronary	 artery	 disease	 or	 acute	 coronary	 syndromes	 were	

enrolled.	In	general,	recruitment,	data	capture,	BP	measurement	and	retinal	imaging	

were	performed	at	a	single	visit	at	the	time	of	admission	for	angiography.	A	further	

five	subjects	who	had	undergone	 intracoronary	OCT	previously	were	also	 included.	

The	 study	was	 approved	 by	 the	 institutional	 ethics	 committee	 and	 all	 participants	

had	provided	written	informed	consent	at	the	time	of	their	index	procedure.	

Assessment	of	coronary	angiographic	disease	severity	using	SYNTAX	score:	
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Objective	 assessment	 of	 the	 epicardial	 coronary	 disease	 was	 done	 using	 SYNTAX	

scoring.	 SYNTAX	 is	 a	 validated	 tool	 to	 grade	 the	 severity	 and	 extent	 of	 coronary	

artery	disease	(25)	and	is	widely	reported	in	the	contemporary	clinical	trials.	It	takes	

into	account	several	angiographic	characteristics	such	as	number	of	vessels	involved	

and	lesions,	bifurcations,	calcification,	angulation	and	plaque	length	being	the	main	

parameters.	 It	 then	 assigns	 a	 total	 score	 where	 ascending	 number	 indicates	

increasing	disease	severity	and	complexity.	In	the	well-known	SYNTAX	trial,	patients	

were	 ranked	 in	 three	groups	of	mild,	 intermediate	and	severe	disease	 ranges	with	

the	corresponding	scores	of	0	to	22,	23	to	32,	and		>	33	respectively	(25).		

	

OCT	procedure	and	analysis	
	

OCT	was	performed	after	the	stent	deployment	@20mm	per	second	pullback	speed	

using	non-occlusive	technique	with	concomitant	injection	of	iso-osmolar	contrast	to	

clear	 the	blood	 (C7	OCT	Console	 LightLab	 Imaging	 Inc,	Westford,	MA).	Non-culprit	

plaques;	 distal	 and	 proximal	 to	 the	 stented	 segment	 were	 analyzed	 at	 an	 off-line	

review	station	by	an	experienced	reader.	Plaques	were	divided	into	lipid	rich,	fibrous,	

calcified	or	mixed	types	(Figure-1)	based	on	their	morphology	in	accordance	with	the	

definitions	 in	 OCT	 consensus	 document	 2012	 (26).	 Following	 quantitative	

parameters	were	assessed	for	each	plaque:	Arc	angle,	plaque	 length	 (derived	 form	

the	 number	 of	 consecutive	 frames	 in	 which	 it	 was	 visible	 with	 each	 frame	

representing	0.2	mm),	cap	thickness,	and	plaque	thickness		(where	outer	margin	was	

clearly	visible).	
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Following	definitions	were	 also	 adapted	 from	 the	OCT	 consensus	 report	 2012.	Arc	

angle:	measured	using	 the	center	of	mass	of	 the	 lumen	as	 the	angle	point.	Depth:	

the	 distance	 between	 the	 lumen	 and	 the	 leading	 edge	 of	 the	 plaque	 feature.	

Thickness:	the	thickest	distance	between	the	inner	and	outer	surfaces	of	the	plaque	

component	 (valid	 only	 if	 the	 deep	 boundary	 could	 be	 identified).	 Cap	 thickness:	

Defined	as	the	thickness	of	the	cap	present	over	OCT-delineated	calcium	or	necrotic	

core.	

	

Retinal	photography	and	analysis:	
	

	

Retinal	photography	was	performed	 in	a	darkened	room	using	a	Canon	CR5-45NM	

non-mydriatic	 retinal	 camera	 (Canon,	 Japan)	with	a	10.1	megapixel	EOS	40-D,	or	a	

Canon	 CR-DGI	 non-mydriatic	 retinal	 camera	 (Canon,	 Japan)	with	 an	 8.2	megapixel	

Canon	EOS	30D	back.	At	least	two	images	for	each	eye	were	taken,	one	each	for	the	

optic	disc	and	the	macula.		

	

Retinal	 images	were	used	 to	assess	micro	vascular	damage	by	 two	 trained	graders	

using	a	standardized	protocol	for	micro	vascular	retinopathy	(18).	Mild	retinopathy	

was	characterized	by	generalized	arteriolar	narrowing	(arteriolar	width	<67%	venular	

width),	 focal	 arteriolar	 narrowing,	 silver	 wiring,	 low	 arteriovenous	 ratio	 or	 any	

combination	of	these	signs.	Moderate	retinopathy	was	characterized	by	hemorrhage,	

cotton	wool	spots,	hard	exudates,	or	a	combination	of	these.	
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Small	vessel	caliber	was	graded	at	the	Centre	for	Eye	Research	Australia	(CERA)	using	

a	 standardized	protocol	 (27).	 Images	were	 coded,	 and	 an	 expert	 grader	measured	

the	caliber	of	vessels	(IVAN	software	program).		The	six	largest	arterioles	and	venules	

were	 selected,	 and	 the	 caliber	 measured	 using	 the	 revised	 formula	 of	 Knudtson	

based	on	the	Parr-Hubbard	formula.	Results	were	summarized	as	the	central	retinal	

artery	 equivalent	 (CRAE)	 and	 the	 central	 retinal	 venular	 equivalent	 (CRVE).	 This	

method	was	highly	reproducible	with	high	intra-class	correlation	coefficients	(28).		

	

Statistical	Analysis	
	

Continuous	 variables	 were	 expressed	 as	 mean	 +/-	 SD	 and/or	 medians	 and	 inter-

quartile	 ranges	 (IQR).	 Categorical	 variables	 were	 expressed	 as	 counts	 (%).	 Linear	

regressions	were	performed	 to	 identify	 any	 correlations	 between	OCT	 retinopathy	

and	OCT	features	coronary	plaques.		

Results	
	

Baseline	clinical	characteristics	of	the	study	population	are	shown	in	Table-1.	A	total	

of	28	subjects	were	 included,	22	males	(79%)	with	a	mean	age	of	62.6	±	9.4	years.		

Majority	of	the	patients	had	SYNTAX	score	of	less	than	22	(n=	26,	92.9	%)	consistent	

with	mild	angiographic	coronary	disease.	Only	two	subjects	(7.1%)	had	intermediate	

severity	 coronary	 disease	 (SYNTAX	 score	 between	 23	 and	 32).	 None	 of	 the	

participants	had	score	over	32.					
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Characteristics	of	retinopathy:	
	
Hypertensive	micro	vascular	 retinopathy	was	present	 in	all	 the	subjects	with	equal	

distribution	 of	mild	 and	moderate	 features	 (n	 =	 14,	 50%	 each).	 The	mean	 retinal	

arteriole	calibre	was	147.6	±	17.9	µm	and	mean	venular	calibre	was	213.0	±	24.9	µm.		

	

OCT	characteristics	of	coronary	plaques:	
	
Altogether	 the	 28	 subjects	 had	 161	 plaques	 examined,	 with	 a	mean	 of	 5.8	 and	 a	

median	 of	 4	 (IQR:	 1-29)	 per	 individual.	 Thirty-two	 plaques	 (20%)	were	 fibrous,	 54	

(33%)	were	lipid,	and	75	(47%)	were	calcific.	 	 	On	per	patient	analysis,	seven	(28%)	

had	mainly	 (>50%)	 fibrous	plaques,	 seven	mainly	 lipid	 (28%)	 and	10	 (36%),	mainly	

calcific,	plaques.		The	remaining	four	(14%)	subjects	had	mixed	plaque	types.	

	
The	average	plaque	length	was	3.0	±	2.7mm,	and	average	cap	thickness	was	0.24	+	

0.79	mm.		The	average	plaque	thickness	(when	the	deeper	margin	was	visible)	was	

0.46	+	0.56	mm.	The	average	arc	angle	was	105.6	±	70.6°.		

	

Differences	by	plaque	types	and	small	vessel	features	
	
	
Lipid	 plaques	 were	 more	 common	 in	 individuals	 with	 smaller	 calibre	 arterioles	

(36/72	total	plaques	(50%),	compared	with	individuals	with	larger	arterioles	(18/89,	

20%)		(p<0.0001)	(Tabe-3).	 	Conversely	calcific	plaques	(n=75)	were	associated	with	

larger	 arterioles	 (53/89,	 60%)	 (p<0.001).	 	 No	 other	 factor	 was	 associated	 with	

retinopathy	or	arteriolar	calibre.	
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Plaques	with	larger	arc	areas	were	associated	with	smaller	CRAE	(b	-0.180,	p=0.035).	

When	 plaques	 were	 analyzed	 by	 type,	 only	 lipid	 plaques	 with	 arcs	 >120°	 were	

associated	with	 smaller	 CRAE	 (b=-0.319,	 p=0.016).	 Lipid	 plaques	with	 thinner	 caps	

also	 seemed	 to	 be	 associated	 with	 smaller	 CRAE,	 but	 this	 was	 not	 statistically	

significant	 (b=-0.248,	 p=0.065).	 No	 significant	 correlation	 was	 found	 for	 CRVE	

(p=0.604).	Although	 larger	 fibrous	plaques	 showed	a	 trend	 towards	 larger	CRVE,	 it	

did	not	attain	statistical	significance	(b=0.328,	p=0.067).	

Discussion	
	

This	is	a	small-scale	hypothesis	generating	study.	It	shows	weak	correlation	between	

presence	of	lipid	plaques	with	larger	arc	areas	in	coronary	arteries	and	presence	of	

smaller	 retinal	 arteriolar	 caliber.	 Amongst	 many	 features	 of	 plaque	 vulnerability,	

presence	of	 thin	 fibrous	 cap	 is	 considered	 to	be	 the	most	 sensitive	marker.	 In	 this	

study,	 only	 a	 weak	 trend	 was	 seen	 between	 presence	 of	 thin	 cap	 (<	 60	microns)	

overlaying	 the	 lipid	 plaques	 and	 presence	 of	 low	 CRAE.	 	 From	 a	 cardiologist’s	

perspective,	 the	 most	 appealing	 scenario	 will	 be	 to	 be	 able	 to	 perform	 a	

morphological	and	functional	screening	of	the	vasculature	by	a	simple,	reproducible,	

non-invasive	 tool	 that	 can	 predict	 future	 cardio-vascular	 events	 at	 a	 sub-clinical	

stage.	 	 	 Can	 a	 completely	 normal	 retinal	 vasculature	 have	 high	 enough	 negative	

predictive	 value	 to	 exclude	 significant	 coronary	 disease	 and	 thereby	 obviate	 the	

need	 for	 invasive	 investigations,	 at	 least	 in	 low	 to	 moderate	 risk	 individuals.	

Magnitude	of	such	incremental	information	is	too	small	to	be	of	significant	value	in	

cardiovascular	risk	prediction	models	in	general	population.	However	it	may	be	more	
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relevant	in	certain	subgroups	such	as	diabetics	and	females	where	microvascular	bed	

contributes	more	significantly	in	pathogenesis	of	cardiovascular	disease	(29).		

Study	Limitations	
	

Inherent	to	the	nature	of	an	observational	study,	there	is	no	comparator	group	and	

therefore	no	firm	conclusions	can	be	drawn.	However	it	is	hypothesis	generating	in	

the	sense	that	 larger	studies	can	be	designed	on	these	lines	to	explore	this	type	of	

association	further.		

OCT	 has	 its	 limitation	 when	 it	 comes	 to	 quantitative	 analysis	 of	 atherosclerosis.	

While	 it	provides	excellent	details	of	the	surface	morphology	of	the	atherosclerotic	

plaques	 such	 as	 lumen	 to	 plaque	 interaction,	 macrophage	 accumulation,	 and	

integrity	and	thickness	of	fibrous	cap,	it	has	limited	wall	penetration.	This	is	relevant	

with	 regards	 to	 quantification	 of	 plaque	 burden.	 This	 limitation	 is	 only	 partly	

overcome	by	estimation	of	parameters	like	plaque	arc	and	length.			

Also	as	this	was	not	a	prospectively	designed	study,	true	plaque	burden	would	have	

been	underestimated	given	OCT	was	performed	only	after	 stent	 implantation.	This	

essentially	 means	 that	 the	 most	 severely	 diseased	 arterial	 segments	 were	 not	

included	 in	 the	 plaque	 analysis.	Had	 this	 been	 the	 case,	 there	would	 have	 been	 a	

higher	likelihood	of	finding	a	stronger	association.		

	

Conclusion	
	

As	vascular	system	in	its	entirety	is	subject	to	the	same	metabolic	and	systemic	risk	

factors,	 this	study	 is	conceptually	very	relevant.	By	examining	two	 information	rich	
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vascular	 beds	 by	 state	 of	 the	 art	 imaging	 techniques,	 it	 raises	 some	 thought	

provoking	questions.	There	are	grounds	to	think	of	the	possibility	of	vascular	disease	

progression	 in	 these	 two	 areas	 running	 in	 parallel,	 but	 the	 rate	 and	magnitude	 of	

such	association	remains	to	be	studied.		This	by	no	means	establishes	a	causative	link,	

but	generates	enough	hypotheses	to	pave	the	way	for	future	prospectively	designed	

research	in	this	area.	
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Table	1:	Baseline	clinical	characteristics	and	retinal	disease	
	

Clinical	features	 Study	subjects	(n=28)	

Age	(mean	±	SD)	 62.6	±	9.44	

Gender	(male	)	 22	(79%)	

Hypertension	 24	(86%)	

Diabetes	 10	(36%)	

Statin	treatment		 26	(93%)	

							Current/past	smoker	 21	(75%)	

Mean	arterial	pressure	(mean	±	SD,	mmHg)			 90.5		±	5.8	

SYNTAX	score	between	0	to	22	 26	(93%)	

SYNTAX	score	between	23	to	32	 2	(7%)	

Ocular	features		 		

Hypertensive	retinopathy		 		

							Grade	0	 0	

							Grade	1	 14	(50%)	

							Grade	2	 14	(50%)	

Retinal	calibre	(µm)	 		

CRAE	-	mean	±	SD	(median,	IQR)	 147.6	±	17.9	(153.6,	108.5-181.9)	

CRVE	-	mean	±	SD	(median,	IQR)	 213.0	±	24.9	(215.9,	162.4-262.5)	



	

Table	2:	Results	of	coronary	OCT	plaque	characteristics	
	

Plaque	characteristic	 Number	of	plaques	(n=161)	

Total	plaque	types	

Lipid	 54	(34%)	

Calcific	 75	(47%)	

Fibrous	 32	(20%)	

Plaque	features	

Length	(mean	±	SD,	median	(1QR):	mm	(n=161)	 3.0		±		2.7,	2.2,	0.2	-	16.8	

Cap	thickness	(mean	±	SD,	median	(1QR):	mm	(n=155)	 0.24		±		0.18,	0.20,	0.04-0.98	

Minimum	cap	thickness	(mean	±	SD,	median	(1QR):	mm	
(n=155)	 0.15		±		0.14,	0.1,	0.05-0.86	

Maximum	arc	(mean	±	SD,	median	(1QR):		o	(n=161)	 105.6	±	70.6,	90.4,	13.5-	350	

Plaque	thickness	(mean	±	SD,	median	(1QR):	mm	(n=73)	 0.46	±	0.56,	0.36,	0.08	-4.93	

Patient	plaque	parameters	

Plaques	per	patient	(mean	±	SD,	median	(IQR)		 5.75	±6.0,	4.0,	1	–	29		

Predominant	plaque	types	within	individual	subjects	(>50%)	

Lipid	 7	(25%)	

Calcific	 10	(36%)	

Fibrous	 7	(25%)	

Mixed	 4	(14%)	
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Table	3:		Correlation	between	retinopathy	and	coronary	plaques	
	

	Feature	
CRAE	≤	154	µm	
(n=14)	

CRAE	>	154µm		
(n=14)	 		p	-	value	

Plaque	characteristics	
(n=161)	 n	=72	 n=	89	

	Plaque	type	

	 	 	Lipid	(n=54)	 36	(50%)	 18	(20%)	 <	0.0001	

Calcific	(n=75)	 22	(30%)	 53	(60%)	 <0.001	

Fibrous	(n=32)	 14	(19%)	 18	(20%)	 1.00	

Plaque	length	(mean	±	
SD,	mm)		(n=161)	 3.2	±	2.7	 2.9	±	2.7	 0.35	

Arc	(mean	±	SD,	o)	
(n=161)	 79.7	±	43.8	 75.8	±	45.4	 0.45	

Cap	thickness	(mean	SD,	
mm,	lipid	plaques	only)	

(n=54)	 0.20	±		0.09	(n=36)	 0.18	±		0.08	(n=18)	 0.39	

Number	of	lipid	plaques	
with	cap	thickness	≤0.06	

(n=22)	 14	(39%)	 8	(44%)	 0.77	

Plaque	thickness			
(mean	±	SD,	mm)	 0.37	±	0.17	 0.50	±	0.65	 0.33	
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Figure-1:	Types	of	coronary	plaques	as	seen	on	OCT	
	

A:	 Mixed,	 predominantly	 calcified	 plaque	 with	 sharp	 delineated	 borders	 and	
heterogeneous	core.		

B:	Fibrous	plaque	with	bright	homogenous	signal.		

C:	Lipid	Plaque	with	diffuse	poorly	defined	margins	and	dark	core.	Note	thin	fibrous	
cap	that	measures	55	microns.	
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Chapter	8	

	

Advances	in	three-dimensional	
coronary	imaging	and	computational	

fluid	dynamics:	
Is	virtual	fractional	flow	reserve	more	than	just	a	

pretty	picture?	
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1. Abstract	
	

Percutaneous	coronary	intervention	(PCI)	has	demonstrated	a	high	success	rate	in	the	

treatment	of	coronary	artery	disease	 (CAD).	The	decision	 to	perform	PCI	often	 relies	

on	the	cardiologist’s	visual	interpretation	of	coronary	lesions	during	angiography.	This	

has	 inherent	 limitations,	 particularly	 due	 to	 the	 low	 resolution	 and	 2D	 nature	 of	

angiography.	 State-of-the-art	modalities	 such	as	3-dimensional	quantitative	 coronary	

angiography,	optical	coherence	tomography	and	invasive	fractional	flow	reserve	(FFR)	

may	 improve	 clinicians’	 understanding	 of	 both	 the	 anatomical	 and	 physiological	

importance	of	coronary	lesions.	While	invasive	FFR	is	the	gold	standard	technique	for	

assessment	of	the	hemodynamic	significance	of	coronary	lesions,	recent	studies	have	

explored	 a	 surrogate	 for	 FFR	 derived	 solely	 from	 3D	 reconstruction	 of	 the	 invasive	

angiogram,	 and	 therefore	 eliminating	 need	 for	 a	 pressure	 wire.	 Utilizing	 advanced	

computational	fluid	dynamics	(CFD)	research;	this	virtual	FFR	(vFFR)	has	demonstrated	

reasonable	 correlation	with	 invasive	measurements	 and	 remains	 an	 intense	 area	 of	

ongoing	 study.	 However,	 at	 present,	 several	 limitations	 and	 CFD	 assumptions	 may	

preclude	 vFFR	 from	 widespread	 clinical	 use.	 This	 review	 demonstrates	 the	 tight	

integration	of	advanced	3-dimensional	imaging	techniques	and	vFFR	in	assessing	CAD,	

reviewing	 the	 advantages	 and	 disadvantages	 of	 such	 techniques	 and	 attempts	 to	

provide	a	 glimpse	of	how	 such	advances	may	benefit	 future	 clinical	 decision	making	

during	PCI.	

