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Abstract
Clopidogrel is the most common and widely used antiplatelet agent for patients 
with coronary artery disease following confirmation by electrocardiographic stud-
ies. The nonresponsiveness of patients to clopidogrel and the possibility of testing 
for	clopidogrel	 resistance	by	platelet	 function	assays	 (PFA)	are	contentious	 issues.	
Light	transmission	aggregometry	(LTA)	is	considered	as	the	gold	standard	test	among	
all	PFA.	In	this	review,	the	most	commonly	used	PFA	used	for	monitoring	the	effect	
of	 clopidogrel,	 LTA,	 vasodilator-stimulated	 phosphoprotein	 assay	 phosphorylation,	
rotational	 thromboelastometry	 (ROTEM)	 delta	 and	 ROTEM	platelet,	 thromboelas-
tography,	PFA-100,	VerifyNow	P2Y12	assay,	Multiplate	analyzer,	Plateletworks	assay	
and	pharmacogenetic	studies,	are	comparatively	discussed	including	their	principles	
of	action,	advantages,	and	disadvantages.	VerifyNow	P2Y12	assay	can	be	accepted	
as	the	ideal	point	of	care	test	out	of	the	discussed	assays.	However,	modified	assays	
are	required	which	could	overcome	the	limitations	associated	with	currently	available	
assays.
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1  | INTRODUC TION

Clopidogrel	 is	a	second-generation	thienopyridine	drug	which	acts	
as an inhibitor of platelet aggregation and hence used as an effective 
medication	for	coronary	artery	disease	(CAD)	and	percutaneous	cor-
onary	intervention	(PCI).1,2	However,	clopidogrel	resistance	among	
patients	 has	 become	 a	 significant	 concern.	 Hence,	 it	 has	 become	
important to decide whether the patient is clopidogrel resistant or 
not.3	If	resistant,	then	the	optimum	dose	or	changing/adding	a	dif-
ferent	antiplatelet	drug	needs	to	be	considered.	In	order	to	resolve	
this	problem,	platelet	function	tests	(PFTs)	play	an	important	role	in	
providing information for physicians regarding management of pa-
tients on clopidogrel therapy. This article reviews the role of platelet 
function	 assays	 (PFA)	 in	 monitoring	 clopidogrel	 therapy,	 together	
with	 the	 principles,	 applications,	 and	 limitations	 of	 the	 different	
tests	discussed	comparatively.	Further,	the	future	prospects	of	PFTs	
are also discussed.

2  | AC TION OF CLOPIDOGREL

Antiplatelet	 therapy	 is	 an	 essential	 pharmacological	 therapy	 given	
to patients with atherothrombotic disease to inhibit the platelet ag-
gregation by blocking the platelet receptors involved in adhesion. 
Genetic	variations	between	patients	and	delayed	onset	of	action	of	
clopidogrel result in the increase in resistance to clopidogrel ther-
apy.	Major	 reason	 for	 clopidogrel	 resistance	was	 identified	 as	 the	
cytochrome P450 CYP2C19 polymorphism.4,5

When	 clopidogrel	 is	 ingested,	 85%	 of	 prodrug	 is	 absorbed	 by	
liver and converted to its carboxylic acid derivative by carboxylic 
esterase.	 This	 is	 known	 as	 CLPM	 (clopidogrel	 metabolite),	 which	
is a major inactive metabolic product circulating in the blood and 
helps to determine the pharmacokinetics of the prodrug. Fifteen 

percent	will	be	converted	to	thiol	metabolite	of	clopidogrel	 (CTM)	
by	 the	hepatic	 cytochrome	 isoenzymes	 (CYP	P450	1A2,	CYP2B6,	
CYP2C9,	CYP2C19,	and	CYP3A4).	CTM	involves	 in	specific	and	 ir-
reversible	blocking	of	P2Y12	receptors,	inhibiting	the	adenosine	di-
phosphate	(ADP)-induced	platelet	aggregation.	CTM	consists	of	four	
isomers;	H1-H4,	where	H3	(inactive	form)	and	H4	(active	circulating	
form)	are	mainly	considered	in	monitoring	the	action	of	clopidogrel	
(Figure	1).6-11