	 	



2. Introduction	
	

Coronary	 artery	 disease	 (CAD)	 represents	 a	 significant	 health	 burden	with	 the	 key	

pathological	 process	 being	 atherosclerosis.	 The	 invasive	 assessment	 of	 CAD	 relies	

upon	catheter	coronary	angiography,	and	despite	 its	 limitations,	 this	has	 remained	

the	 gold	 standard	 since	 its	 introduction	 over	 thirty	 years	 ago	 (1).	 Quantitative	

coronary	angiography	(QCA)	 is	based	on	the	automated	or	semi-automated	border	

detection	of	the	contrast-filled	lumen,	and	has	become	both	the	reference	standard	

in	research	studies	and	provides	objective	assessment	of	diameter	stenosis	in	clinical	

practice	 (1).	 Angiography	 however,	 provides	 a	 2D	 representation	 of	 the	 coronary	

arteries	 and	 lacks	 sufficient	 resolution	 to	 provide	 comprehensive	 lesion-level	

information.	 More	 recently,	 intravascular	 imaging	 has	 been	 complemented	 by	

optical	coherence	tomography	(OCT),	which,	due	to	its	superior	resolution,	provides	

detailed	 knowledge	 of	 the	 nature	 of	 atherosclerosis	 process	 and	 also	 helps	 guide	

percutaneous	 coronary	 intervention	 (PCI)	more	 accurately	 than	 angiography	 alone	

(2-4).	In	addition,	physiological	 lesion	assessment	has	been	enhanced	by	the	use	of	

pressure	wires	measuring	the	fractional	flow	reserve	(FFR)	to	help	guide	the	need	for	

PCI.	This	 review	will	provide	an	update	on	the	 latest	developments	 in	3D	coronary	

imaging	 and	 discuss	 how	 such	 advances	 can	 be	 integrated	 into	 the	 assessment	 of	

hemodynamic	significance	of	a	lesion	as	well	as	providing	an	insight	into	their	future	

roles	in	the	catheterization	laboratory.			
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3. Quantitative	coronary	angiography	(QCA)	
	

Coronary	 angiography	 is	 the	 gold	 standard	 invasive	 imaging	modality	 to	 diagnose	

CAD	and	 visual	 estimation	of	 stenosis	 severity	 has	been	 the	 traditional	method	 to	

guide	 intervention	 (5).	 This	 approach	 has	 several	 limitations	 highlighted	 in	 older	

studies	conducted	over	a	decade	ago	(6,	7).	Inter-	and	intra-observer	assessment	of	

angiographic	disease	 severity	 varies	 from	15-45%	as	 reported	 in	numerous	 studies	

(8-10).	 Advances	 in	 angiographic	 data	 processing	 have	 resulted	 in	 the	 ability	 to	

computationally	 reconstruct	 the	 coronary	 artery	 of	 interest	 in	 2-	 or	 3-dimensions	

(11)	 and	 to	 quantitatively	 analyse	 the	 severity	 of	 lesions,	 a	 process	 known	 as	

quantitative	 coronary	 angiography	 (QCA).	 Nallamothu	 et	 al.	 more	 recently	

demonstrated	 once	 again	 that	 despite	 technological	 refinements	 in	 angiographic	

acquisition	 and	 processing,	 visual	 estimation	 of	 the	 degree	 of	 stenosis	 remains	

imprecise	(12)	.In	their	study	of	216	treated	lesions,	they	found	the	mean	difference	

in	percent	diameter	stenosis	(%DS)	between	clinical	interpretation	and	QCA	to	be	8.2	

±	8.4%	reflecting	an	average	higher	%DS	by	clinical	interpretation	(P	<0.001).		Of	all	

the	 treated	 lesions	 graded	 as	 greater	 than	 70	 %DS	 by	 visual	 interpretation,	

approximately	 one	 quarter	 were	 less	 than	 70%	 by	 QCA.	 These	 discrepancies	may	

translate	 to	 under-utilisation	 or	 over-utilisation	 of	 revascularization	 procedures	

(13)	.QCA	adds	to	the	objectivity	of	angiographic	evaluation	and	has	been	shown	to	

improve	 the	 inter-observer	 and	 intra-observer	 agreement	 (14,	 15).	 It	 is	 a	 widely	

adapted	benchmark	tool	in	clinical	trials	and	is	recommended	in	clinical	practice.	

In	 QCA,	 coronary	 stenoses	 are	 assessed	 based	 on	 their	 geometric	 features.	 The	

minimum	lumen	diameter	(MLD),	reference	vessel	diameter	(RVD)	and	the	%DS	are	
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some	of	the	commonly	used	parameters	to	gauge	stenosis	severity.	Foley	et	al.	(16)	

challenged	 the	 long	 held	 popularity	 of	 %DS	 amongst	 clinicians	 and	 proposed	 that	

absolute	luminal	measurements,	especially	MLD,	should	be	the	preferred	parameter.	

The	 authors	 performed	 quantitative	 analysis	 on	 110	 angiograms	 obtained	

immediately	after	angioplasty	and	again	on	a	repeat	angiogram	24	hours	later.	There	

was	 no	 difference	 in	 mean	 MLD	 or	 cross-sectional	 area	 between	 the	 immediate	

post-angioplasty	 and	 24-hours	 post-angioplasty	 period,	 however	 RVD	 increased	

significantly	(presumably	secondary	to	greater	vasodilatory	effect	of	the	same	dose	

of	 intracoronary	 nitrate	 at	 24	 hours);	 therefore	 %DS	 was	 also	 found	 to	 increase	

significantly.	 This	 study	 highlighted	 that	 %DS,	 a	 widely	 utilized	 parameter,	 was	

subject	 to	 considerable	 variation	 as	 it	 relies	 upon	 the	 dimensions	 of	 normally	

appearing	reference	vessel.	While	this	was	an	intriguing	finding,	%DS	continues	to	be	

used	in	the	contemporary	research	and	clinical	practice.		

	

Does	three-dimensional	quantitative	angiography	add	extra	value?	
	

Whereas	 angiography	provides	excellent	delineation	of	 the	arterial	 lumen	and	2D-

QCA	 adds	 to	 the	 objective	 assessment	 of	 the	 severity	 of	 diameter	 stenosis,	 it	 is	

widely	known	that	a	2D	 imaging	profile	of	a	3D	structure	 inherently	carries	certain	

limitations	 such	 as	 inadequate	 visualisation	 of	 eccentric	 plaques;	 inaccurate	

estimation	 of	 disease	 severity	 in	 D-shaped	 or	 elliptical	 lumens;	 and	 lack	 of	 spatial	

information	 as	we	 know	 that	 vessels	 do	 not	 always	 have	 circular	 geometries	 (17).	

While	 some	 of	 these	 problems	 can	 be	 partly	 overcome	 by	 acquisition	 of	multiple	

projections	 of	 coronary	 vasculature	 from	 a	 range	 of	 angles	 and	 creating	 a	 3-D	
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“approximation”	of	the	diseased	segment,	3D-QCA	was	developed	to	address	some	

of	 these	 limitations.	 Dvir	 et	 al.	 (18)	 analysed	 38	 angiographic	 images	 side-by-side	

using	both	2D-QCA	and	3D-QCA	and	reported	a	weak	correlation	for	%DS	calculation	

between	 the	 two	 (r2	 =	 0.94	 for	 MLD	 and	 RD;	 r2	 =	 0.33	 for	 %DS;	 P	 <0.05).	 They	

concluded	 that	 the	assumption	of	 circular	 cross-section	 is	 the	main	 reason	 for	 the	

weaker	correlation	in	%DS	between	2D-QCA	and	3D-QCA.	Their	findings	were	again	

confirmed	by	 Bourantas	et	 al.	 (19)	who	 showed	 stronger	 correlation	 between	 3D-

QCA	 and	 intravascular	 ultrasound	 (IVUS)	 in	 lumen	 dimensions	 (r	 =	 0.8)	 than	 2D	

assessed	%DS	(r	=	0.34).	Ultimately,	the	greatest	advantage	of	3D-QCA	may	be	that	it	

offers	 improved	 assessment	 of	 absolute	 lumen	 dimensions	 including	 length,	

tortuosity	and	optimal	views	and	not	just	%DS	(20,	21).	

While	 QCA	 is	 a	 widely	 accepted	 reference	 technique	 in	 scientific	 research	 and	 in	

catheterization	 laboratories,	 the	 fundamental	 limitations	 of	 %DS	 and	 loss	 in	 MLD	

cut-off	 criteria	have	been	well	documented	 (16).	 It	 is	 important	 to	 remember	 that	

QCA	 is	 an	 anatomical	 tool,	 and	 %DS	 and	 MLD	 do	 not	 always	 confer	 physiologic	

significance	of	a	coronary	stenosis.			

4. Optical	coherence	tomography	(OCT)	
	

OCT,	by	virtue	of	its	exceptionally	high	resolution	(10-15	microns),	is	far	superior	to	

IVUS	in	delineating	the	intima-lumen	border	with	excellent	reproducibility	(4,	22,	23).	

This	fact	generates	a	plausible	hypothesis	that	OCT	could	have	an	expanded	role	in	

predicting	 the	 functional	 significance	 of	 a	 given	 stenosis.	 Previously	 IVUS	 studies	

have	found	that	an	MLA	<4	mm2	or	<3	mm2	were	useful	thresholds	to	be	indicative	
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of	hemodynamically	significant	lesions	when	tested	against	a	FFR	<0.75	as	reference	

standard	(24,	25)	whereas	a	later	IVUS	study	with	much	larger	sample	size	brought	

the	 IVUS-MLA	 threshold	 down	 to	 2.4	 mm2	 when	 tested	 against	 the	 FFR	 value	 of	

≤0.80	(26).	

Correlation	of	OCT-measured	luminal	parameters	and	invasive	FFR	has	been	tested	

for	 intermediate	 severity	 coronary	 stenosis.	 Gonzalo	 et	 al.	 (27)	 examined	 61	

stenoses	of	 intermediate	angiographic	severity	from	56	patients.	Quantitative	OCT-

based	measurements	were	 evaluated	 against	 FFR	 threshold	 of	 ≤0.80.	 The	 authors	

reported	an	overall	moderate	diagnostic	efficiency	of	OCT	with	optimal	cut-off	value	

for	MLA	being	<1.95	mm2.	Forty-seven	of	these	patients	also	underwent	IVUS	and	a	

comparison	of	results	in	subjects	with	simultaneous	OCT	and	IVUS	evaluation	did	not	

show	 significant	 difference	 in	 diagnostic	 efficiency.	 The	 only	 exception	 was	 in	 a	

subgroup	of	smaller	vessels	(<3	mm)	in	which	OCT	performed	better.	

More	recently,	Zafar	et	al.	(28)[29]	evaluated	41	stenoses	from	30	patients	with	QCA,	

FFR	and	OCT.	Using	an	FFR	cut-off	value	of	0.80	or	less,	the	authors	concluded	that	

the	 overall	 diagnostic	 efficiency	 of	 OCT-derived	 MLD	 and	 MLA	 to	 predict	

haemodynamic	 significance	was	moderate.	 In	 further	 subgroup	 analysis,	 they	 also	

found	 that	 the	 MLA	 had	 high	 diagnostic	 efficiency	 in	 vessels	 with	 reference	

diameters	 less	 than	 3mm.	Optimum	 cut-off	 values	 for	MLA	 and	MLD	 in	 this	 study	

were	found	to	be	less	than	1.62	and	less	than	1.23mm2,	respectively.	The	threshold	

of	 OCT	 luminal	 dimensions	 in	 this	 study	 are	 much	 lower	 compared	 with	 those	

reported	by	Gonzalo	and	colleagues	(<1.95	and	<	1.34mm2)	and	other	investigators	

who	 described	 MLA	 and	 MLD	 of	 less	 than	 1.91mm2	 and	 less	 than	 1.35mm2,	
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respectively	 (29)	 [28].	 Two	major	differences	 in	 Zafar	et	 al.’s	 study	were	 that	 they	

chose	an	FFR	threshold	of	 less	than	0.75	and	used	a	time-domain	OCT	system	that	

required	 imaging	 through	 an	 occlusive	 technique,	 which	 could	 have	 led	 to	

underestimation	 of	 luminal	 dimensions	 as	 the	 distal	 coronary	 perfusion	 pressure	

drops	during	balloon	occlusion	(Table	1).	

An	important	point	to	note	is	the	difference	in	the	range	of	reported	MLA	thresholds	

between	IVUS	and	OCT	studies,	which	in	part	is	due	to	superior	resolution	of	the	OCT	

permitting	 accurate	 lumen	 definitions,	 and	 partly	 due	 to	 the	 difference	 in	 the	

reference	vessel	size	(5.5	to	11.9	mm2	in	IVUS	studies	and	6-7	mm2	in	OCT	studies).	It	

is	also	postulated	that	IVUS	catheter	due	to	its	bigger	size	(3-Fr,	1.0	mm)	compared	

to	OCT	wire	(0.016	inches,	0.41	mm),	can	stretch	smaller	vessels	(Dotter	effect)	(30).	

Therefore	 the	 combination	 of	 MLA	 and	 percent	 area	 stenosis	 could	 provide	

incremental	information	than	the	MLA	alone.		

At	 best,	 the	 correlation	 between	 OCT-derived	 anatomical	 measurements	 in	

predicting	 hemodynamic	 significance	 of	 an	 intermediate	 severity	 lesion	 remains	

modest.	Although	the	above-listed	studies	have	shown	higher	sensitivity	 in	smaller	

diameter	vessels	(<3	mm),	overall	low	specificity	means	that	the	exact	role	of	OCT	in	

this	 setting	 is	 yet	 to	 be	 established.	 It	 may	 have	 higher	 potential	 in	 ruling-out	

ischemia	than	ruling-in.	

5. Invasive	fractional	flow	reserve	(FFR)	
	

FFR-guided	percutaneous	coronary	intervention	versus	QCA-guided	PCI	
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Fractional	 flow	 reserve	 (FFR)	 is	 the	 current	 gold	 standard	 to	 determine	

hemodynamic	 significance	 of	 intermediate	 severity	 coronary	 stenosis	 (31-33)	 as	

demonstrated	by	multiple	clinical	studies	(34-38).	In	the	DEFER	trial	(35),	181	out	of	

325	 patients	 who	 had	 an	 FFR	 >0.75	 were	 randomly	 stratified	 into	 performed-PCI	

versus	deferred-PCI	groups.	Over	a	5-year	follow-up	period,	the	deferred-PCI	group	

had	a	 lower	 incidence	of	major	adverse	cardiac	events	(MACE)	as	compared	to	the	

QCA-guided	 PCI	 group	 (3.3%	 versus	 7.9%;	 P	 =	 0.21).	 The	 DEFER	 trial	 not	 only	

demonstrated	 benefit	 of	 FFR-guided	 PCI	 using	 a	 cut-off	 value	 ≤0.75,	 but	 it	 also	

highlighted	the	discrepancy	between	FFR	and	QCA.	

The	Fractional	Flow	Reserve	Versus	Angiography	for	Multi-vessel	Evaluation	(FAME)	

trial	(34)	was	a	large,	randomized	multicentre	study	evaluating	the	advantage	of	FFR-

guided	PCI	over	 angiography-guided	PCI.	A	 total	of	1005	patients	with	>50	%DS	 in	

more	 than	 2	 epicardial	 coronary	 arteries	were	 recruited.	 The	 FAME	 trial	 utilised	 a	

higher	cut-off	FFR	≤0.80	to	include	patients	within	the	uncertainty	region	(0.75≤	FFR	

≤0.80)	 as	multiple	 studies	 have	 shown	 that	 there	 is	 an	 increased	 risk	 of	 ischemia	

within	 these	 FFR	 values	 (39,	 40).	 FFR	 ≤0.80	 has	 since	 become	 the	 clinical	 cut-off	

value	most	often	used	 (41).	Nevertheless,	 there	were	substantially	 fewer	decisions	

to	proceed	with	PCI	in	the	FFR-guided	than	the	angiography-guided	groups	(1.9	±	1.3	

versus	 2.7	 ±	 1.2;	 P	 <0.001).	 There	 were	 also	 fewer	 occurrences	 of	 MACE	 in	 FFR-

guided	PCI	patients	(13.2%	versus	18.3%;	P	=	0.02)	at	1-year	follow-up	(17.9%	versus	

22.4%;	P	=	0.08)	and	at	2-year	follow-up.	The	FAME	trial	not	only	demonstrated	the	

benefit	of	FFR-guided	PCI,	it	also	showed	that	FFR-guided	PCI	is	more	cost-effective	

(42).	 By	 reducing	 the	 number	 of	 stents	 deployed	 and	minimizing	 revascularization	
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and	others	adverse	clinical	events,	FFR-guided	PCI	patients	saved	~$2400	at	1-year	

follow-up	 (43).	 Besides	 the	 FAME	 trial,	 several	 other	 studies	 involving	 >10,000	

patients	 (36-38)	 have	 also	 reported	 better	 clinical	 outcomes	 using	 FFR	 guidance.	

These	 results	 have	 led	 to	 Class	 IA	 and	 IIA	 recommendations	 from	 the	 European	

Society	of	Cardiology	(44)	and	the	American	College	of	Cardiology	(45)	respectively.		

However,	FFR	is	not	without	its	limitations.	One	of	the	major	limitations	of	FFR	is	the	

inability	 to	 achieve	 maximum	 hyperaemia,	 resulting	 in	 underestimation	 of	 lesion	

severity	(43,	46).		

Effects	of	coronary	flow	reserve	(CFR)	on	FFR	measurements	
	

Coronary	 flow	 reserve	 (CFR)	 can	 either	 be	 an	 invasive	 or	 non-invasive	 flow	

measurement	used	to	quantify	 the	 increase	 in	volumetric	 flow	 in	coronary	arteries	

during	hyperaemia	relative	to	baseline	 flow	(47).	Unlike	FFR,	which	has	a	universal	

maximum	 value	 of	 1,	 there	 is	 theoretically	 no	maximum	CFR	 value.	 The	 optimum	

cut-off	value	for	a	haemodynamically	significant	lesion	is	also	less	well	defined	in	the	

literature.	 Published	CFR	 cut-off	 values	 range	widely	 from	1.7	 to	2.5	 for	 epicardial	

coronary	arteries	(48-52)	limiting	the	use	of	CFR	in	clinical	practice.	

According	to	Young	et	al.	(53)	the	pressure	difference	(ΔP)	across	an	epicardial	artery	

is	related	to	the	volumetric	flow	(Q)	with	the	following	fluid	dynamic	equation	(54,	

55)	

ΔP	=	AQ	+	BQ2	 	

where	A	and	B	are	constants	that	depend	on	the	cross-sectional	area	of	the	stenosed	

and	normal	artery;	the	length	of	the	stenosis,	and	the	rheology	of	human	blood	(53).	
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As	a	result,	it	is	instinctive	to	believe	that	FFR	is	correlated	to	CFR.	Di	Mario	et	al.	(56)	

studied	 21	 patients,	 reporting	 r	 =	 0.58;	P	 <0.01	 demonstrating	 a	weak	 correlation	

between	FFR	and	invasive	CFR.	In	addition,	their	study	showed	that	patients	with	a	

FFR	≤0.75	usually	have	a	CFR	≤2.0.	Another	trial	by	Meimoun	et	al.	(57)	involving	50	

patients	 reported	 a	 similar	 result	 (r	 =	 0.59;	P	 <0.01)	with	 a	 non-invasive	 CFR.	 This	

study	 also	 raised	 a	 fundamental	 concern	 over	 the	 use	 of	 FFR	 and/or	 CFR	 when	

assessing	myocardial	ischemia.	In	contrast	to	the	study	by	Di	Mario	et	al.,	Meimoun	

et	al.	showed	that	4	patients	with	FFR	≤0.80	had	a	CFR	>2.0	and	2	patients	with	FFR	

>0.80	showed	CFR	≤2.0,	representing	12%	of	the	patients	in	this	study	[55].	A	more	

recent	retrospective	cohort	study	(58)	with	438	FFR	and	invasive	CFR	measurements	

showed	that	even	though	FFR	is	correlated	to	CFR	(r	=	0.34;	P	<0.001),	almost	40%	of	

lesions	show	discordance	between	FFR	and	CFR.		

Johnson	 et	 al.	 (58)	 demonstrated	 that	 neither	 invasive	 nor	 non-invasive	 CFR	

measurement	 techniques	 are	 attributed	 to	 the	 discordance	 of	 FFR	 and	 CFR.	

Nonetheless,	there	remain	numerous	questions	regarding	the	use	of	FFR	and	CFR	in	

clinical	practice.	Gould	et	al.	(59)	argued	that	while	FFR	is	the	current	gold	standard	

to	 reflect	 the	 physiological	 significance	 of	 the	 lesions,	 it	 does	 not	 truly	 reveal	 the	

ischemic	flow	condition	in	the	same	manner	as	CFR.	On	the	other	hands,	it	has	been	

observed	that	CFR	varies	with	time	(60,	61).	Despite	continuous	adenosine	infusion,	

saturation	 of	 the	 vascular	 smooth	 muscle	 receptor	 (A2A),	 cAMP	 precursors	

exhaustion	or	KATP	channel	stimulation	momentarily	hyperpolarises	vascular	smooth	

muscles	and	may	result	in	hyperaemic	flow	returning	back	to	the	baseline	before	it	

rises	 again	 (62).	 Furthermore,	 because	 CFR	 can	 cover	 a	 wide	 range	 of	 values	 for	
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different	 patients	 (63),	 it	 is	 inherently	 difficult	 to	 identify	 whether	 maximum	

hyperaemia	has	been	achieved,	an	important	prerequisite	for	FFR	(58,	64).	

6. Virtual	fractional	flow	reserve	(vFFR)	
	

Despite	 the	 established	 evidence	 that	 FFR	 has	 clinical	 and	 economic	 benefits,	 it	

remains	 an	 under-utilized	 tool	 in	 interventional	 practice.	 Potential	 barriers	 could	

include	the	additional	procedure	time	required,	need	for	adenosine	administration,	

as	 well	 as	 its	 additional	 cost.	 Studies	 of	 non-invasive	 coronary	 computed	

tomographic	 angiography	 (CTCA)-based	 vFFR	 in	 DISCOVERY-FLOW	 (65),	 DeFACTO	

(66)	 and	 HeartFlowNXT	 (67)	 were	 able	 to	 obtain	 vFFR	 values	 within	 a	 reasonable	

amount	of	time	(~5	hours)	with	good	accuracy,	specificity,	high	negative	predictive	

values	using	sophisticated	lump	parameter	boundary	conditions	based	on	averaged	

populations.	 However	 it	 remains	 a	 costly	 proposition.	 The	 PLATFORM	 study	 (68)	

evaluated	 the	 economic	 outcomes	 of	 FFRCT	 in	 over	 500	 symptomatic	 patients	

without	known	CAD	by	adding	up	the	overall	costs	of	care	during	90	days	follow	up.	

Patients	were	 enrolled	 into	 two	 strata	 based	 on	whether	 invasive	 or	 non-invasive	

testing	was	 planned.	Mean	 costs	were	 32%	 lower	 among	 the	 FFRCT	patients	 than	

among	 the	 usual	 care	 patients	 ($7,343	 vs.	 $10,734	 p	 <	 0.0001)	 in	 the	 planned	

invasive	 arm,	 however	 in	 the	 non-invasive	 arm,	mean	 costs	were	 not	 significantly	

different	between	the	two	groups	($2,679	vs.	$2,137;	p	=	0.26).	

Virtual	fractional	flow	reserve	(vFFR)	is	a	method	to	determine	ischemic	potential	of	

coronary	 stenoses	 from	 routine	 coronary	 angiography	 through	 application	 of	

computational	 fluid	 dynamics	 (CFD)	 simulations.	 It	 has	 the	 potential	 to	 avoid	 the	
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need	for	costly	pressure-catheters	and	possible	risks	associated	with	cannulation	of	

stenoses.	There	has	been	a	great	deal	of	interest	in	this	field	recently	and	some	very	

promising	work	(Table-2)	has	been	published	in	the	medical	 literature	from	around	

the	world.		

Morris	 et	 al.	 (69)	 studied	 19	 patients	with	 stable	 CAD	 in	 the	 VIRTU-1	 study.	 They	

constructed	 the	 3D	 coronary	 anatomy	 off-line	 using	 invasive	 rotational	 coronary	

angiography	and	applied	generic	boundary	conditions	in	their	CFD	studies.	vFFR	was	

computed	 in	 24	 h/case	 with	 a	 high	 accuracy,	 sensitivity,	 specificity	 of	 97,	 86	 and	

100%,	 respectively,	 on	 a	 study	 population	 with	 relatively	 simple	 lesions.		

Furthermore,	 the	 vFFR	 and	 invasive	 FFR	were	 closely	 correlated	 (r=0.84),	 showing	

that	FFR	may	be	reliably	predicted	without	the	need	for	hyperaemia	induction.	

Tu	et	al.	(11)	assessed	the	diagnostic	performance	of	vFFR	using	invasive	FFR	as	the	

reference	 standard	 in	 77	 vessels	 from	68	patients	 by	 constructing	 3D-QCA	models	

from	standard	angiographic	projections	 taken	≥25º	apart.	Volumetric	 flow	 rates	at	

hyperaemia	were	 calculated	 from	 TIMI	 frame	 counts.	 They	 reported	 that	 vFFR,	 or	

the	 so-called	 FFRQCA,	 correlated	 well	 with	 FFR	 (r=	 0.81;	 P	 <	 0.001)	 on	 a	 study	

population	with	homogeneous	 intermediate	 lesions.	The	overall	accuracy	of	FFRQCA	

for	 the	diagnosis	 of	 ischaemia	defined	by	 FFR	 value	of	 0.80	or	 less	was	 88%,	with	

positive	and	negative	predictive	values	of	82	and	91%,	respectively.	One	of	the	major	

advancements	 in	 this	study	was	extremely	 fast	computational	 time	with	 the	entire	

analysis	 taking	 less	 than	 10	 min.	 However,	 3D	 reconstructions	 of	 the	 coronary	

arteries	 remain	 an	 interactive	 process,	 and	 substantial	 automation	 should	 be	

implemented	to	enable	high-volume	use.	
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Papafaklis	et	al.	(70)	recently	published	the	results	of	139	vessels	(120	patients)	with	

intermediate	 lesions.	 By	 deriving	 a	 quadratic	 equation	 for	 the	 pressure	 difference	

(ΔP)	across	the	lesions	from	the	CFD	results	at	blood	flow	rates	(Q)	of	1	and	3	ml/s,	a	

ΔP–Q	curve	was	constructed	and	thus	the	corresponding	vFFR	values	were	obtained.	

The	 area	under	 the	 vFFR-Q	 curve	 (vFAI)	 for	Q	≤4	ml/s	was	 calculated	 and	 authors	

reported	that	diagnostic	accuracy,	sensitivity	and	specificity	for	the	optimal	vFAI	cut-

point	(≤0.82)	were	88%,	90%	and	86%,	respectively.	They	also	reported	a	significant	

correlation	between	the	vFAI	and	vFFR	(r	=	0.78;	P	<0.0001).	

It	 is	 important	 to	 note	 that,	 apart	 from	 methodological	 differences	 in	 3D	

reconstruction	 and	 CFD	 simulations	 in	 these	 three	 studies,	 the	 distribution	 of	 the	

severity	 of	 lesions	 included	 in	 the	 study	 population	 will	 also	 affect	 the	 diagnostic	

accuracy	of	these	methods.	That	 is,	the	inclusion	of	milder	 lesions	will	 improve	the	

detection	metrics	relative	to	higher	degrees	of	stenosis.	

7. Present	CFD	methodology	and	our	experience	
	

To	examine	 the	 feasibility,	utility	and	methodological	 strengths	and	weaknesses	of	

vFFR,	we	studied	10	patients	with	 intermediate	angiographic	 stenoses.	All	patients	

had	 invasive	 FFR	 measurement	 at	 hyperaemia	 achieved	 with	 intravenous	

administration	 of	 adenosine.	 Invasive	 FFR	 served	 as	 the	 reference	 standard.	 The	

clinical	 cut-off	 value	 of	 0.80	 or	 less	 was	 used	 in	 accordance	 with	 established	

guidelines	 (39-41).	 Patients	 with	 angina	 or	 non-ST-elevation	 myocardial	 infarction	

were	included.	Angiograms	with	minimum	overlap	or	foreshortening	of	the	artery	of	

interest	and	 in	which	the	 location	of	 the	distal	pressure	sensor	was	available	were	
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selected.	Patients	with	prior	transmural	infarcts	in	the	interrogated	vessel	territory,	

vessel	 protected	 by	 grafts	 and	 those	 with	 significant	 collaterals	 were	 excluded	 as	

these	 factors	 would	 have	 confounded	 the	 estimation	 of	 CFR	 and	 hyperaemic	

equations.	Ostial	and	bifurcation	lesions	were	also	excluded	for	this	pilot	analysis.	

Figure-1	demonstrates	 the	overview	of	 the	 vFFR	 analyses	 using	CFD	methodology.	

We	 used	 QAngio	 XA	 3D	 research	 edition	 1.0	 (Medis	 Special	 BV,	 Leiden,	 the	

Netherlands)	 to	 construct	 3D	 models	 of	 coronary	 arteries	 from	 two	 angiographic	

projections	 acquired	 ≥25º	 apart.	 We	 selected	 8	 left	 anterior	 descending	 arteries	

(LAD)	 and	 2	 right	 coronary	 arteries	 (RCA).	 3D	 models	 of	 coronary	 arteries	 were	

converted	into	STL	files.	Diagnostic	performance	of	these	vFFR	results	was	assessed	

against	the	invasive	FFR	results.	We	generated	computational	domains	using	ICEM-

CFD	(ANSYS	Inc.,	Canonsburg,	PA,	USA)	from	the	3D	models	of	the	coronary	arteries.	

Each	computational	domain	 consists	of	 approximately	1.3	million	 tetrahedral	 cells.	

The	 hemodynamics	 (i.e.,	 blood	 velocity	 and	 pressure)	 in	 these	 coronary	 arteries	

were	 computed	 by	 directly	 solving	 the	 incompressible	 Navier–Stokes	 equations	

using	a	finite-volume	solver	OpenFOAM	(OpenCFD	Ltd.).	Time-dependent	parabolic	

velocity	 profiles	 with	 mean	 baseline	 and	 hyperemic	 velocity	 at	 40	 and	 60	 cm/s,	

respectively,	were	 prescribed	 at	 the	 inlet	 to	mimic	 pulsatile	 blood	 flow	 behaviour	

over	a	cardiac	cycle.	Generic	waveforms	(71)	for	the	LAD	and	RCA	were	employed.	

The	 lumen	 wall	 was	 considered	 rigid	 and	 no-slip.	 A	 3-element	Windkessel	 model	

with	 non-specific	 vasculature	 resistance	 was	 employed	 at	 the	 distal	 ends	 of	 the	

coronary	arteries.	
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To	 ensure	 fast	 turnaround	 time,	 CFD	 simulations	 were	 performed	 using	 high	

performance	supercomputers	at	the	Victorian	Life	Sciences	Computational	Initiative	

(VLSCI)	 (Fig-1).	 Each	CFD	study	utilised	128	 IBM	Blue	Gene/Q	CPUs	@	1.6	GHz.	 In-

silico	 aortic	 pressure	 (Pa)	 was	 taken	 at	 the	 proximal	 end	 of	 the	 computational	

domain;	whereas	distal	pressure	(Pd)	was	monitored	at	the	same	location	where	the	

actual	 invasive	 FFR	was	 taken	 during	 angiography.	 vFFR	were	 calculated	 from	 the	

time-averaged	 values	 of	 Pa	 and	 Pd	 over	 1	 cardiac	 cycle.	 Results	 were	 presented	

using	MATLAB	 and	 Statistic	 Toolbox	 Release	 2014b	 (MathWorks	 Inc.,	 Natick,	 MA,	

USA);	 and	 Tecplot360	 2013R1	 (Tecplot	 Inc.,	 Bellevue,	 WA,	 USA).	 The	 diagnostic	

performance	of	the	vFFR	was	assessed	against	the	invasive	FFR	results.	

Figure-2	 shows	a	representation	of	 the	vFFR	analyses	 in	RCA	and	LAD	at	simulated	

maximum	hyperaemia.	Blood	pressure	levels	along	these	arteries	are	reported.	The	

comparisons	of	each	individual	FFR	and	vFFR	for	all	10	cases	are	reported	in	table-3.	

Our	initial	results	reflect	the	inherent	difficulties	in	vFFR	methodology,	and	highlight	

several	issues	facing	the	application	of	vFFR	in	the	clinical	setting.	These	variations	in	

numerical	 setup	have	been	 shown	 to	 significantly	 alter	 the	 accuracy	 and	 speed	of	

vFFR	calculations	and	are	discussed	below.		

One-for-all	boundary	conditions		
	

One	 of	 the	 major	 limitations	 of	 the	 present	 CFD	 models	 is	 the	 use	 of	 generic	

boundary	 conditions.	 Similar	 to	 the	 CFD	 studies	 VIRTU-1	 (69)	 and	 Papafaklis	 et	 al.		

(70),	 the	 present	 study	 incorporated	 generic	 flow	 velocities	 for	 both	 baseline	 (40	

cm/s)	and	hyperaemia	(60	cm/s)	analyses.	Depending	on	the	proximal	end	diameter	

of	the	3D	model,	this	may	result	in	a	large	variation	in	mean	blood	flow	(ml/min)	into	
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the	 considered	 artery,	 therefore	 occasionally	 producing	 an	 unrealistic	 pressure	

difference	 and	 incorrect	 vFFR.	 In	 addition,	 specifying	 flow	 into	 the	 artery	 may	

neglect	 the	 effect	 of	 microcirculatory	 coronary	 flow	 (70).	 The	 effect	 of	 generic	

boundary	 conditions	was	also	 reflected	 in	our	 vFFR	analyses	 in	which	 three	of	 the	

vFFR	results	were	substantially	lower	than	the	invasive	FFR	results.	These	three	cases	

suggest	that	this	generic	flow	velocity	(60	cm/s)	cannot	be	applied	to	every	patient.	

However,	 it	 remains	 unclear	 which	 lesion	 characteristics	 and	 in	 which	 individuals	

tailored-specific	 boundary	 conditions	will	 be	 necessary.	Other	 CFD	 studies	 such	 as	

DISCOVER-FLOW	 (65)	 DeFACTO	 (66)	 and	 HeartFlowNXT	 (67)	 trials	 used	 lump	

parameter	boundary	 conditions	 to	mimic	 the	distal	 vascular	 tree	 resistance.	 These	

lump	parameter	boundary	conditions	may	have	overestimated	the	hyperaemic	flow	

conditions	(72).	

Segmented	length	of	the	3D	models	of	coronary	artery	and	pressure	senor	
location	in	CFD	analyses	
	

Additional	 factors	that	 influence	Pd	are	the	segmented	 length	of	 the	3D	models	of	

coronary	arteries	and	the	exact	pressure	sensor	location	as	the	difference	between	

proximal	and	distal	pressure	is	a	function	of	the	distance	between	the	2	points	(and	

other	variables)	according	 to	 the	Poiseuille	 law.	 In	addition,	 the	2-step	decrease	 in	

blood	pressure	level	as	illustrated	in	Fig	2b,	elucidates	the	influence	of	the	pressure	

sensor	 location	 on	 the	 vFFR	 analyses,	 especially	 in	 vessels	 where	 serial	 lesions	

cannot	 be	 visually	 detected	 on	 angiography.	 Nevertheless,	 there	 is	 no	 universal	

agreement	 on	 the	 segmented	 length	 of	 3D	 models,	 pressure	 sensor	 location	 and	

vFFR	analyses.	Further	investigation	is	necessary	to	fully	understand	their	roles	in	the	

vFFR	analyses.				



	 	 	230	

Spatial	resolutions	and	geometrical	assumptions	on	3D	reconstruction	of	
coronary	arteries	using	CTCA	and	CA	
	

The	numerical	accuracy,	sensitivity	and	specificity	of	vFFR	are	also	greatly	affected	by	

the	 limited	spatial	resolution	of	CTCA	and	coronary	angiography	(73).	 In	fact,	while	

CTCA-based	vFFR	provides	an	 innovative	non-invasive	FFR	diagnosis	 technique,	 the	

anatomical	variation	of	the	coronary	arteries	should	not	be	ignored	when	there	is	a	

substantial	 separation	 period	 between	 CTCA	 and	 invasive	 FFR	 (74).	 Time-varying	

anatomical	changes	may	alter	 the	correlation	between	 invasive	FFR	and	vFFR	 from	

CTCA.	 The	 disparity	 of	 results	 between	 the	 DISCOVERY-FLOW	 and	 DeFACTO	 trials	

was	 also	 shown	 to	 be	 closely	 related	 to	 the	 small	 variation	 in	 image	 processing	

protocol	 and	 was	 addressed	 in	 HeartFlowNXT.	 Although	 CA	may	 provide	 a	 better	

spatial	 resolution	 than	 CTCA	 (68)	 coronary	 arteries	 are	 often	 assumed	 to	 have	

circular/elliptical	cross-section	contour	during	reconstruction.	The	effects	of	artificial	

smoothing	 of	 the	 coronary	 arteries	 on	 vFFR	 remain	 unclear	 (75).	 Ultimately,	 the	

accuracy	 of	 any	 CFD-based	 method	 relies	 on	 the	 resolution	 of	 the	 source-image.		

Finally,	 elimination	 of	 branches	 during	 3D	 coronary	 reconstruction	 can	 also	

introduce	 a	 source	 of	 potential	 inaccuracy	 as	 it	 can	 affect	 flow	 and	 pressure	

measurements	in	the	main	vessel.	

Lengthy	CFD	studies	
	

The	final	hurdle	to	the	utilisation	of	vFFR	as	an	on-line	tool	in	daily	clinical	use	is	the	

enormous	time	and	computational	resources	that	are	required	to	carry	out	a	single	

vFFR	study.	On	average,	our	vFFR	CFD	studies	need	a	total	of	26	hours	from	image	

processing	 to	data	analysis	on	a	single	case.	Generally	speaking,	pulsatile	 flow	CFD	
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studies	 of	 coronary	 arteries	 will	 require	 5	 to	 24	 hours	 analysing	 time	 on	 a	 super	

computer	 (69-72).	 This	 is	 a	 substantial	 amount	 of	 time	before	 clinicians	 can	make	

any	 decision	 as	 compared	 to	 an	 invasive	 FFR	 procedure.	 This	 long	 computational	

time	 can	 be	 significantly	 reduced	 by	 partially	 solving	 the	 incompressible	 Navier–

Stokes	equations.	More	specifically,	by	neglecting	the	time-derivative	term	(∂u/∂t)	in	

the	 incompressible	 Navier–Stokes	 equations,	 a	 converged	 flow	 solution	 and	 data	

analysis	 can	 be	 obtained	with	 10	minutes	 of	 time	 using	 16	 Intel	 (1)	 Xeon(1)	 CPUs	

E5645	@	2.40	GHz.	Similar	vFFR	analyses	time	for	steady	flow	simulations	was	also	

reported	 by	 Tu	 et	 al.	 (11)	 Papafaklis	 et	 al	 (70).	 Figure-3	 presents	 a	 comparison	

between	 steady	 flow	 simulations	 and	 pulsatile	 flow	 simulations	 (CFD	 run	 time	 10	

minutes	versus	25	hours).	In	brief,	vFFR	can	be	predicted	reasonably	well	with	steady	

flow	simulations.	However,	steady	flow	simulation	is	unable	to	predict	the	time-to-

time	variation	of	the	pressure	difference	during	a	cardiac	cycle	(see	inset	in	Figure-

3b).	 A	 pulsatile	 flow	 simulation	 can	 potentially	 provide	 improved	 information	 to	

clinicians	such	as	instantaneous	wave	free	ratio	(76),	turbulent	flow	and	variations	in	

wall	shear	stress	(77)	that	not	only	help	determining	the	hemodynamic	significance	

of	a	lesion	but	also	potentially	predict	the	long-term	effect	of	the	lesion	on	coronary	

flow	in	the	artery.	Finally,	 the	presence	of	turbulent	flow	can	substantially	alter	Pd	

which	is	not	considered	with	steady	flow	simulations.	The	impact	of	turbulent	flow	

on	 the	 vFFR	 results	 cannot	 be	 underestimated	 as	 stenoses	 often	 lead	 to	 highly	

turbulent	flow.		