Thiol	will	 irreversibly	bind	to	P2Y12-ADP	receptor	on	platelets	
via a permanent disulfide bond with two cysteine residues (cys 17 
and	cys	270)	on	the	receptor,	thus	inhibiting	the	ADP	binding	perma-
nently	and	thereby	activating	adenylyl	cyclase	enzyme	to	 increase	
cyclic	adenosine	monophosphate	(cAMP).	Thus,	protein	kinase	level	
increases,	 stimulating	 phosphorylation	 of	 vasodilator-stimulated	
phosphoprotein	 (VASP).	 Hence,	 inhibiting	 the	 activation	 of	 re-
ceptor	 complex	gp	 IIb/III.	Consequently,	 no	 thrombosis	will	 occur.	
Furthermore,	clopidogrel	reduces	secretions	from	dense	granules	in	
platelets	 and	 reduces	 arachidonic	 acid,	 collagen,	 and	 thrombin-in-
duced	platelet	activation.	Clopidogrel	also	decreases	the	enzymatic	
activation	of	coagulation	pathway,	decreasing	thrombin	formation.	
Clopidogrel	action	solely	depends	on	dose	and	time.	Usually,	400-
600	mg	of	dose	is	given	and	will	take	2-5	hours	for	the	platelet	in-
hibition	with	400	mg	dose.	Seventy-five	milligram	of	daily	dose	will	
take about 7 days for maximum platelet inhibition and management 
of	atrial	fibrillation.	Half-life	of	clopidogrel	active	metabolite	 is	ap-
proximately 6 hours.12-15

3  | CLOPIDOGREL RESISTANCE

Although	 clopidogrel	 is	 widely	 used,	 it	 shows	 increased	 resist-
ance/response variability among thrombosis patients as it is highly 
susceptible to drug interactions and CYP gene single nucleotide 

F I G U R E  1  Metabolic	activation	of	
clopidogrel	prodrug	in	patients.	CLPM,	
clopidogrel	metabolite;	CTM,	converted	
to thiol metabolite of clopidogrel
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polymorphisms,	 thus	 reducing	 the	 in	vitro	enzyme	activity	 inhibit-
ing/reducing the conversion of clopidogrel into its active thiol me-
tabolites.	Therefore,	it	is	difficult	to	decide	the	relevant	dose	without	
performing a PFT.16,17 Degree of clopidogrel resistance may vary 
based on the laboratory method used.14 Prevalence of resistance 
with clopidogrel and aspirin has been studied by using different 
laboratory	techniques.	Expected	prevalence	of	aspirin	resistance	by	
those	studies	was	about	5.5%	to	60%,	while	clopidogrel	resistance	
was	16.8%	to	21%.	Hence,	dual	antiplatelet	therapy	or	triple	therapy	
along	with	another	potent	agent	was	required.18 Clopidogrel resist-
ance	is	mainly	associated	with	CYP2C19*2	genotype	loss-of-function	
allele.	Genetic	variations	regarding	conversion	to	active	metabolite	
by	 CYP	 P450	 enzymes	 also	 play	 a	 major	 role	 in	 resistance.17,19,20 
Conferring	to	the	studies,	clopidogrel	resistance	in	population	was	
about	 4%-30%,	 and	 the	 variation	was	 due	 to	 the	 use	 of	 different	
platelet function studies.21-23	A	 study	 on	 clopidogrel	 resistance	 in	
India	using	optical	aggregometry	has	shown	that,	in	the	population,	
2.54%	were	resistant,	12.7%	were	semi-responders,	and	84.7%	were	
responders to clopidogrel.24 There are several underlying causes for 
clopidogrel	resistance.	Age,	gender,	obesity,	long-term	medications,	
and	stress,	such	as	individual	factors,	may	contribute	to	clopidogrel	
resistance.	Mainly,	genetic	factors	such	as	mutations	in	P2Y12	gene,	
P450	CYP3A	 gene,	 and	COX1	 gene	 and	 polymorphism	 in	 platelet	
glycoprotein	 receptors	 affect	 the	 resistance.	 Further,	 overproduc-
tion	of	platelets	by	bone	marrow,	transfusion	of	platelets,	failure	in	
compliance,	 insufficient	 dose,	 and	 absorption	 by	 hepatic	 cells	 and	
certain	 drug	 interactions,	 such	 as	 nonsteroidal	 anti-inflammatory	
drugs	(NSAIDs),	will	also	result	in	clopidogrel	resistance.25-27