8. Future	of	vFFR	
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The	concept	of	virtual	FFR,	whether	derived	 from	CTCA	or	 invasive	angiography,	 is	

inherently	 attractive	 for	 several	 reasons.	 First,	 CTCA-derived	 vFFR	 is	 able	 to	 non-

invasively	 identify	 physiologically	 significant	 stenoses	 with	 excellent	 accuracy,	

specificity,	and	high	negative	predictive	value	(60,	64,	65).	Second,	while	still	invasive,	

angiography-based	 vFFR	 obviates	 the	 need	 for	 hyperaemia	 induction,	 expensive	

pressure	wire	catheters,	and	reduces	the	risk	of	procedural	complications	associated	

with	invasive	FFR	(31,	32,	73).	These	observations	suggest	a	complementary,	rather	

than	 competing,	 role	 for	 both	 methodologies	 in	 the	 clinical	 management	 of	 CAD	

(Figure-4).	 The	high	 sensitivity	 and	negative	predictive	 value	of	CTCA-derived	vFFR	

may	 be	 useful	 in	 effectively	 ruling	 out	 physiologically	 significant	 lesions,	 thereby	

reducing	 the	 number	 of	 unnecessary	 referrals	 for	 invasive	 coronary	 angiography.	

Alternatively,	 in	 patients	 appropriately	 referred	 for	 invasive	 coronary	 angiography,	

vFFR	may	then	be	used	instead	of	invasive	FFR	to	further	reduce	procedural	risk	and	

cost.	

Despite	 its	daunting	potential,	 the	clinical	application	of	vFFR	remains	elusive	 in	 its	

current	state.	In	order	to	bridge	the	gap	between	virtual	and	invasive	FFR,	two	major	

challenges	 need	 to	 be	 addressed.	 The	 first	 challenge	 is	 an	 improvement	 to	 the	

overall	workflow,	both	 in	 terms	of	 the	execution	 time	of	 the	Navier–Stokes	 solver	

and	the	background	skillset	required	to	perform	a	simulation.	The	second	challenge	

is	to	improve	patient	specificity	of	the	results	both	in	terms	of	the	geometric	detail	

of	the	model	and	the	imposition	of	boundary	conditions.		

To	 address	 the	 first	 major	 challenge	 a	 departure	 from	 standard	 Navier–Stokes	

solvers	 to	 specially	 tuned	 1D	 or	 2D	 axisymmetric	 models,	 or	 Lattice	 Boltzmann	
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methods	 may	 be	 required.	 With	 the	 former	 approach	 a	 reduced	 order	 1D	 or	 2D	

axisymmetric	 model	 would	 dramatically	 reduce	 the	 size	 of	 the	 computational	

domain	 (and	hence	the	amount	of	computation	required	to	obtain	a	solution),	but	

may	 still	 be	 able	 to	 capture	 the	 physics	 of	 the	 flow	 with	 sufficient	 accuracy	 to	

estimate	the	pressure	difference.	An	additional	benefit	of	such	an	approach	would	

be	 the	 simplified	 mesh	 generation	 process,	 which	 would	 be	 orders	 of	 magnitude	

faster	and	could	potentially	be	completely	automated,	 thereby	 removing	 the	need	

for	 an	 engineer	 skilled	 in	 this	 field.	With	 a	 Lattice	 Boltzmann	method,	 again,	 the	

mesh	generation	procedure	is	simplified	to	the	point	of	being	trivial	and	the	implicit	

parallelizability	 of	 the	method	means	 that	 2D	 or	 3D	 flow	 fields	 can	 be	 computed	

significantly	 faster	 on	 generic	 CPU	 based	 supercomputing	 platforms	 or	 using	

graphics	processing	units	(GPUs).	

Second,	 refinement	 in	 medical	 imaging	 data	 will	 also	 improve	 the	 accuracy,	

sensitivity	and	specificity	of	vFFR.	Tight	integration	of	coronary	angiography	and	OCT	

(for	 example	 with	 co-registration)	 can	 lead	 to	 more	 accurate	 patient-specific	

coronary	artery	reconstructions	(75),	increased	accuracy	of	vFFR	simulations	due	to	

its	high-fidelity	and	resolution,	thereby	providing	better	 insight	 into	the	alternation	

of	hemodynamics	in	the	presence	of	stenoses.		

In	terms	of	imposing	patient	specific	boundary	conditions	in	a	simulation,	use	of	the	

TIMI	frame	count	to	determine	a	volumetric	flow	rate	as	an	input	to	the	model	could	

be	 extended	 in	 an	 even	 more	 sophisticated	 manner	 to	 dynamically	 tune	 the	

boundary	 conditions.	 By	 solving	 an	 additional	 transport	 equation	 (describing	 the	

motion	 of	 the	 dye)	 with	 the	 standard	 Navier–Stokes	 equations,	 a	 synthetically	
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generated	 concentration	 field	 could	 be	 generated.	 In	 this	 case,	 the	 observed	 and	

computed	 concentration	 fields	 could	 be	 used	 to	 pose	 vFFR	 as	 an	 optimisation	

problem,	 dynamically	 tuning	 the	 boundary	 conditions	 until	 a	 misfit	 function	

describing	the	discrepancy	between	the	observed	and	computed	motion	of	the	dye	

is	minimised.	

Ultimately,	 for	 this	 technology	 to	 be	 incorporated	 into	 routine	 clinical	 practice,	

medical	image	data	processing	and	CFD	simulations	need	to	be	automated	(67)	and	

simplified	 (78)	 such	 that	 patient-specific	 vFFR	 values	 can	 be	 obtained	 in	 an	

actionable	 time	 frame.	An	automated	process	 resulting	 in	 fast	 and	highly	accurate	

online	 vFFR	would	 provide	 interventional	 cardiologists	 the	 optimum	 strategies	 for	

treatment	of	CAD,	benefiting	more	patients	and	potentially	cutting	healthcare	costs.	

9. Conclusion	
	

Anatomic	and	physiologic	assessments	of	 coronary	 stenosis	 remain	 the	 foundation	

of	 clinical	 cardiology.	 The	 standard	 techniques	 of	 2D	 coronary	 angiography	 and	

invasive	 FFR	 measurements	 have	 rapidly	 given	 way	 to	 more	 advanced	

methodologies	 incorporating	 3D	 quantitative	 angiography,	 coronary	 computed	

tomographic	 angiography,	OCT	and	CFD	 simulations	 in	 calculating	 virtually	 derived	

FFR.	 In	 its	 current	 state,	 vFFR	 correlates	moderately	 well	 and	 has	many	 potential	

benefits	 over	 invasive	 FFR;	 however,	 several	 critical	 issues	 continue	 to	 hinder	 its	

wider	 clinical	 application.	 Higher	 image	 resolution	 and	 accuracy	 of	 3D	 coronary	

artery	 models,	 more	 robust	 understanding	 and	 treatment	 of	 numerical	 boundary	
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conditions,	enhanced	computational	time,	and	more	streamlined	workflows	will	help	

bring	vFFR	into	mainstream	clinical	practice.	 	
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Tables	and	Figures	
	

Table	1:	Correlation	of	optical	coherence	tomography-measured	luminal	parameters	
and	invasive	fractional	flow	reserves	

	

Study	 Gonzalo	et	al.	(27)	 Shiono	et	al.	(29)	 Zafar	et	al.	(28)	
Number	of	patients	 56	 62	 30	
Number	of	stenoses	 61	 59	 41	
FFR	reference	 ≤0.80	 <0.75	 ≤0.80	

Results	 	 	 	
AUC	and	95%	Confidence	 0.74	 0.90	 0.80	
Interval	(CI)	for	MLA	 0.61–0.84	 0.82–0.97	 0.64–0.91	
OCT	MLD	cut-off	(mm)	 <1.34	 <1.35	 <1.23	
OCT	MLA	cut-off	(mm2)	 <1.95	 <1.91	 <1.62	

OCT	Reference	Lumen	Area	(mm2)	 6.47	±	2.72	 6.30	±	1.72	 7.35	±	3.21	
Sensitivity	(%)	for	MLA	 82	 93.5	 70	
Specificity	(%)	for	MLA	 63	 77.4	 97	
Overall	diagnostic	sensitivity	to	
predict	functional	stenosis	
severity	

Moderate	 Moderate	 Moderate	

AUC:	Area	under	the	curve;	MLA:	Minimal	lumen	area;	MLD:	Minimal	lumen	diameter.	
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Table	2:	Correlation	of	quantitative	coronary	angiography-based	virtual	fractional	
flow	reserve	to	invasive	fractional	flow	reserve	
	

Study	 Morris	et	al.	(68)	 Tu	et	al.	(11)	 Papafaklis	et	al.	(69)	
Number	of	patients	 19	 68	 120	
Number	of	vessels	 -	 77	 139	
%DS	 -	 46.6	±	7.3	 43.4	±	11.6	

Method	 	 	 	
3D	artery	models	 Rotational	

angiography	
Conventional	
angiography	

Conventional	
angiography	

Boundary	conditions	 Generic	conditions	
for	the	whole	cohort	

Hyperaemic	VFR	and	
mean	catheter	

pressure	applied	at	
inlet	

Generic	conditions,	
no	other	patient-
specific	data	

Computational	time	 24	hours	(pulsatile)	 <10	min	 15	min	
Hyperaemia	simulation	 No	 VFR	from	TIMI	frame	

count	
CFR	=	hyperaemic	
VFR/baseline	VFR	

Specified	blood	flow	
rates	at	inlet	

(1ml/sec	&	3	ml/sec)	

FFR	reference	 ≤0.80	 ≤0.80	 <0.82	(vFAI)	
Results	 	 	 	

Correlation	 0.74	 0.90	 0.80	
Diagnostic	accuracy	(%)	 0.61–0.84	 0.82–0.97	 0.64–0.91	
Sensitivity	(%)	 <1.34	 <1.35	 <1.23	
Specificity	(%)	 <1.95	 <1.91	 <1.62	
PPV	 82	 93.5	 70	
NPV	 63	 77.4	 97	

%DS:	precent	diameter	stenosis;	VFR:	volumetric	flow	rate;	CFR:	coronary	flow	reserve;	PPV:	positive	
predictive	value;	NPV:	negative	predictive	value;	vFAI:	virtual	functional	assessment	index.	
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Table	3:	Invasive	and	virtual	fractional	flow	reserve	values	in	10	cases	

	

Cases	 Age	 Vessel	 %DS	 Invasive	FFR	 vFFR	

1	 80	 LAD	 55	 0.80	 0.79	

2	 66	 RCA	 54	 0.84	 0.89	

3	 78	 RCA	 55	 0.81	 0.86	

4	 49	 LAD	 50	 0.78	 0.77	

5	 65	 LAD	 46	 0.73	 0.79	

6	 70	 LAD	 59	 0.83	 0.52	

7	 70	 LAD	 50	 0.69	 0.18	

8	 85	 LAD	 60	 0.88	 0.56	

9	 70	 LAD	 45	 0.83	 0.84	

10	 83	 LAD	 52	 0.69	 0.67	

	

	

	

	 	 	 	 	

	

	

	

%DS,	per	cent	diameter	stenosis;	FFR,	fractional	flow	reserve;	LAD,	left	anterior	

descending	artery;	RCA,	right	coronary	artery;	vFFR,	virtual	fractional	flow	reserve.	
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Figure-1:	 Flow	 chart	 of	 the	 vFFR	 analysis.	 BPM,	 beats	 per	 min;	 3D,	 three	 dimensional;	 CFD,	
computational	 fluid	 dynamics;	 HR,	 heart	 rate;	 Pa,	 aortic	 pressure;	 Pd,	 distal	 pressure;	 vFFR,	 virtual	
fractional	flow	reserve	

	

	

	

	

	
	

Figure-2:	Graphical	 representations	of	virtual	 fractional	 flow	reserve	(vFFR)	 (cases	3	and	9).	Blood	
pressure	levels	across	the	stenosis	are	represented	by	the	colour	contours	of	mmHg.	Distal	pressure	
(Pd)	 was	 measured	 at	 the	 pressure	 sensor	 location	 identified	 from	 coronary	 angiography	 during	
invasive	fractional	flow	reserve	(FFR)	(red	arrows).	Aortic	pressure	(Pa)	was	obtained	at	the	proximal	
end	of	 the	artery.	Pulsatile	blood	 flow	velocity	was	 implemented	at	 the	proximal	end	of	 the	artery	
and	a	three-element	Windkessel	model	mimics	the	vasculatures	resistance	at	the	distal	end.	(a)	Case	
3	is	a	right	coronary	artery	(RCA)	with	percent	diameter	stenosis	(%DS)=55	diagnosed	by	quantitative	
coronary	 angiography	 and	 invasive	 FFR=0.81,	 vFFR=0.86.	 (b)	 Case	 9	 represents	 a	 left	 anterior	
descending	artery	(LAD)	with	a	%DS=	45	and	invasive	FFR=0.83,	vFFR=	0.84.	BPM,	beats	per	min;	HR,	
heart	rate.	
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Figure-3:	 Virtual	 fractional	 flow	 reserve	 (vFFR)	 on	 case	 0	with	 percent	 diameter	 stenosis=55	 and	
invasive	fractional	flow	reserve	(FFR)=	0.80,	vFFR=0.79.	Blood	pressure	levels	across	the	stenosis	are	
represented	 by	 the	 colour	 contours	 of	 mmHg.	 Distal	 pressure	 (Pd)	 was	measured	 at	 the	 pressure	
sensor	 location	 identified	 from	 coronary	 angiography	 during	 invasive	 FFR	 (red	 arrows).	 Aortic	
pressure	(Pa)	was	obtained	at	the	proximal	end	of	the	artery.	(a)	Steady	blood	flow	velocity	and	(b)	
pulsatile	 blood	 flow	 velocity.	 For	 pulsatile	 computational	 fluid	 dynamics	 study,	 the	 blood	 pressure	
levels	are	presented	at	 the	 time-instant	when	 the	 instantaneous	blood	 flow	velocity	 is	 the	same	as	
the	steady	blood	flow	velocity.	That	is,	instantaneous	blood	flow	velocity	at	0.6	m/s.	BPM,	beats	per	
min;	HR,	heart	rate.	
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Figure	 4:	 Potential	 screening	and	 treatment	 roles	of	virtual	 fractional	 flow	reverse	 (vFFR)	derived	
from	 coronary	 computed	 tomographic	 angiography	 and	 quantitative	 coronary	 angiography	 in	 the	
management	 of	 patients	 with	 suspected	 coronary	 artery	 disease	 (CAD).	 CTCA,	 coronary	 computed	
tomographic	angiography;	FFR,	fractional	flow	reserve;	PCI,	percutaneous	coronary	intervention.	
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1. Introduction	
	

The	past	decade	has	seen	tremendous	advancements	in	the	field	of	coronary	stents	

ranging	 from	 the	 increasingly	 sophisticated	 engineering	 of	 stent	 platforms	 to	 the	

drug	 elution	 techniques,	which	 has	 gone	 through	 the	 stages	 of	 permanent	 to	 bio-

degradable	 polymers	 and	 more	 recently	 to	 polymer	 free	 mechanisms.	 This	 has	

translated	 into	 improved	 procedural	 success	 rates	 and	 superior	 long-term	 clinical	

outcomes.	Drug	eluting	stent	technology	has	delivered	the	promise	of	reduced	need	

for	repeat	revascularization	due	to	reduced	restenosis	rates.	However,	from	time	to	

time,	 there	have	been	 reports	 raising	 some	 safety	 concerns	 regarding	 their	 higher	

late,	 and	very-late	 stent	 thrombosis	 risk.	Hand	 in	hand	with	 the	evolution	 in	 stent	

designing,	 intracoronary	 imaging	has	gained	 increasing	popularity	worldwide,	quite	

often	 leaving	 clinicians	 with	 such	 wealth	 of	 information	 from	 which	 meaningful	

conclusions	can	sometimes	be	hard	to	derive	in	routine	practice.	One	such	finding	is	

OCT	detected	stent	malapposition,	also	known	as	incomplete	stent	apposition	(ISA).	

Malapposition	 has	 been	 known	 since	 early	 days	 of	 intravascular	 ultrasound	 (IVUS)	

imaging	with	numerous	 studies	 showing	 its	possible	 link	 to	poor	 stent	healing	and	

late	 thrombosis	 (1-3).	 	 There	 has	 been	 a	 revival	 of	 interest	 in	 this	 rather	 puzzling	

subject	in	recent	years	due	to	optical	coherence	tomography	(OCT)	studies	reporting	

significantly	higher	rates	of	struts	malapposition.	This	does	not	come	as	a	surprise	as	

the	 resolution	 of	 this	 imaging	 modality	 is	 ten	 times	 higher	 than	 the	 IVUS.	 While	

several	 retrospective	 and	 some	 prospective	 studies	 have	 tried	 to	 answer	 this	

question,	 considerable	 controversy	 still	 surrounds	 the	 clinical	 significance	 of	 ISA,	

especially	the	OCT-detected	ISA.	Interventional	cardiologists	are	not	so	infrequently	
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faced	with	the	dilemma	of	differentiating	between	an	acceptable	and	un-acceptable	

magnitude	of	malapposition.	This	lingering	question	carries	on,	as	the	available	data	

is	conflicting.	This	review	paper	will	critique	the	current	literature	on	the	definition,	

incidence,	predictors	and	clinical	significance	of	ISA	and	will	explore	the	answers	to	

some	of	the	persisting	questions	in	light	of	recent	literature.		

This	discussion	will	 then	continue	 through	to	 the	next	 two	chapters,	which	 involve	

study	 of	 the	 ISA	 related	 alteration	 in	 flow	 dynamics.	 The	 experimental	 data	

presented	in	those	chapters	will	illustrate	the	effects	of	various	degrees	and	types	of	

malapposition	 on	 the	 characteristics	 of	 intra-coronary	 hemodynamics	 through	

computational	modeling.				

2. Definition	and	classification	of	incomplete	stent	apposition	
	

Incomplete	stent	apposition	(ISA)	is	defined	as	separation	of	>1	stent	strut	from	the	

intimal	 surface	of	 the	vessel	wall	 (1,	4)	not	overlying	a	 side	branch.	This	definition	

was	 initially	 introduced	 in	the	early	 IVUS	studies	and	was	then	adapted	 in	the	OCT	

literature.	 IVUS	has	 the	resolution	 in	 the	order	of	100	 to	120	microns	and	most	of	

the	 current	 generation	 stents	 with	 thinner	 profiles	 (ranging	 between	 80	 to	 100	

microns)	can	sometimes	fall	below	the	detection	limits	of	the	IVUS	imaging.	By	using	

the	same	definition	of	ISA	in	the	OCT	evaluation	inherently	means	that	much	higher	

incidence	 is	 detected	 because	 of	 the	 ten	 times	 higher	 resolution	 of	 OCT	 (5).	

Malapposition	detected	at	the	time	of	stent	 implantation	 is	known	as	acute,	which	

can	 either	 resolve	 at	 follow-up	 as	 a	 result	 of	 coverage	with	 neo-intimal	 tissue,	 or	

persist	and	remain	devoid	of	tissue	layer.	Late-acquired	ISA	on	the	other	hand	is	only	
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seen	 at	 follow-up	 for	 the	 first	 time	 and	 is	 considered	 to	 be	 a	 consequence	 of	

expansive	 vessel	 remodeling	 or	 thrombus	 dissolution	 leading	 to	 late	 separation	 of	

the	 struts	 from	 the	 vessel	 wall.	 It	 is	 evident	 that	 to	 detect	 this	 condition,	

intravascular	imaging	is	mandatory.	An	important	distinction	needs	to	be	made	here	

from	 stent	 under-expansion,	which	 has	 been	 variably	 defined	 in	 literature.	 Some	

authorities	have	defined	it	as	the	minimum	stent	area	(MSA)	 	<80%	of	the	average	

reference	 vessel	 cross-sectional	 area	 (6)	 whereas	 others	 have	 further	 categorized	

this	 condition	 into	 under-expansion	 (MSA	 being	 less	 than	 both	 the	 nominal	 stent	

area	and	 reference	vessel	 area)	 and	under-sizing	 (MSA	>	nominal	 stent	 area	but	<	

reference	vessel	area)	(7).	

3. Is	incomplete	stent	apposition	(ISA)	a	problem	specific	to	the	drug	
eluting	stents?	

	

Acute	 ISA	 rates	 are	 found	 to	be	 largely	 comparable	between	bare	metal	 and	drug	

eluting	 stents	 (8),	 which	 is	 suggestive	 of	 the	 notion	 that	 it	 is	 predominantly	 a	

procedure	 and	 lesion	 related	 phenomenon.	 However	 late	 acquired	 stent	

malapposition	(LASM)	is	detected	more	often	with	DES	(9,	10).	In	the	meta-analysis	

by	Hassan	et	al	 (11)	comprising	17	randomized	trials,	 four	 times	higher	 risk	of	 late	

acquired	 ISA	was	 reported	with	DES	compared	with	BMS	 (OR	=	4.36,	CI	95%	1.74-

10.94).	Other	investigators	have	also	reported	higher	prevalence	of	late	acquired	ISA	

in	DES	even	when	the	baseline	ISA	rates	were	comparable	(12).	While	some	of	this	

can	 purely	 be	 due	 to	 the	 vessel	 related	 factors	 such	 as	 expansive	 remodeling	 or	

delayed	dissolution	of	the	thrombus	trapped	behind	the	struts	(predominantly	in	the	

context	of	acute	coronary	syndrome),	 some	device-related	 factors,	 specific	 to	drug	
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eluting	 stents,	 have	 also	 been	 implicated.	 One	 such	 DES	 specific	 factor	 is	 the	

persistent	 inflammatory	reaction	caused	by	their	permanent	polymer	(13,	14).	This	

persistent	inflammatory	milieu	has	been	linked	to	the	delayed	or	unfavorable	tissue	

coverage	 with	 DES	 in	 some	 instances.	 This	 was	 one	 of	 the	 key	 drivers	 behind	

innovation	 of	 the	 latest	 generation	 biodegradable	 polymer	 drug	 eluting	 stents	 or	

more	 recently	 the	 polymer-free	 devices.	 These	 newer	 devices	 with	 novel	 drug	

elution	kinetics	remain	an	area	of	intense	research.	

4. Predictors	of	ISA	
	

Certain	 anatomical	 features	 of	 treated	 lesion	 have	 been	 identified	 as	 strong	

predictors	 of	 acute	 stent	 malapposition.	 These	 include	 stenosis	 severity,	 lesion	

length	and	the	degree	of	calcification.	Higher	degrees	of	ISA	have	been	reported	in	

longer	 lesions	 and	 with	 increasing	 degree	 of	 calcification.	 Moreover,	 two	 other	

parameters,	 firstly,	 greater	quantitative	 volume	and	 secondly,	proximal	 location	of	

the	ISA	(near	the	stent	edge)	at	baseline,	have	been	reported	to	be	the	predictors	of	

persistent	ISA	at	follow-up	(15).	Regarding	the	late	acquired	ISA,	presence	of	tissue	

or	 thrombus	 immediately	 after	 stenting	 has	 been	 reported	 as	 an	 independent	

predictor	(16,	17).	This	fact	was	especially	highlighted	in	the	OCT	study	by	Gonzalo	et	

al	(17)	involving	43	patients	which	demonstrated	that	DES	implantation	in	STEMI	was	

an	independent	predictor	of	ISA	(odds	ratio:	9.8,	95%	confidence	interval:	2.4	to	40.4,	

p	 =	 0.002)	 and	 presence	 of	 uncovered	 struts	 at	 follow-up	 (odds	 ratio:	 9.5,	 95%	

confidence	 interval:	 1.0	 to	 90.3,	 p	 =	 0.049).	 Hong	 et	 al	 (16)	 also	 reported	 chronic	

total	 occlusion	 lesions	 and	 total	 stent	 length	 as	 independent	 predictors	 of	 late	

acquired	malapposition.			
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These	observations	intuitively	make	sense.	As	one	would	imagine,	longer	and	heavily	

calcified	 lesions	 offer	 greater	 mechanical	 resistance	 to	 optimal	 stent	 expansion.	

Similarly	greater	magnitude	of	ISA	at	baseline	and	in	particular,	 its	proximity	to	the	

stent	 edges	 increases	 the	 likelihood	 of	 impaired	 vascular	 healing	 (Figure-1).	 This	

argument	 can	 be	 further	 extended	 to	 the	 setting	 of	 acute	 myocardial	 infarction	

where	trapped	thrombus	or	tissue	behind	or	between	the	struts	at	the	time	of	stent	

deployment;	once	resorbed	can	lead	to	late-acquired	ISA.	

5. Natural	history	and	clinical	consequences	of	ISA:	Evidence	from	
clinical	studies	

	

The	data	on	 the	early	and	 late	 clinical	 consequences	of	baseline	and	 late-acquired	

ISA	 has	 been	 conflicting.	 Some	 of	 the	 major	 studies	 exploring	 this	 question	 are	

summarized	 in	 table	 1.	 While	 majority	 of	 the	 clinical	 and	 imaging	 studies	 have	

concluded	that	ISA	has	minimal	or	virtually	no	bearing	on	the	major	adverse	cardiac	

events	 (10,	 16,	 18-20),	 this	 belief	 has	 been	 challenged	 by	 some	 trials,	 although	 in	

smaller	 number,	 indicating	 possible	 link	 between	 ISA	 and	 late	 and	 very-late	 stent	

thrombosis	 (ST)	 (2,	 11).	One	of	 these	was	a	meta-analysis	 (11),	which	analyzed	17	

studies	 between	 2002	 and	 2007	 involving	 the	 use	 of	 BMS	 or	 any	 of	 the	 following	

types	of	DES	-	sirolimus,	paclitaxel,	everolimus,	or	zotarolimus	stents	and	had	IVUS	

examination	 performed	 after	 implantation	 and	 at	 6-to-9	 months	 follow	 up.	 In	

addition	to	finding	a	four	times	higher	incidence	of	late-acquired	ISA	with	DES	versus	

BMS,	 this	 meta-analysis	 also	 reported	 that	 in	 patients	 with	 late	 acquired	 stent	

malapposition	 (LASM),	 the	 risk	 of	 very	 late	 stent	 thrombosis	 was	 higher	 (in	 five	

studies)	compared	with	those	without	LASM	(OR	=	6.51,	CI	95%	1.34-34.91).		
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Cook	 et	 al	 (2)	 presented	 very	 insightful	 findings	 through	 IVUS	 evaluation	 of	 13	

patients	 presenting	 with	 very-late	 ST	 at	 a	 mean	 of	 630+/-166	 days	 after	 DES	

implantation.	These	were	compared	with	144	historical	controls	that	had	undergone	

IVUS	routinely	at	8	months	post	implantation.	They	observed	that	incomplete	stent	

apposition	was	more	frequent	in	patients	with	very	late	stent	thrombosis	compared	

with	 controls	 (77%	 versus	 12%;	 P<0.001).	 Another	 intriguing	 observation	 from	 the	

same	 study	 was	 that	 of	 a	 quantitative	 parameter	 of	 ISA	 reported	 as	 “maximal	

incomplete	stent	apposition	area”	which	was	twice	as	large	(8.3+/-7.5	versus	4.0+/-

3.8	mm2;	P=0.03)	in	very	late	ST	as	in	patients	without	very	late	ST.		

This	association	between	ISA	and	late	stent	failures	was	further	supported	in	a	more	

recent	study	(3),	which	prospectively	evaluated	221	lesions	in	194	patients	receiving	

DES	(SES	and	PES).	IVUS	investigation	was	performed	at	8-month	and	clinical	follow-

up	 was	 available	 for	 up-to	 5	 years.	 Major	 adverse	 cardiac	 events	 occurred	 more	

frequently	in	patients	with	ISA	(18.9%,	n	=	7)	than	without	ISA	(7.0%,	n	=	11)	(HR	=	

2.71,	95%	CI:	1.05-6.96,	P	=	0.031).	While	 there	was	no	difference	with	 respect	 to	

death,	the	rate	of	myocardial	infarction	was	higher	among	patients	with	ISA	(13.5%,	

n	=	5)	than	without	ISA	(1.9%,	n	=	3)	(HR	=	7.53,	95%	CI:	1.79-31.6,	P	=	0.001).	Very	

late	 ST	 was	 also	 more	 commonly	 seen	 among	 patients	 with	 ISA	 than	 without	

[Academic	Research	Consortium-definite	ST:	13.5%	(n	=	5)	vs.	0.6%	(n	=	1)	HR	=	23.2,	

95%	CI:	2.65-203,	P	<	0.001].	However,	due	to	overall	small	number	of	participants	

and	resultant	very	low	event	rates,	no	firm	conclusions	can	be	drawn	from	this	study.	

Nevertheless	it	does	show	some	statistically	significant	links.	
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In	 addition	 to	 the	 studies	 discussed	 above	which	 focused	 on	metallic	 stents,	 OCT	

studies	of	bioresorbable	vascular	scaffold	 (BVS)	have	reveled	positive	 link	between	

very	 late	 scaffold	 thrombosis	 (VLScT)	 and	malapposition.	 The	 INVEST	 registry	 (21)	

involved	 36	 patients	 with	 VLScT	 at	 a	 median	 of	 20	 months	 who	 have	 had	 OCT	

performed	 to	 elucidate	 the	 mechanism.	 It	 showed	 three	 leading	 causes	 of	 VLScT	

were	 scaffold	 discontinuity	 (42.15),	 malapposition	 (18.4%)	 and	 neoatherosclerosis	

(18.4%).	

On	the	other	side	of	the	debate	there	are	a	number	of	pooled	analyses,	prospective	

longitudinal	studies	and	case	series	that	have	demonstrated	relatively	benign	nature	

of	 the	 majority	 of	 the	 ISA	 seen	 either	 at	 baseline	 or	 follow-up.	 One	 such	 large	

analysis	 by	 Steinberg	 et	 al	 in	 2010	 (22)	 evaluated	 1580	 patients	 from	 IVUS	 sub-

studies	of	TAXUS	IV,	V,	VI	and	TAXUS-ATLAS	WH,	LL,	and	DS	trials	that	had	compared	

various	generations	of	TAXUS	drug	eluting	stents	versus	BMS.	They	found	that	Major	

adverse	 cardiovascular	 events	were	 similar	 at	 9	months	 in	 patients	with	 early	 ISA	

versus	control	subjects	with	no	ISA	for	both	types	of	stents	(BMS	(3.8%	vs.	15.2%,	p	=	

0.13)	and	for	TAXUS	(11.6%	vs.	8.8%,	p	=	0.45).	The	same	trend	was	observed	at	2	

years	 where	 MACE	 rates	 were	 similar	 in	 patients	 with	 late-acquired	 ISA	 versus	

controls	with	no	ISA	(BMS	(14.3%	vs.	7.9%,	p	=	0.54),	TAXUS	(overall,	8.3%	vs.	8.1%	p	

=	 0.87),	 or	 TAXUS	 slow-release	 formulation	 (0%	 vs.	 7.9%,	 p	 =	 0.28).	 The	 authors	

specifically	stated	that	no	impact	of	acute	or	 late	acquired	ISA	on	stent	thrombosis	

was	seen.		
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The	study	by	Kim	et	al.	(5)	more	specifically	explored	the	relevance	of	small-sized	ISA	

at	baseline	to	its	serial	changes	at	follow-up.	At	baseline,	both	OCT	and	intravascular	

ultrasound	 (IVUS)	 were	 performed	 but	 follow-up	 was	 only	 conducted	 using	 OCT.	

Serial	 changes	 in	 the	 number	 and	 percentage	 of	 malapposition	 struts,	 and	mean	

extra-stent	malapposition	area,	were	measured	 in	26	patients.	 Zotarolimus-eluting	

stent	 (ZES),	 sirolimus-eluting	 stent	 (SES),	 and	 paclitaxel-eluting	 stent	 (PES)	 were	

deployed	in	17,	7	and	2	patients,	respectively.	Mean	duration	of	the	follow-up	OCT	

study	was	5.7	+/-	3.0	months.	“Minimal	post-stent	malapposition”	was	considered	to	

be	present	when	it	could	not	be	detected	by	the	IVUS,	but	was	visualized	with	OCT.	

The	 percent	 of	 malapposition	 struts	 significantly	 decreased	 from	 12.2	 +/-	 11.0%	

post-stent	 implantation	 to	 1.0	 +/-	 2.2%	 at	 follow-up	 (P	 <	 0.001).	 Complete	

disappearance	of	stent	malapposition	was	observed	 in	majority	of	 the	patients	 (22	

out	of	26,	85%).	The	authors	concluded	that	the	minimal	stent	malapposition,	which	

is	not	detectable	by	IVUS,	might	disappear	or	decreases	on	follow-up	OCT	evaluation.	

Another	 piece	 of	 very	 interesting	 work	 in	 this	 area	 was	 conducted	 by	 Foin	 et	 al	

examining	the	effects	of	various	degrees	of	OCT	ISA,	on	shear	flow	disturbance	and	

tissue	coverage.	 It	was	seen	that	 the	strut	 to	vessel	wall	detachment	distance	of	<	

100	 µm	 led	 to	 complete	 neointimal	 coverage	 at	 6	 months	 follow	 up,	 whereas	

distances	 of	 100	 to	 300	 and	 >	 300	 µm	 had	 6.1%	 and	 15.7%	 of	 their	 struts	 still	

uncovered	at	follow-up	(23).					

6. Unsolved	Issues	
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It	is	quite	obvious	that	the	initial	heightened	concerns	regarding	the	possible	adverse	

relationship	of	 ISA	and	 late	 stent	 failure	were	not	 substantiated	 in	majority	of	 the	

clinical	 studies.	 However	 sample	 size	 and	 duration	 of	 follow-up	 for	most	 of	 these	

trials	 were	 not	 adequately	 powered	 to	 detect	 the	 incidence	 of	 late	 and	 very	 late	

stent	 thrombosis.	Whereas	 it	 can	 be	 cautiously	 accepted	 that	 isolated	 pockets	 of	

malapposed	struts	seen	immediately	post-stenting	almost	 invariably	get	covered	at	

few	months	follow-up,	it	is	the	larger	clusters	of	these	malapposed	struts	which	may	

delay	 endothelialization.	 This	 can	 also	 be	 said	 about	 the	 ISA	 at	 the	 stent	 edges.	

Although	 some	 studies	 have	 proposed	 semi-quantitative	 measures	 such	 as	 acute	

malapposition	 area	 of	 >1.2mm2	 (12)	 to	 predict	 persistent	 versus	 resolved	 ISA,	 no	

firm	 “worrying	 threshold”	 of	 the	 magnitude	 of	 ISA	 that	 should	 prompt	 further	

procedural	optimization	is	established	yet.		

In	an	ideal	world	we	need	to	be	able	to	find	out	a	cut-off	value	of	the	extent,	volume	

and	 location	 of	 ISA	 that	 would	 trigger	 “further	 action”	 in	 the	 form	 of	 stent	

optimization.	For	this	type	of	information	to	be	practically	relevant,	it	will	have	to	be	

obtainable	in	a	real-time	fashion	within	the	catheterization	laboratory	and	also	in	a	

time-efficient	 manner.	 The	 current	 generation	 of	 automated	 strut	 detection	

algorithms	 holds	 some	 promise	 but	 considerable	 refinements	 will	 be	 required	 for	

these	 to	 become	 an	 integrated,	 practical	 tool	 in	 the	 modern	 catheterization	

laboratories.		
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Table	1:	Summary	of	IVUS	and	OCT	Literature	
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Study	Ref	
and	year	of	
publication	

Study	Type	 Patient	
Numbers	

Lesion	
Numbers	

Stent	Type	 IVUS	
or	
OCT	

Acute	ISA	(%)	 Persistent	ISA	
(%)	

Late	
Acquired	
ISA	(%)	

Timing	of	
FU	imaging	
since	index	
procedure	

Relationshi
p			of	ISA	
and	MACE	
rates	

Mean	
Duration	of	
clinical	FU	

	

Im	et	al	(15)	 	 351	 356	 	 OCT	 62	 31	 15	 175±60	
days	

Negative	 28.6±10.3	
months	

	

Ozaki	et	al	
(1)	

	 32	 NA	 	 Both	 7.15(struts)	 4.67(struts)	 NA	 10	months	 NA	 NA	 	

Steinberg	et	
al	(22)	

Pooled	
analysis	

1580	 	 BMS	and	
TAXUS	

IVUS	 BMS-7.2%	
TAXUS	
Express-9.7%	
TAXUS	Liberté	
-	7.3%	
	

NA	 BMS-2.7	
TAXUS-
18.5	

9	months	 Negative	 24	months	 	

Hassan	et	al	
(11)	

Meta-
analysis	
(17	studies	
between	
2002-
2007)	

	 	 BMS,	
sirolimus,	
paclitaxel,	
everolimus,	or	
zotarolimus	
eluting	DES	

IVUS	 	 	 	 6	to	9	
months	

Risk	of	
very-late	ST	
higher	in	
late	
acquired	
ISA	(OR	=	
6.51,	CI	
95%	1.34-
34.91)	

	 	

Guo	et	al	
(12)	

IVUS	sub-
study	of	
HORIZONS	
AMI	
(STEMI	
patients)	

241	 263	 Paclitaxel	
eluting	stent	
(PES)	versus	
BMS	

IVUS	 34.3%	PES-	
and	40.3%	
BMS	

Resolved:	
39.1%	versus	
40.0%	
(Note:	These	
are	rates	of	
resolved	ISA	
(not	
persistent)	
	
This	study	
also	showed	
that	an	ASM	
area	>1.2	mm	
(2)	best	
separated	
persistent	
from	resolved	
ASM	

30.8	%	and	
8.1%	

13	months	 No	link	
with	ST	or	
death	

1	year	 	

Hoffman	et	
al	(10)	-
2008	

Pooled	
analysis	
from	
RAVEL,	E-
SIRIUS	and	
SIRIUS	
trials	

325	 NA	 SES	versus	
BMS	

IVUS	 NA	 Cumulative	incident	as	only	
follow	up	data	reported.	
SES-	25%	
BMS-8.3%		

NA	 MACE	free	
survival	at	
4	years	was	
identical	
for	those	
with	and	
without	ISA	
(11.1%	vs	
16.3%,	p	=	
0.48)	

4	years	(all	
patients)	

	

Hong	M	et	
al	–	2006	
(16)	

IVUS	 557	 705	 SES	vs.	PES	 IVUS	 7.2	%	 12.1	%	combined	(acute	ISA	
persisted	in	all	the	lesions)	

6	months	 No	impact	 12	months	 	
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Figure-1		
	

A-C:		 Angiographic	views	of	the	LAD	with	severe	stenosis	(A),	immediately	after	
stent	insertion	(B)	and	at	six	months	follow-up	

D:	 OCT	frame	showing	multiple	struts	without	contact	with	the	vessel	wall	
consistent	with	malapposition	

E:	 Malapposition	distance	for	individual	struts	is	shown	in	the	inset	

F:	 A	representative	frame	from	the	same	patient	six	months	later,	showing	poor	
tissue	coverage.	Two	uncovered	struts	are	shown	in	the	inset	
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Introduction	
	

In	two	of	the	prior	studies	(chapter	5	and	6)	discussed	in	this	theiss,	it	was	observed	

that	stent	malappposition	when	it	occurred,	had	a	predilection	to	be	clustered	in	the	

proximal	parts	of	 the	 stent	and	 in	 the	proximal	 sections	of	 the	vessels	 (1).	 It	 is	 an	

intresting	 fiding	 to	 say	 the	 very	 least,	 but	 the	 the	 exact	 significance	 remaines	

somewhat	speculative.	In	order	to	compare	any	stent	related	clinical	outcoems	in	a	

conclusive	 fashion	 in	 the	 modern	 era,	 very	 large	 scale	 studies	 involving	 several	

thousand	 particpants	 are	 required	 to	 detect	 such	 differences,	 given	 exceptionally	

low	 rates	 of	 these	 events.	 This	 remains	 a	 continuiung	 challenge	 despite	 well	

conducted	internatinal	randomized	trials	involving	a	large	number	of	centres	across	

the	 continents.	 While,	 on	 one	 hand,	 we	 continually	 strive	 to	 overcome	 these	

challenges,	on	the	other	hand,	we	can	seek	valuable	information	on	the	undelrying	

mechanisms	 of	 stent	 failure	 from	 advanced	 laboratory	 research.	 Such	 novel	

experimental	 approaches	 designed	 to	 examine	 the	 surrogate	 markers	 of	 stent	

related	outcomes,	their	healing	profiles	and	clinical	safety,	have	become	an	equally	

vital	 part	 of	 our	 knowledge.	 Intravascular	 imaging	 techniques,	 such	 as	 optical	

coherence	 tomography	 is	 one	 such	 tool.	 Whereas	 these	 precision	 imaging	 tools	

provide	visual	assessment	of	the	native	and	stented	vessels,	all	the	way	to	the	extent	

of	 strut-level	 analysis	 and	 that,	 on	 a	 near-histological	 scale,	 the	 far	more	 complex	

and	 dynamic	 interactions	 between	 the	 stent,	 vessel	wall	 and	 the	 fluid	mechanics;	

requires	even	more	advanced	computational	techniques.	These	unique	experimental	

approaches,	 known	 as	 computational	 fluid	 dynamics	 (CFD)	 studies,	 represent	 the	

ultimate	 interface	 of	medical	 sciences	 and	 bio-medical	 engineering.	 These	 studies	
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have	opened	up	newer	avenues	to	enhance	our	understanding	of	some	of	the	finely	

orechestrated	processes	taking	place	inside	the	coroanry	arteries.	Several	aspects	of	

the	 stent	 designs	 such	 as	 strut	 spacing	 (2),	 thickness	 (3),	 peak	 angle	 (4)	 and	 strut	

connectors	 (5)	 have	 been	 looked	 at	 through	 CFD	 techniques	 providing	 unique	

insights	into	their	hemodynamic	effects.	