4  | PL ATELET FUNC TION TESTS TO 
MONITOR CLOPIDOGREL THER APY

Platelet function tests play a major role in determining the effect of 
antiplatelet	drugs,	such	as	clopidogrel,	on	inhibiting	platelet	aggrega-
tion.	Although	 light	transmission	aggregometry	 (LTA)	 is	considered	
as	gold	standard,	it	has	many	limitations.	PFTs	should	possess	several	
features	for	them	to	be	ideal	in	use.	They	should	be	cost-effective,	
less	 labor	expertise,	high	sensitivity	and	specificity,	produce	quick	
results,	and	define	the	clinical	situation	more	precisely.	Further,	they	
should	have	standardized	test	procedure	with	proper	quality	control,	
reference	 ranges	 to	 quantify	 the	 antiplatelet	 effect,	 and	measure	
nonresponsiveness	to	antiplatelet	drug,	specific	for	the	platelet	re-
ceptor	to	measure	the	drug	and	its	active	metabolites.	Importantly,	
they	should	have	the	capacity	to	monitor	platelet	activation-induced	
physiologically	relevant	agonists	and	to	detect	high-risk	and	low-risk	
patients for antiplatelet drug resistance.28

However,	when	most	PFTs	 are	 considered	 they	 are	 less	 sensi-
tive and cannot be performed in relation to normal physiological 
state.	 The	 reason	 is	 that,	 PFTs	 are	 performed	 on	 anticoagulated	
whole blood with relatively high concentrations of agonists includ-
ing	platelet	aggregation.	Further,	the	platelets	will	form	more	stabi-
lized	thrombus	at	high	shear	rate,	which	is	difficult	to	be	achieved	by	

PFTs.	Normal	pathological	shear	rate	is	>10 000 s−1.29	At	low	shear	
rate	of	PFT,	 the	effect	of	clopidogrel	 inhibitor	 is	overrated,	as	 the	
inhibitor fails to ban the platelet deposition on reactive surfaces due 
to shear gradient.30	 In	addition,	PFTs	have	different	cut-off	values	
to	define	 the	clopidogrel	nonresponsiveness,	hence	 it	has	become	
problematic to build up better correlation of results between differ-
ent PFTs with different principles.31

Most	basic	 laboratory	test	 is	full	blood	count,	where	the	mean	
platelet	 volume	 (MPV)	 parameter	 implies	 the	 platelet	 activation	
and clopidogrel resistance.32	ADP	is	the	commonly	used	agonist	for	
monitoring	clopidogrel	 action	by	PFTs.	There	are	 two	ADP	 recep-
tors on the surface of platelets which involve in platelet aggrega-
tion.	 P2Y1	 receptor	 stimulates	 ADP-induced	 platelet	 aggregation	
via phospholipase C and phosphatidylinositol pathways. Second re-
ceptor	 is	 P2Y12,	which	 stimulates	 platelet	 activation	 by	 inhibiting	
adenylyl cyclase signaling pathway. P2Y12 receptor essentially plays 
a	 role	 in	producing	more	stabilized	ADP-induced	platelet	aggrega-
tion.	Hence,	the	clopidogrel	therapy	mainly	targets	on	blocking	this	
P2Y12 receptors.33

Platelet	function	tests	are	affected	by	many	pre-analytical	vari-
ables,	 such	 as	 operator	 errors	 and	 phlebotomy	 errors,	which	may	
cause damage to the vessel walls inducing platelet coagulation. 
Other	factors	which	affect	the	PFT	results	are	age,	gender,	and	clin-
ical	conditions	(acquired	platelet	disorders,	vWF,	Hermansky-Pudlak	
syndrome,	 and	 Chediak-Higashi	 syndrome),	 certain	 foods—garlic,	
turmeric,	and	cumin	seeds—and	drugs	such	as	aspirin,	aspirin-con-
taining	 drugs,	 NSAIDs,	 tricyclic	 antidepressants,	 some	 antibiotics,	
and	antihistamines,	and	other	long-term	medications.34