This	 chapter	 will	 discuss	 the	 implications	 of	 proximal	 stent	 malapposition	 as	

examined	 through	 the	 CFD	 methods.	 The	 experiemnts	 are	 based	 upon	 virtually	

stented	3D	arterial	models	and	are	restricted	to	a	single	malpposed	stent	hoop	for	

the	purpose	of	this	study.	

Methods:	Three-dimensional	reconstruction	and	
computational	fluid	dynamics	analysis	
	

In	order	to	interrogate	the	effects	of	stent	malapposition,	also	known	as	incomplete	

stent	 apposition	 (ISA),	 on	 the	 local	 hemodynamic	 environment	 inside	 the	 stented	

vessel,	 virtual	 arterial	models	with	 stents	were	 created.	 The	effects	 of	 ISA	on	wall	

shear	stress	and	flow	velocities	are	then	described.			

A	number	of	representative	two	dimensional	OCT	data	sections	showing	protruding	

and	malapposed	stent	struts	were	subjected	to	three	dimensional	reconstruction	for	

comparison	 with	 the	 known	 stent	 geometry	 to	 support	 validation	 of	 OCT	 as	 a	

method	 for	 quantifying	 strut	 protrusion.	 Computer-aided	 design	 drawings	 of	 two	

types	of	stents,	cobalt	chromium	everolimus	eluting	stent	(EES),	and	stainless	steel	

sirolimus	 eluting	 stent	 (SES)	 in	 an	 idealized	 tapered	 coronary	 artery	were	 created	

using	 SolidWorks	 (SolidWorks	Corp.,	 Concord,	MA,	USA).	A	 control	 study	of	 a	 fully	
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apposed	 SES	 in	 an	 identical	 tapered	 coronary	 artery	 was	 also	 constructed.	

Computer-aided	 design	 drawings	 were	 converted	 to	 computational	 finite	 volume	

domain	 in	 ICEM-CFD	 (ANSYS	 INC.,	 Canonsburg,	 PA,	 USA)	 for	 computational	 fluid	

dynamics	 (CFD)	 analyses.	 Pulsatile	 coronary	 blood	 flow	 was	 simulated	 using	

OpenFOAM	 (OpenCFD	 Ltd.)	 by	 solving	 the	 three-dimensional	 incompressible	

Newtonian	Navier–Stokes	equations	under	physiological	parameters.			

Computational	Fluid	Dynamics	findings		
	

CFD	simulations	of	ISA	in	proximal	third	of	the	tapered	vessel	(SIM	A	and	SIM	B	top	

and	top-center	panels	on	the	left	of	Figure	1)	demonstrate	a	significant	 increase	in	

wall	 shear	stress	 (WSS)	at	 the	 first	stent	hoop.	WSS	decreases	as	 the	vessel	 tapers	

and	eventually	low	WSS	regions	are	confined	to	the	vicinity	of	embedded	(apposed)	

stent	struts	in	the	distal	third	of	vessel.	In	contrast,	stent	struts	of	an	embedded	SES	

in	an	 identical	 tapered	vessel	are	surrounded	by	 low	WSS	(SIM	C	 in	bottom-center	

panel	on	the	left	of	Figure	1).	Further	investigation	of	coronary	flow	distal	to	the	first	

stent	 hoop	 reveals	 that	 stent	malapposition	 (SIM	A	 and	 SIM	B)	 results	 in	 large	 in-

stent	flow	disturbance	(top	panels,	middle	and	right	Figure	1),	whereas	flow	velocity	

increases	 continuously	 along	 the	 embedded	 stent	 struts	 in	 the	 control	 CFD	 study	

(SIM	C).	Nevertheless,	malapposed	stent	struts	(SIM	A	and	SIM	B)	channel	coronary	

flow	between	 the	struts	and	vessel	wall,	 leading	 to	an	 increase	 in	 local	blood	 flow	

velocity.	 On	 the	 other	 hand,	 the	 presence	 of	 the	 malapposed	 struts	 acts	 as	 an	

obstacle	 to	 coronary	 blood	 flow	 and	 results	 in	 flow	 stagnation	 distal	 to	 the	 stent	

strut	(green	arrows).	These	flow	disturbances,	or	sharp	changes	in	velocity	profiles,	
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distal	 to	 the	 stent	 strut	 and	 vessel	wall	 also	 signify	 high	 local	 shear	 rate	 and	 thus	

higher	 WSS	 at	 the	 first	 stent	 hoop	 (8,	 9).	 The	 SES	 (SIM	 B),	 with	 greater	 strut	

thickness,	has	a	greater	disruptive	effect	on	the	coronary	flow	velocity	than	the	thin	

strut	EES	(SIM	A)	where	coronary	blood	flow	distally	 is	stagnant	over	a	 larger	area.	

Coronary	flow	returns	to	its	normal	flow	velocity	above	the	malapposed	struts.		

In	 the	 distal	 third	 of	 vessel,	 velocity	 profiles	 proximal	 to	 the	 final	 stent	 hoop	 are	

qualitatively	similar	for	all	CFD	studies	(center	panels	in	the	middle	and	on	the	right	

of	 Figure	1).	 These	 velocity	 profiles	 resemble	 the	 velocity	 profile	 distal	 to	 the	 first	

stent	hoop	in	our	control	CFD	analysis	(SIM	C).		

Figure-2	 explains	 the	WSS	 and	 alterations	 in	 flow	 velocities	 in	 a	 tapered	 vessel	 in	

further	 detail.	 In	 this	 example,	 coronary	 vessel	 model	 was	 virtually	 stented	 and	

expanded	evenly	in	an	idealized	tapered	artery	that	resulted	in	stent	malapposition	

at	the	proximal	end	but	was	apposed	distally.	CFD	study	revealed	that	proximal	stent	

malapposition	 increased	 WSS	 proximal	 to	 the	 first	 stent	 hoop	 and	 reduced	 WSS	

distally.	This	effect	gradually	decreased	in	distal	part	of	the	stent	as	the	artery	tapers	

and	 stent	 struts	 become	 apposed	 (Figure-2).	 The	 overall	 result	 is	 a	 larger	 in-stent	

vessel	 area	 distally	 that	 is	 exposed	 to	 atherogenic	 low	 WSS	 and	 localized	

recirculation.	

Conclusion		
	

In	both	examples	proximal	malapposition	of	both	stents	resulted	in	high	WSS	at	the	

proximal	stent	edge,	but	overall	lower	WSS	in	the	mid-	and	distal	stent	regions;	this	

effect	 was	more	 pronounced	 for	 the	 SES,	 likely	 due	 to	 its	 thicker	 struts.	 In	 other	
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words,	malapposition	 in	 the	 proximal	 third	 of	 the	 stent	 results	 in	 disturbances	 in	

normal	 flow	 patterns	 and	 increased	 local	 shear	 rate.	 Low	 WSS	 is	 an	 established	

mechanism	 of	 progressive	 atherosclerosis	 (6)	 and	 high	 shear	 rate	 is	 thought	 to	

influence	platelet	activation	(7).		

	

Although	the	precise	clinical	significance	of	OCT	detected	malapposition	 is	unclear,	

we	present	 interesting	 insights	using	CFD	demonstrating	 its	effects	on	altered	 flow	

patterns	 and	 shear	 stress	 forces.	 Their	 exact	 relevance	 of	 these,	 ex-vivo,	 stent	

induced	hemodynamic	changes,	on	the	 in-vivo	healing	characteristics	of	the	stents,	

and	future	stent	complications	such	as	thrombosis	or	restenosis,	remains	speculative.	

High	WSS	 and	 large	 chaotic	 flow	 region	 due	 to	 proximal	 stent	malapposition	may	

contribute	 to	 delayed	 or	 poor	 endothelial	 coverage	 on	 one	 hand,	 and	 the	 greater	

vessel	wall	area	exposed	to	the	atherogenic	low	wall	shear	stress	in	the	downstream	

vessel	 may	 contribute	 to	 the	 development	 of	 neo-atherosclerosis	 on	 the	 other.	

These	 CFD	 findings	 of	 proximal	 stent	 malapposition	 resulting	 in	 hemodynamic	

changes	remains	hypothesis	generating	at	best,	and	further	studies	are	required	to	

interrogate	these	findings	in	real	life.	Nevertheless,	they	provide	interesting	insights	

with	potential	to	impact	future	stent	designing	(8)	and	guide	procedural	optimization	

at	 the	 time	 implantation.	 If	 this	 were	 confirmed	 in	 further	 studies,	 the	 finding	 of	

increased	stent	malapposition	in	proximal	stent	or	vessel	would	support	the	concept	

of	preferentially	post-dilating	proximally,	particularly	in	larger	caliber	vessels.		
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Figures:	
	

	

	

	

Figure	1:	CFD	simulations	of	EES	and	SES	stents	in	a	tapered	coronary	artery.	SIM	A	(EES)	and	SIM	B	

(SES)	are	based	on	in-vivo	findings	where	stent	struts	are	malapposed	near	the	proximal	vessel	(i.e.	S-

V	 distance	 >90	 μm	 for	 EES	 and	 >160	 μm	 for	 SES	 in	 proximal	 vessel).	 S-V	 distance	 progressively	

decreases	in	the	longitudinal	direction	and	eventually	stent	struts	are	embedded	into	the	vessel.	SIM	

C	 (SES)	 acts	 as	 a	 control	 study	 by	 performing	 a	 virtual	 CFD	 analysis	 on	 a	 fully	 apposed	 SES	 stent.	

Colored	 maps	 of	 the	 wall	 shear	 stress	 at	 minimum	 coronary	 flow	 are	 shown	 on	 the	 left.	 Flow	

velocities	in	the	proximal	third	(distal	to	first	stent	hoop)	and	distal	third	(proximal	to	last	stent	hoop)	

at	both	maximum	and	minimum	coronary	flow	are	shown	on	the	right.	Flow	velocities	in	the	proximal	

vessel	of	SIM	A	and	SIM	B	exhibit	large	disturbances	(green	arrow)	behind	the	first	malapposed	stent	

hoop.	In	contrast,	flow	velocity	increases	continuously	behind	apposed	stent	hoops	in	SIM	C.		
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Figure	 2:	WSS	patterns	at	baseline	during	maximum	coronary	 flow.	Coronary	 stent	was	virtually	

stented	and	expanded	evenly	 in	an	 idealized	 tapered	artery	 that	 resulted	 in	 stent	malapposition	at	

the	 proximal	 end	but	was	 apposed	distally.	 Proximal	malapposition	 led	 to	 a	 substantial	 increase	 in	

WSS	 proximal	 to	 the	 first	 stent	 hoop	 (red	 WSS	 region).	 Blood	 flow	 became	 chaotic	 in	 between	

malapposed	 struts	 but	was	 relatively	 laminar	 near	 the	 arterial	wall	 (blue	 velocity	 region	 at	 bottom	

inset).	 WSS	 decreased	 as	 stent	 becomes	 more	 apposed	 distally	 and	 flow	 patterns	 were	 more	

organized.	However,	localized	recirculation	was	shown	near	the	arterial	wall	(see	top	inset)	and	thus	

exposed	to	atherogenic	WSS	
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1 Abstract	
	

Computational	fluid	dynamics	(CFD)	analyses	can	elucidate	the	pathologic	impact	of	

alterations	 in	 coronary	 haemodynamics	 by	 correlating	 arterial	 wall	 shear	 stress	

(WSS)	with	atherosclerotic	processes.	The	natural	tapering	of	a	coronary	artery	often	

leads	 to	 proximal	 incomplete	 stent	 apposition	 (ISA)	 where	 stent	 struts	 are	 not	 in	

contact	with	the	vessel	wall.	By	employing	state	of-	 the-art	computer-aided	design	

software,	 generic	 stent	 hoops	 were	 virtually	 deployed	 in	 an	 idealized	 tapered	

coronary	artery	with	varying	malapposition	distance.	Pulsatile	blood	flow	was	carried	

out	on	these	computer	aided	design	models	using	a	finite	volume	solver.	CFD	results	

reveal	significant	fluctuations	in	WSS	and	large	recirculation	bubbles	in	the	setting	of	

proximal	 ISA	 throughout	 the	 cardiac	 cycle.	 These	 recirculation	 bubbles	 are	mainly	

formed	during	coronary	flow	deceleration.	 In	the	presence	of	multiple	malapposed	

stent	hoops,	 the	 recirculation	bubbles	distal	 to	 the	 first	 stent	hoop	demonstrate	a	

change	 in	 haemodynamic	 behavior	 and	 are	 drawn	 inside	 the	 distal	 stent	 hoops.	

Arterial	tapering	introduces	secondary	recirculation	bubbles	that	increase	the	time-

averaged	wall	 shear	 stress	 gradient	 and	 alter	 local	 blood	 rheology.	 Study	 of	 these	

secondary	recirculation	bubbles	and	changes	in	blood	rheology	may	provide	insight	

into	the	possible	mechanisms	of	adverse	clinical	outcomes	in	the	setting	of	ISA.	
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2 Introduction	
	

In	order	to	interrogate	the	effects	of	stent	malapposition,	also	known	as	incomplete	

stent	 apposition	 (ISA),	 on	 the	 local	 hemodynamic	 environment	 inside	 the	 stented	

vessel,	 virtual	 arterial	 models	 with	 stents	 were	 created.	 Various	 degrees	 of	 ISA	

located	 in	 the	 proximal	 section	 of	 the	 stented	 segment	 were	 then	 modeled	 to	

interrogate	their	effects	on	wall	shear	stress	and	blood	viscosity.		

Local	haemodynamics	have	long	been	known	to	directly	influence	many	pathological	

processes	underlying	atherosclerosis	and	perhaps	even	thrombosis	(1).	Low	WSS	(<	

0:	 5	 Pa)	 alters	 the	 shape	 and	 alignment	 of	 endothelial	 cells,	 resulting	 in	 cellular	

dysfunction	 and	 increases	 the	 permeability	 of	 the	 endothelial	 layer	 to	 cholesterol	

and	other	mediators	of	 inflammation	(2).	As	a	result,	regions	of	 low	WSS	are	often	

correlated	 with	 atherosclerotic	 processes.	 One	 such	 manifestation	 is	 in-stent	

restenosis	(3-5).	Likewise,	negative	WSS	is	linked	to	near-wall	flow	reversal	and	thus	

increases	 in	 the	 oscillatory	 shear	 index	 (OSI)	 (6,	 7).	 On	 the	 contrary,	 high	WSS	 is	

associated	with	endothelial	dysfunction	(8),	expansive	remodeling	(9),	development	

of	 vulnerable	 features	 (10)	 (11),	 and	 delayed	 endothelial	 coverage	 of	 stent	 struts	

(12)	(13).	Wall	shear	stress	gradient	(WSSG)	(>	5;	000	Pa.s-1)	can	also	provide	insights	

into	atherosclerotic	formation	or	late	stent	outcomes	(14,	15).	Other	variants	of	WSS	

have	 also	 been	 derived	 to	 improve	 the	 accuracy	 and	 specificity	 of	 atherosclerosis	

prediction	(16).	Although	wall-based	haemodynamic	phenomena	seem	to	correlate	

well	with	 the	progression	of	atherosclerosis,	additional	mechanisms	are	needed	 to	

more	fully	explain	other	adverse	stent	related	phenomena	such	as	stent	thrombosis	

(ST).	
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The	prediction	of	WSS	using	Newtonian	computational	fluid	dynamics	(CFD)	research	

tools	are	not	uncommon	 (17)	even	 though	blood	 is	actually	a	 shear-thinning	 (non-

Newtonian)	fluid	due	to	its	dual-phase	structure	(presence	of	red	blood	cells	(RBCs)	

and	 plasma).	 It	 was	 suggested	 that	 not	 only	 Newtonian	 CFD	 studies	 would	

underestimate	WSS,	but	also	lengthen	distal	flow	recirculation	and	elevate	the	local	

turbulent	 kinetic	 energy.	 Flow	 reattachment	 is	 one	of	 the	major	 criteria	 to	 ensure	

adequate	 endothelialisation	 of	 stent	 struts	 (18,	 19)	 and	 the	 above	 discrepancy	 in	

Newtonian	 and	non-Newtonian	 simulation	parameters	 could	 therefore	have	direct	

influence	on	 the	 results	of	 stent	healing	properties.	 In	addition,	 the	 fact	 that	RBCs	

normally	account	for	more	than	40%	of	total	volume	fraction	of	the	whole	blood,	as	

shown	in	a	recent	study,	can	lead	to	more	uneven	distribution	in	a	diseased	arterial	

geometry	 (20).	 RBCs	 in	 the	 form	of	 a	 rouleax	under	 low	 shear	 rate	 aggregate	 and	

lead	to	an	exponential	increase	in	apparent	blood	viscosity	at	finite	shear	condition	

(21).	The	aggregation	of	RBCs,	however,	is	a	reversible	process	and	as	such	RBCs	can	

separate	from	one	another,	with	a	shear	force	of	0.1	Pa	or	 less	(22),	thus	 lowering	

the	 apparent	 blood	 viscosity.	 Nevertheless,	 the	 shear-thinning	 characteristic	 of	

whole	 blood	 has	 been	 studied	 extensively	 and	 various	 empirical	 relationships	 and	

numerical	 approaches	 have	 been	 employed	 to	 faithfully	 represent	 this	 unique	

phenomenon.	 These	 range	 from	 single	 phase	 (which	 treat	 blood	 as	 homogenous	

fluid)	(23),	two-phase	(assumption	that	blood	behaves	as	a	mixture	of	red	cells	and	

plasma,	 and	 does	 not	 handle	 the	 motion	 of	 individual	 cells	 or	 interaction	 among	

them)	 (20)	 and	 three-phase	 models	 (non-homogenous	 fluid	 consisting	 of	 RBCs,	

leukocytes	and	plasma)		(24).		
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This	 study	 investigates	 the	 little	 known	effect	of	 locally	elevated	blood	viscosity	 in	

the	presence	of	proximal	ISA.	High	fidelity	non-Newtonian	CFD	analysis	of	proximal	

ISA	 in	 an	 idealized	 straight	 coronary	 artery	 provides	 detailed	 near	 wall	

haemodynamics	 behavior.	 It	 also	 reveals	 chaotic	 flow	 structures	 in	 the	 vicinity	 of	

malapposed	 stent	hoops	 (MSH).	 The	 resultant	 fluctuation	 in	 shear	 rate	due	 to	 the	

existence	of	flow	reversal	and	channeling	(flow	between	the	malapposed	stent	hoop	

and	lumen	surface)	environments	can	activate	platelets	binding	and	deform	RBCs	(1,	

25,	26).	Ultimately,	these	flow	conditions	promote	blood	sludging	and	thus	elevate	

the	blood	viscosity	next	to	the	MSH.	More	importantly,	this	study	hypothesized	for	

the	first	time	a	patho-physiological	link	between	proximal	ISA	and	ST.		

3 Methods	
	

3.1 Computational	fluid	dynamics	methods	
	

Resting	 coronary	 flow	 (1:3	 ml/sec	 and	 75	 beat	 per	 min)	 inside	 stented	 arterial	

models	is	calculated	over	three	cardiac	cycles	(CC)	using	the	velocity	waveform	from	

the	 left	anterior	descending	artery	 in	Fig.	1	 (27).	 Instantaneous	haemodynamics	of	

these	stented	arterial	models	at	the	third	CC	are	revealed	over	the	five	time	instants	

(A-E)	 marked	 in	 Fig.	 1.	 Statistical	 coronary	 flow	 behaviour	 over	 the	 third	 CC	 is	

reported.	A	high	fidelity	finite-volume	CFD	solver	capable	of	directly	solving	the	non-

Newtonian	 incompressible	Navier-Stokes	equations	 is	employed	 (OpenFOAM-2.1.1,	

OpenCFD	 Ltd.,	 ESI	 group,	 Bracknell,	 UK).	 The	 non-Newtonian	 blood	 rheology	 is	

modeled	by	the	Quemada	constitutive	equation	that	depends	upon	both	shear	rate	

and	 haematocrit	 (Hct).	 The	 coefficients	 of	 the	 Quemada	 constitutive	 equation	 at	
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45%	Hct	and	a	constant	blood	density	of	1060	kg/m3	are	το	=	7.160	x	10-3	Pa,	µ∞		=	

4.204	 x	10-3	 Pa.s	 and	λ	 =	 4.367	 x	10-3/s	 (23,	 28,	 29).	 The	 convective,	diffusive	and	

unsteady	terms	of	the	incompressible	Navier-Stokes	equations	are	approximated	by	

Gauss	 linear	 corrected	 scheme,	 Gauss	 self-filter	 central	 differencing	 scheme,	 and	

backward	 Euler	 scheme,	 respectively.	 Relaxation	 factors	 for	 pressure	 and	 velocity	

are	 0.5	 and	 0.7,	 respectively.	 Pressure	 and	 velocity	 coupling	 are	 through	 a	 Semi-

Implicit	Method	for	Pressure	Linked	Equations	algorithm	with	a	time	step	size	of	1.25	

x	10-3/s	(640	time	steps	per	CC).	Convergence	criteria	for	both	pressure	and	velocity	

residuals	are	10-5	for	accurate	solutions	(6,	30).		

3.2 Generic	stent	hoops	and	idealized	coronary	arterial	geometries	
	

ISA	 is	 not	 uncommon	 despite	 the	 high	 success	 rate	 in	 percutaneous	 coronary	

intervention	with	insertion	of	a	coronary	stent.	In	addition	to	clinical	and	procedural	

factors,	some	previous	studies	have	demonstrated	(31-33)	the	predilection	of	ISA	to	

be	 clustered	 in	 the	 proximal	 stented	 segments.	 This	may	 be	 partly	 related	 to	 the	

natural	 tapering	of	 the	coronary	arteries	 (34)	and	 routine	use	of	un-tapered	 (fixed	

diameter)	 stents	 (35).	 Figure	 2-a	 presents	 a	 typical	 computational	 domain	 of	 a	

generic	 stent	 hoop	 in	 a	 straight	 coronary	 arterial	 model	 (hereafter	 referred	 to	 as	

case	1);	Fig.	 2-b	 shows	 the	computational	domains	of	4	equidistant	stent	hoops	 in	

straight	 arterial	 model	 (case	 2).	 All	 geometries	 and	 computational	 meshes	 are	

generated	by	ICEMCFD	(ANSYS	INC.,	Canonsburg,	PA,	USA).	The	computational	mesh	

for	 case	 1	 consists	 of	 ∼	 18	 million	 hexahedral	 elements.	 These	 hexahedrons	 are	

clustered	 towards	 the	MSH	 and	 lumen	 wall	 to	 capture	 important	 boundary	 layer	

characteristics.	 Specifically,	 there	are	30	quadrilateral	elements	on	each	 surface	of	
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stent	strut	with	160	quadrilateral	elements	in	the	azimuthal	direction.	An	expansion	

ratio	 of	 1:	 06	 is	 used	 for	 the	 hexahedral	 elements	 away	 from	 the	 stent	 strut.	 The	

above-	 mentioned	 criteria	 are	 also	 employed	 to	 construct	 the	 computational	

domains	 for	 cases	 2	which	 consists	 of	 >32	million	 hexahedral	 elements.	 Coronary	

arteries	are	assumed	to	be	circular	in	cross	section	with	a	diameter	D	=	3mm	outside	

the	first	stent	hoop	(36).	The	first	stent	hoop	has	a	malapposition	distance	(MD)	of	

150	µm	and	strut	thickness	of	90	µm.	In	cases	2,	each	stent	hoop	is	separated	by	a	

longitudinal	 distance	 L	 =	 1.34	mm	 to	minimize	 the	 influence	 of	 inter-strut	 spacing	

(37).	No-slip	boundary	conditions	are	used	at	both	rigid	arterial	wall	and	stent	hoops.	

The	 time-dependent	 velocity	 waveform	 (Fig.	 1)	 is	 applied	 at	 the	 inlet	 of	 the	

computational	domain	along	the	axial	direction	(as	shown	in	Fig.	2)	whereas	a	zero	

pressure	is	employed	at	the	outlet.	

4 Results	
	

4.1 Wall	shear	stress	distributions	
	

Figure-3	 presents	 the	 evolution	 of	 WSSx	 (WSS	 component	 in	 the	 longitudinal	

direction)	 distributions	 for	 case1	 at	 five	 different	 time	 instants	 (A	 -	 E).	 These	 time	

instants	 cover	 three	major	phases	 (phases	 I,	 II	 and	 III)	of	 the	coronary	 flow	over	a	

complete	 CC.	 The	 CC	 begins	 with	 isovolumetric	 contraction	 at	 phase	 I	 when	 the	

coronary	 flow	 decreases	 sharply	 (A).	 WSSx	 decreases	 significantly	 and	 displays	

negative	value	both	proximal	and	distal	to	the	MSH.	There	are	some	irregularities	in	

WSSx	 distributions	 along	 the	 azimuthal	 direction	 in	 the	 presence	of	 the	 sinusoidal	

stent	hoop	geometry.	Nevertheless,	WSSx	quickly	renormalizes	to	optimum	level	(1-	
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2	Pa)	away	from	the	MSH.	Coronary	flow	increases	at	the	beginning	of	the	ejection	

phase	(II-B).	The	negative	WSSx	region	is	reduced	to	the	distal	part	of	the	stent	hoop	

and	has	 a	 notable	 decrease	 in	magnitude.	 At	mid-to-late	 ejection	 phase,	 coronary	

flow	has	increased	slightly	but	continues	to	fluctuate	(II-C).	The	higher	coronary	flow	

velocity	leads	to	an	increase	in	WSSx	(>	2:	5	Pa)	over	the	MSH.	There	is	also	a	slight	

hint	of	WSSx	≈	 0	Pa	distal	 to	 the	high	WSSx	 region.	As	 the	CC	enters	 the	diastolic	

phase	(III),	coronary	flow	peaks	at	time	D	followed	by	a	continuous	decrease	in	late	

diastole	 (E)	 until	 the	 CC	 completes.	 At	 peak	 coronary	 flow	 (D),	 the	 arterial	wall	 is	

subjected	to	both	moderate	and	high	WSSx	(1-	2	Pa	and	above).	However,	 it	 is	the	

large	areas	of	high	WSSx	(>	2:	5	Pa)	distribution	over	and	distal	to	the	MSH	that	is	of	

particular	 concern.	 Coronary	 flow	 begins	 to	 decrease	 during	 late	 diastole	 (E),	 the	

overall	WSSx	is	reduced	but	WSSx	over	the	MSH	remains	high	(>	2:	5	Pa)	due	to	the	

high	coronary	flow	velocity	relative	to	phases	I	and	II.	It	should	also	be	pointed	out	

that	a	small	region	of	negative	WSSx	reappears	during	the	late	diastolic	phase.	The	

emergence	of	negative	WSSx	at	isovolumetric	contraction	(phase	I)	and	late	diastole	

(phase	 III)	 demonstrates	 a	 significant	 correlation	 between	 coronary	 flow	

deceleration	and	negative	WSSx.	

4.2 Microrecirculation	in	between	malapposed	stent	hoops	
	

Figure	 4	 displays	 the	 three	 time	 instants	 (A,	 B	 and	 E)	when	 flow	 reversal	 (or	 also	

called	 microrecirculation	 (38)	 exists	 for	 case	 1.	 Although	 MSH	 also	 disturbs	 the	

haemodynamics	 at	 times	 instants	 C	 and	 D,	 flow	 patterns	 remain	 attached.	

Nonetheless,	 the	 sharp	 decrease	 in	 coronary	 blood	 supply	 at	 time	 A	 results	 in	

microrecirculation	 both	 proximal	 (green	 arrow	 in	 inset)	 and	 distal	 (red	 arrow	 in	
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inset)	to	the	MSH.	The	two	microrecirculation	regions	join	together	to	form	a	large	

flow	reversal	region	enveloping	the	stent	hoop	(B).	As	cardiac	cycle	progresses	and	

coronary	 flow	 begins	 to	 increase,	 both	 proximal	 and	 distal	 mircrorecirculation	

become	less	pronounced	and	are	soon	suppressed.	Microrecirculation	environments	

reappear	again	during	late	diastole	as	coronary	flow	decelerates	(time	E),	and	a	small	

microrecirculation	 (red	 arrow)	 is	 formed	 distal	 to	 the	 MS	 hoop.	 This	 small	

microrecirculation	continues	to	grow	in	size	and	strength	until	the	CC	repeats.		

The	 effects	 of	 multiple	 MSH	 are	 individually	 analyzed	 and	 presented	 in	 Fig.	 5.	

Coronary	stents	often	consist	of	multiple	stent	hoops	and	inter-strut	connectors.	For	

the	purpose	of	understanding	in	this	experiment,	CFD	analyses	were	only	performed	

near	 the	 proximal	 stent	 hoops.	 Haemodynamic	 changes	 are	 compared	 at	 time	 A	

when	microrecirculation	near	the	MSH	(case	1)	are	most	pronounced	(see	green	and	

red	 arrows	 in	 Figs.	 4	 and	 5	 a).	 In	 case	 2,	 the	 presence	 of	 second	 and	 subsequent	

MSHs	 leads	 to	 a	 long	 recirculation	 region	 (white	 arrows)	 that	 completely	

encompasses	the	stented	area.	Not	only	that	the	extended	recirculation	region	can	

affect	 the	WSS	 in	 the	 vicinity	of	 the	MSHs,	 it	 also	 shifted	 the	 stasis	 (or	 foci	of	 the	

microrecirculations	 identified	 by	 red	 arrows	 in	 Fig.	 5	 b)	 away	 from	 the	 luminal	

surface.	The	large	near-wall	flow	reversal	region	and	relocation	of	the	stasis	distal	to	

the	first	MSH	may	consequently	mediate	the	disease	progression	in	the	presence	of	

MSHs.	

	

4.3 Local	increase	in	blood	viscosity	
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The	 presence	 of	 these	microrecirculation	 regions	 has	 a	major	 impact	 on	 the	 local	

shear	rate	and	thus	the	local	blood	apparent	viscosity.	To	investigate	the	impacts	of	

the	 above-mentioned	 changing	 haemodynamic	 environment,	 the	 temporal	 blood	

viscosity	 values	 at	 selected	 locations	 are	 reported	 in	 Figure	 6.	 At	 the	 longitudinal	

centre	 of	 the	 MSH	 (L	 =	 0	 mm),	 the	 presence	 of	 malapposed	 strut	 introduces	 a	

channeling	effect	to	the	coronary	flow	in	between	the	lumen	and	bottom	of	the	strut	

surfaces.	This	 channeling	effect	has	 resulted	 in	high	shear	 rate	near	both	surfaces,	

but	 shear	 rates	 approaches	 zero	 mid-way	 between	 the	 surfaces	 as	 the	 boundary	

layers	 merge.	 Maximum	 shear	 rate	 is	 also	 shown	 on	 the	 top	 of	 strut	 surface,	 it	

gradually	decreases,	away	from	the	wall,	 in	normal	direction.	At	1	strut	width	(0:	9	

mm)	distal	to	the	MSH,	the	shear	rate	remains	the	highest	near	the	top	of	the	strut	

surface,	 but	 its	 magnitude	 is	 substantially	 reduced.	 Shear	 rates	 in	 between	 the	

lumen	 and	 bottom	 of	 strut	 surfaces,	 despite	 increase,	 are	 still	 relatively	 low.	 The	

large	 modulation	 of	 shear	 rates	 just	 distal	 to	 the	 MSH	 may	 be	 attributed	 to	 the	

occasional	presence	of	microrecirculations	over	time.	Nevertheless,	the	shear	rates	

between	the	lumen	and	bottom	of	strut	surfaces	are	consistently	low	over	the	next	3	

distal	locations,	and	high	over	the	top	of	strut	surface.	

Remember	that	the	blood	aggregates	at	low	shear	rate	thereby	increasing	the	local	

apparently	viscosity	(bottom	right	 in	Fig.	6).	On	the	other	hand,	blood	 is	thinner	at	

high	shear	rate.	In	fact,	human	blood	approaches	a	constant	apparent	viscosity	(the	

infinity	shear	viscosity,	µ∞	 	=	4.204	x	10-3	Pa.s)	as	shear	rate	increases.	This	unique	

response	of	whole	blood	under	 shear	has	 therefore	 significantly	 affected	 the	 local	

blood	 viscosity	 near	 a	malapposed	 strut.	 Bottom	 left	 of	 Fig.	 6	 shows	 the	 elevated	
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blood	viscosity,	as	a	ratio	of	the	infinite	shear	viscosity	(i.e.,	µ/µ∞).	In	other	words,	

the	percentage	increase	in	viscosity	relative	to	the	infinite	shear	viscosity	is	reported.	

At	 L	 =	 0	 mm,	 the	 near	 zero	 shear	 rate	 in	 between	 the	 lumen	 and	 bottom	 strut	

surface	results	in	µ/µ∞	≈	1.4.	That	is	blood	is	40%	thicker	at	this	location.	Whereas	

near	the	lumen	and	strut	surfaces,	µ/µ∞	≈1.1.	Immediately	distal	to	the	MSH	(L	=	0:	

9	mm),	the	maximum	viscosity	value	is	drawn	towards	the	bottom	strut	surface,	but	

its	 magnitude	 is	 approximately	 elevated	 1.15.	 The	 local	 viscosity	 underneath	 the	

malapposed	 stent	 strut	 remains	 high	 distally.	 However,	 the	 maximum	 viscosity	

region	has	shifted	towards	the	lumen	surface	further	downstream.	

	

5 Conclusion	
	

In	these	CFD	analyses,	we	have	demonstrated	an	increasing	level	of	chaotic	flow	due	

to	proximal	ISA	in	an	idealized	virtually	stented	arterial	model.	It	demonstrates	how	

proximal	 ISA	may	 lead	 to	micro-recirculation,	 stasis	and	potentially	pro-thrombotic	

milieu.	This,	however,	only	represents	one	small	piece	in	an	otherwise	complex	and	

dynamic	puzzle	of	pro	and	anti	thrombotic	interactions	taking	place	in-vivo.			

	

These	CFD	results	should	nevertheless	be	interpreted	with	some	inherent	limitations.	

One	of	the	major	limitations	is	the	idealization	of	the	arterial	geometry	and	inclusion	

of	 only	 proximal	 four	 stent	 hoops.	 Also,	 this	 in-silico	 study	 utilizes	 a	 finite	 volume	

solver	to	directly	simulate	the	incompressible	Navier-Stokes	equations.	A	substantial	

increase	 in	 computational	 resources	 is	 needed	 to	 fully	 capture	 the	 detailed	
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haemodynamic	characteristics.	In	fact,	a	grid	resolution	of	10	quadrilateral	elements	

per	stent	surface	cannot	capture	the	proximal	flow	recirculation	as	shown	in	Fig	3	&	

4,	despite	showing	a	converged	TAWSS.	Since	 ISA	 is	clustered	toward	the	proximal	

segment	 of	 the	 tapered	 artery,	 analyses	 are	 thus	 focused	 on	 the	 proximal	 stent	

hoops	with	the	goal	of	providing	high	fidelity	CFD	results	and	in-depth	understanding	

of	the	underlying	haemodynamics.	A	compromise	between	computational	feasibility	

and	faithful	representation	of	the	haemodynamics	is	often	necessary	(35).	

Additionally,	the	distensibility	of	the	artery	wall	is	neglected	in	this	study.	The	effects	

of	cardiac	systole	(phases	I	and	II)	on	the	coronary	artery	and	thus	the	corresponding	

wave	intensity	(39)	on	the	haemodynamics	are	not	known.	Another	factor	that	might	

affect	the	present	CFD	analyses	is	the	assumption	of	inlet	boundary	conditions	(40).	

A	 zero	 pressure	 outlet	 results	 in	 non-differentiable	 velocity	 distribution	 and	

therefore	 identical	WSS,	TAWSS,	TAWSSG	and	OSI,	however	 temporal	evolution	of	

coronary	 pressure	 (if	 presented)	 must	 be	 considered	 with	 care	 to	 avoid	

misinterpretation	(41).	

Lastly,	despite	the	high	accuracy	of	the	Quemada	constitutive	equation	in	predicting	

blood	 shear-thinning	behaviour	over	a	wide	 range	of	physiological	 conditions	 (42),	

the	complexity	of	blood	cannot	be	entirely	represented	by	shear	rate	and	HCT	alone.	

As	a	result,	the	Quemada	constitutive	equation	remains	yet	another	approximation	

to	the	whole	blood	physical	properties.	 	
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Figures	
	

	

	

Figure-1:	 Resting	 coronary	 blood	 flow	 to	 the	 left	 coronary	 artery.	 CFD	 analyses	 are	
performed	 over	 3	 complete	 cardiac	 cycles	 and	 evolution	 of	 coronary	 haemodynamics	 is	
presented	at	5	different	time	instants	marked	A	-	E	in	the	third	cardiac	cycle.	
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Figure-2:	Schematic	diagrams	of	two	idealized	cases:	(a)	Case	1:	a	malapposed	stent	hoop	
(MSH)	 with	 90	m	 square	 strut	 in	 a	 3	mm	 diameter	 (D	 =	 3	mm)	 straight	 coronary	 artery.	
Malapposed	distance	(MD,	measured	from	the	lumen	wall	to	outer	strut	surface)	is	fixed	at	
150	µm.	(b)	Case	2:	 	multiple	MSH	in	a	straight	coronary	artery.	A	distance	of	L	=	1.34	mm	
separates	 each	 stent	 hoop.	 Pulsatile	 coronary	 blood	 flow	 is	 applied	 at	 the	 inlet	 of	 the	
computational	domain	along	the	axial	direction.	

	



	 	 	291	

	

	

Figure-3:	Evolution	of	wall	shear	stress	(WSSx)	over	a	complete	cardiac	cycle	for	a	MSH	in	a	
straight	coronary	artery	(case	1).	The	donut	chart	represents	(in	proportion)	three	different	
phases	 of	 the	 cardiac	 cycle:	 I	 -	 isovolumetric	 contraction;	 II	 -	 ejection;	 III	 -	 diastole.	 The	
corresponding	coronary	flow	is	shown	in	the	inset	of	panels	A-E.	
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Figure-4:	 Two-dimensional	projected	streamlines	at	 three-selected	 time	 instants	 for	a	MS	
hoop	in	a	straight	coronary	artery	(case	1).	Coronary	flow	is	low	in	isovolumetric	contraction	
and	early	ejection	phase	(A	&	B)	and	reversal	of	flow	(micro-recirculation)	is	clearly	seen	at	
these	 time	 instants	 (Green	 and	 red	 arrows	 indicating	 recirculation	 bubble	 proximal	 and	
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distal	 to	 the	 stent	 hoop,	 respectively).	 Microrecirculation	 environments	 reappear	 again	
during	late	diastole	(time	point	E)	as	coronary	flow	decelerates.		

	

	

Figure-5:	 Comparison	 of	 microrecirculation	 for	 cases	 1	 and	 2	 at	 time	 instant	 A	 during	
isovolumetric	contraction	phase.	(a)	Case	1:	presence	of	recirculation	bubble	both	proximal	
(green	arrow)	 and	distal	 (red	arrow)	 to	 the	 single	 stent	hoop.	 (b)	Case	2:	 flow	 is	 reversed	
near	the	lumen	wall	(identified	by	length	of	white	arrows).	Recirculation	bubbles	are	located	
inside	the	second	to	fourth	stent	hoop	(red	arrows).	Velocity	contours	same	as	in	Fig.	4.	
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Figure-6:	(Top	left)	Probe	measurements	of	the	temporal	averaged	shear	rate	[s-1]	at	
5	 different	 longitudinal	 positions.	 (Top	 right)	 ISA	 significantly	 affects	 the	 near	wall	
shear	 rate.	 Grey	 Shade	 region	 represents	 the	 wall	 normal	 location	 of	 the	
malapposed	strut.	(Bottom	right)	Human	blood	tends	to	aggregate	under	low	shear	
condition,	 and	 (Bottom	 left)	 consequently	 elevates	 the	 local	 blood	 viscosity.	
Horizontal	axis	shows	the	ratio	of	the	local	apparent	blood	viscosity	over	the	shear	
infinite	viscosity,	µ=µ∞,	to	highlight	the	local	viscosity	elevation.	
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Clinical	case	studies



Chapter	12-a	
	

Hazy	filling	defect	on	coronary	
angiography:	insights	from	optical	

coherence	tomography	
	

	

Umair	Hayat,	Muhammad	Asrar-ul-Haq,	Peter	Barlis	

(Heart	2015;101:14	1110	doi:10.1136/heartjnl-2014-307026)	



Clinical	introduction	
	

A	middle-aged	 patient	with	 a	 previous	 stent	 to	 the	 left	 circumflex	 artery	 (LCx)	 12	

months	prior	for	angina,	now	presented	with	acute-onset	severe	retrosternal	chest	

pain	 with	 an	 ECG	 showing	 ST-elevation	 in	 the	 precordial	 leads.	 He	 underwent	

emergency	 coronary	 angiography,	which	 showed	 normal	 flow	 in	 all	 arteries	 and	 a	

patent	 LCx	 stent.	 The	 left	 anterior	 descending	 artery	 (LAD),	 however,	 contained	 a	

hazy	filling	defect	in	the	mid	vessel	(Figure	1A).	Following	administration	of	heparin	

bolus,	the	filling	defect	in	the	mid-LAD	resolved	(Figure	1B).	The	left	ventriculogram	

showed	severe	systolic	dysfunction	involving	the	mid	and	apical	segments.	This	was	

normal	 on	 the	 previous	 catheterization.	 Peak	 creatine	 kinase	 and	 troponin-I	 were	

372	U/L	 (n<201	U/L)	and	1.97	U/L	 (n<0.03	U/L),	 respectively.	 Intracoronary	optical	

coherence	tomography	(OCT)	was	performed	to	further	assess	the	LAD.	At	the	site	of	

the	original	 filling	defect	 in	 the	mid-LAD,	 the	vessel	had	a	normal	OCT	appearance	

(Figure	1C,	corresponding	to	site	“a”	in	panel	B).	However	in	the	proximal	LAD	where	

angiographic	 appearance	 was	 normal,	 OCT	 revealed	 very	 interesting	 finding	 of	 a	

calcified	 plaque	 with	 superficial	 calcium	 and	 irregular	 fibrous	 cap	 (1-D	 &	 E,	

corresponding	 to	 “b”	 and	 “c”	 in	 panel	 B),	 as	 well	 as	 a	 small	 adjacent	 thrombus	

(asterisk	in	1E).	These	findings	were	consistent	with	plaque	erosion.	
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Figure-1	 Angiographic	 view	 of	 the	 proximal	 and	 mid-left	 anterior	 descending	 artery	 (LAD)	 with	
three	 corresponding	 optical	 coherence	 tomography	 (OCT)	 frames:	 (A)	 right	 anterior	 oblique	 cranial	
view	from	coronary	angiogram	showing	LAD	with	a	hazy	focus	in	the	mid-segment.	(B)	Final	view	of	
the	LAD	without	filling	defect	in	mid-segment.	(C–E)	OCT	frames	of	the	LAD.	Corresponding	sites	are	
marked	in	B	with	coloured	bars	(red	bar	“a”	corresponds	to	panel-C,	orange	bars	“b	&	c”	correspond	
to	panels	D	and	E).		

	

Discussion	
	

We	 postulate	 that	 the	 plaque	 erosion	 in	 the	 proximal	 LAD	 resulted	 in	 thrombus	

formation	with	distal	displacement	causing	transient	occlusion.	Early	 restoration	of	

flow	 in	 the	presence	of	potent	antithrombotic	 agents	 resulted	 in	 the	 resolution	of	

the	clinical	syndrome.	The	patient	was	managed	conservatively	and	remains	well	at	

3-month	follow-up	with	normalization	of	ECG	and	LV	function.		
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Plaque	erosion	is	characterized	by	intact	fibrous	cap	with	adjacent	thrombus	on	OCT.	

This	 can	 be	 distinguished	 from	 plaque	 rupture,	 which	 is	 identified	 by	 ruptured	

fibrous	cap.	OCT	in	this	case	also	helped	avoid	misdiagnoses	of	other	conditions	such	

as	 coronary	 embolus	 or	 Takotsubo	 syndrome	 by	 identification	 of	 an	 acute	 culprit	

plaque.		

Plaque	 erosion	 is	 an	 increasingly	 recognized	 finding	 in	 non-ST-elevation	 acute	

coronary	 syndromes,	 especially	 in	 younger	 patients	 (1).	 It	 is	 also	 considered	 to	 be	

the	 principal	 lesion	 type	 in	 younger	 patients	 with	 sudden	 coronary	 death	 (2).	

Compared	with	ruptured	plaques,	eroded	plaques	 tend	to	have	thicker	 fibrous	cap	

and	 smaller	 lipid	 arc	 (1,	 2).	 Verification	 of	 plaque	 erosion	 by	 OCT	 can	 help	 in	

choosing	pharmacological	management	over	stenting	for	non-critical	lesions	(3).	This	

case	highlights	the	link	between	acute	coronary	syndrome	and	angiographically	non-

significant	lesions	and	the	useful	role	of	OCT	to	clarify	the	diagnosis.	
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Chapter	12-b	
	

Optical	coherence	tomography	guiding	
intervention	in	acute	coronary	

syndrome	
	

	

	

	

F	Gong,	Umair	Hayat,	V	Thondapu,	A	MacIsaac	and	P	Barlis	

(Coronary	artery	disease	08/2015;	26	Suppl	1:e73-4.)	
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Case	Presentation	
	

Advances	 in	 intracoronary	 imaging	 are	 providing	 new	 insights	 into	 the	

pathophysiological	 mechanisms	 behind	 atherosclerosis	 and	 helping	 to	 guide	

optimization	 of	 percutaneous	 therapies.	 We	 present	 a	 case	 of	 the	 incremental	

information	 that	 optical	 coherence	 tomography	 (OCT)	 provided	 in	 addition	 to	

angiography	in	a	patient	presenting	with	acute	coronary	syndrome.	

A	47-year-old	man	presented	with	ischaemic	chest	pain.	Initial	ECG	was	normal,	but	

a	 high-sensitivity	 troponin-	 T	 assay	was	 elevated	 at	 724	 ng/l	 (<	 15	 ng/l).	 Coronary	

angiography	 showed	a	 significant	 stenosis	 in	 the	proximal	 left	 anterior	descending	

artery	with	normal	TIMI-3	flow	(Fig.	1a	and	b).	OCT	was	performed	(iLumien	Optis;	St	

Jude	Medical,	St	Paul,	Minnesota,	USA)	at	20	mm/s	 in	 the	 left	anterior	descending	

artery	 during	 simultaneous	 flush	 of	 iso-osmolar	 contrast	 through	 the	 guiding	

catheter.	 OCT	 showed	 a	 region	 of	 poorly	 reflected	 light	 with	 diffuse	 margins	

consistent	with	a	high	lipid	content	plaque	(Fig.	1aʹ,	star).	This	plaque	had	a	fibrous	

cap	of	variable	thickness	measuring	40	µm	at	the	thinnest	point.	Adjacent	to	this	was	

a	 further	 plaque	with	 evidence	 of	 rupture	 of	 the	 thin	 fibrous	 cap	 occurring	 in	 the	

shoulder	 region	 of	 the	 plaque	 (arrow).	 There	was	 also	 a	mass	 protruding	 into	 the	

lumen	 consistent	with	 thrombotic	material	 (Fig.	 1aʹ	 and	bʹ).	 The	 lesion	 length	was	

measured	at	14	mm	by	OCT	with	a	proximal	reference	vessel	diameter	of	3.1	mm.	A	

3.0	×	18	mm	drug-eluting	stent	was	implanted	(Orsiro;	BIOTRONIK,	Berlin,	Germany)	

(Fig.	1c).	The	stent	was	post-dilated	with	a	3.5	×	8	mm	noncompliant	balloon	with	

OCT	showing	excellent	stent	apposition	of	the	very	thin	struts	of	the	stent	measuring	

only	60	μm	(Fig.	1cʹ).	The	patient	remains	well	at	the	6-months	follow-up.	
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Discussion	
	

Angiography	 remains	 the	 gold	 standard	 imaging	 technique	 to	 assess	 coronary	

arteries;	however,	there	are	inherent	limitations	as	a	result	of	its	low	resolution	and	

two-dimensional	 nature.	 The	 present	 case	 has	 yielded	 additional	 information	 that	

OCT	 could	 provide	 information	 over	 and	 above	 what	 angiography	 was	 able	 to	

identify.	 OCT	 has	 a	 resolution	 of	 10–15	 μm	 [1]	 and	 has	 become	 a	 relatively	

straightforward	procedure	to	perform	in	the	cardiac	catheterization	laboratory.	The	

current	 OCT	 system	 enables	 a	 rapid	 pullback,	 thereby	 minimizing	 the	 additional	

contrast	burden	and	any	patient	discomfort.	OCT	plays	a	particular	role	in	the	acute	

coronary	 syndrome	 setting	 and	 this	 case	 shows	 quite	 clearly	 its	 ability	 to	 identify	

regions	 of	 vulnerable	 plaque	 and	 thin	 cap	 rupture	 with	 associated	 thrombus	

formation	 [2,3].	 OCT	 also	 helped	 guide	 the	 appropriate	 stent	 size	 selection	 and	

confirm	optimal	 apposition.	OCT	has	 also	been	 shown	 to	be	a	useful	 technique	 to	

assess	other	 stent	 complications	 such	as	edge	dissection,	 in-stent	 restenosis,	 stent	

fracture	and	neoatherosclerosis	[1,4,5].	

This	 case	 highlights	 the	 complementary	 role	 of	 novel	 intravascular	 imaging	

techniques	 in	 the	 precise	 identification	 and	 characterization	 of	 culprit	 lesion	

morphology	and	in	guiding	stent	intervention.	Judicious	use	of	intravascular	imaging	

techniques	such	as	OCT	may	have	the	potential	to	help	improve	procedural	success	

and	patient	outcomes	
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Figure-1:	(a)	Angiographic	view	of	the	LAD	with	severe	stenosis	in	the	proximal	segment.	
Small	lines	a	and	b	mark	corresponding	OCT	frames	sites.	(b)	Three	dimensional	quantitative	
angiography	confirmed	severe	stenosis	(red	marker),	with	lesion	borders	marked	on	either	side.	
In	the	inset	reference	vessel	contour	is	shown	in	the	green	overlay.	(c)	Final	angiographic	view	
of	proximal	LAD	after	stent	implantation	with	zero	residual.	(aʹ)	OCT	view	of	the	LAD	stenosis	
showed	lipid-rich	plaque	(dark	areas	with	diffuse	margins,	marked	with	star)	with	a	ruptured	
thin	cap	and	intraluminal	thrombus.	(bʹ)	Another	view	of	the	ruptured	plaque	with	areas	of	
thin	fibrous	cap.	(cʹ)	Well-apposed	struts	of	the	stent	are	clearly	visualized.	LAD,	left	anterior	
descending	artery;	OCT,	optical	coherence	 tomography.	
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Introduction	
	

Optical	 coherence	 tomography	 (OCT)	 has	 gained	 strong	 penetrance	 across	

catheterization	 laboratories	 worldwide.	 Its	 exceptional	 clarity	 and	 resolution	 have	

seen	 this	 modality	 surpass	 intravascular	 ultrasound	 to	 assess	 vulnerable	

atherosclerotic	plaque	and	contemporary	thin-	strut	coronary	stents.	Developments	

in	 image	 processing	 and	 three-dimensional	 (3D)	 reconstructions	 enable	 a	 more	

detailed	 understanding	 of	 the	 precise	 vessel	 architecture	 and	 may	 help	 guide	

percutaneous	 coronary	 interventions	 (PCIs)	 in	 a	more	 informed	manner.	 Further,	

OCT	 has	 been	 used	 to	 examine	 coronary	 stent	 complications	 such	 as	 restenosis,	

thrombosis,	 and	 neoatherosclerosis	 [1].	 We	 present	 a	 case	 where	 3D	 OCT	

reconstructions	 provided	 clear	 insights	 into	 contained	 coronary	 perforation	

following	a	PCI.	

Case	Presentation	
	

A	 53-year-old	 man	 underwent	 coronary	 angiography	 to	 evaluate	 symptoms	 of	

angina	 pectoris.	 There	 was	 a	 severe	 stenosis	 within	 the	 proximal-to-mid	 left	

anterior	 descending	 artery.	 Following	 pre-dilatation,	 a	 2.75	 ×	 36	 mm	 biolimus-

eluting	stent	 (Biomatrix	Flex;	Biosensors	 International,	Morges,	Switzerland)	was	

successfully	deployed	and	post	dilated	with	a	3.0	×	9	mm	noncompliant	balloon	to	

a	maximum	of	24	atmospheres.	Subsequent	angiographic	imaging	showed	a	small,	

contrast-filled	crater	at	the	mid-segment	of	the	stent	(Fig.	1a	and	b)	suggestive	of	

Ellis	 type-I	 contained	 perforation	 [2].	 Throughout	 the	 procedure,	 the	 patient	

remained	 hemodynamically	 stable,	 with	 normal	 flow.	 OCT	 showed	 an	 area	 of	
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signal	 dropout	 corresponding	 to	 the	 site	 of	 angiographic	 contrast	 extravasation,	

thereby	 confirming	 the	 small	 perforation.	 Off-line	 3D	 reconstruction	 precisely	

showed	the	characteristics	of	this	defect	(Fig.	2a),	and	excluded	stent	fracture	or	

deformation.	

Repeat	 angiography	 at	 the	 12-month	 follow-up	 showed	 patent	 left	 anterior	

descending	artery	stent,	with	OCT	showing	healed	lumen	(Figs	1c	and	2b).	

Discussion	
	

Coronary	 artery	 perforation	 is	 a	 rare	 but	 potentially	catastrophic	 complication	of	

PCI,	with	an	 incidence	rate	of	0.4	to	0.5%	[2].	Ellis	and	colleagues	described	three	

types	of	perforations	on	the	basis	of	angiographic	appearance.	Type-I	perforations	

are	 confined	 to	 the	 vessel	 wall,	 producing	 an	 extra	 luminal	 crater	 without	

extravasation.	Type	II	perforations	produce	mild	extravasation	with	pericardial	 fat	

or	 myocardial	 blush,	 whereas	 type	 III	 perforations	 show	 extravasation	 through	

frank	(>1	mm)	perforation	or	spilling	into	an	anatomic	cavity.	Type	I	and	 II	 lesions	

have	 a	 low	 incidence	 of	 cardiac	 tamponade	 (8	 and	 13%,	 respectively),	 with	 no	

increase	 in	mortality.	Type	 III	perforations	have	a	higher	 incidence	of	 tamponade	

(63%)	and	are	associated	with	a	higher	mortality	(19%).	Available	data	suggest	that	

most	of	the	type	I	and	II	perforations	can	be	managed	conservatively.	Predictors	of	

coronary	 perforation	 include	 female	 sex	 [2],	 older	 age,	 hypertension,	 non-ST-

segment	 elevation	 myocardial	 infarction	 [3],	 noncompliant	 or	 calcified	 arteries,	

type	III	lesions,	graft	interventions,	and	athero-ablative	procedures	[4].	
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OCT	has	been	used	successfully	to	detect	procedural	complications	such	as	stent-

edge	dissection,	stent	 fracture,	and	 incomplete	stent	apposition	with	 far	greater	

sensitivity	 than	 angiography	 and	 intravascular	 ultrasound	 [5].	 This	 case	 shows	 the	

application	 of	 this	 imaging	 modality	 to	 assess	 a	 rare	 but	 potentially	 serious	

procedural	complication.	Such	 incremental	 information	obtained	by	OCT	has	the	

potential	 to	 guide	 operators	 in	 making	 more	 informed	 decisions	 in	 the	

catheterization	laboratory.	

	

	

	

Figure-1:	 Serial	 angiographic	 views	 of	 the	 left	 anterior	 descending	 artery	 (LAD).	 (a)	 Initial	
angiographic	view	of	the	LAD.	(b)	Localized	perforation	after	deployment	of	the	stent.	(c)	A	12-month	
angiographic	follow-up	showed	healed	lumen.	

	

	

	

Figure-2:	Three-dimensional	(3D)	reconstruction	from	the	optical	coherence	tomographic	imaging	
of	the	left	anterior	descending	artery.	(a)	3D	OCT	showing	a	small	perforation	marked	with	an	arrow.	
(b)	3D	OCT	at	the	12-month	follow-up	with	healed	lumen.	(OCT,	optical	coherence	tomography).	
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