Prior	to	the	PFT,	the	anticoagulated	whole	blood	sample	of	the	
patient	should	be	tested	for	full	blood	count/platelet	count,	to	ex-
clude	pseudothrombocytopenia	due	to	cold	platelet	agglutinin,	and	
MPV,	to	identify	high	MPV	which	indicates	platelet	turnover	and	low	
values indicate bone marrow failure. Blood film and morphology will 
be	used	 to	 confirm	 the	 conditions,	 such	 as	 primary	platelet	 disor-
ders	(Gray	platelet	syndrome),	presence	of	platelet	clumps	(pseudo-
thrombocytopenia),	and	thrombocytopenia.35-37

Plasma	sample	should	be	 tested	 for	prothrombin	 time	 (PT),	 in-
ternational	normalized	ratio	(INR),	activated	partial	thromboplastin	
time	(APTT),	and	fibrinogen	levels	to	check	the	fibrinogen	levels	as	
they are important for platelet aggregation.36,37 Collected samples 
should	be	performed	within	30-90	minutes,	which	is	known	as	the	
turnaround	time,	and	be	controlled	by	minimizing	the	sample	trans-
portation	 time,	 centrifugation	 time,	 and	 increasing	 the	 calibration	
ranges.	It	is	vital	to	perform	PFT	immediately	in	the	case	of	serious	
bleeding,	>6 units of red cells in 12 hours.35

4.1 | Anticoagulants used for PFTs

Except	for	high-performance	liquid	chromatography	(HPLC),	which	
requires	 whole	 blood	 collected	 in	 ethylenediaminetetraacetic	 po-
tassium	salt	(EDTA-K),	other	PFA	could	be	performed	on	blood	col-
lected	in	3.2%	trisodium	citrate	anticoagulant	at	room	temperature	
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and	physiological	pH.	Agonists	play	an	important	role	by	increasing	
the intracellular/cytosolic Ca2+,	thereby	inducing	the	platelet	activa-
tion. Sodium citrate has the ability to chelate the extracellular cal-
cium (Ca2+).	Hence,	citrate	will	have	a	slight	chance	 to	chelate	 the	
intracellular Ca2+ as well as causing decreased platelet aggregation 
when the samples are taken for analysis 4 hours after collection. 
Further,	when	citrated	blood	is	used,	blood	sample	becomes	highly	
nonphysiological and has reduced the accuracy of results obtained 
via	thromboelastogram	(TEG).38	When	citrated	blood	is	used,	the	de-
gree of platelet aggregation will not be changed up to 2 hours; how-
ever,	the	aggregation	gradually	decreases	thereafter.	Even	small	rise	
in	quantity	of	sodium	citrate	will	show	significant	inhibition	of	plate-
let	aggregation	along	with	ADP,	and	collagen	as	sodium	citrate	acts	
as	the	major	agent	associated	with	ADP-induced	aggregation.	At	low	
plasma Ca2+	 (0.1	mmol/L),	 citrated	 blood	 fails	 to	 generate	 throm-
bin,	 thus	 reduces	 the	growth	and	stability	of	 thrombus.	Generally,	
0.25 ±	0.05	mmol/L	free	calcium	is	needed	for	thrombin	generation.	
Thereby,	citrated	blood	seem	to	affect	the	reproducibility	and	sensi-
tivity	of	the	assay	to	monitor	the	ADP-induced	platelet	aggregation	
in patients under clopidogrel therapy.39,40

In	order	to	overcome	the	faults,	hirudin	anticoagulant	was	intro-
duced,	which	is	extracted	from	leeches.	Hirudin	can	directly	inhibit	
the thrombin without changing the Ca2+ levels in the sample. Since 
thrombin	is	inhibited,	coagulation	of	the	blood	sample	was	also	in-
hibited as a result of blocking the conversion of fibrinogen to fibrin. 
Further,	hirudin	can	maintain	the	ADP	levels	in	the	samples	for	more	
than	 4	 hours.	 In	 addition,	 the	 poor	 platelet	 impedance	 observed	
in	citrated	blood	due	to	the	effect	from	collagen	and	ADP	was	re-
solved	 when	 using	 hirudin	 anticoagulant.	 Moreover,	 Multiplate	
assay	requires	tight	platelet	aggregation	for	a	remarkable	change	in	
impedance,	which	could	not	be	strongly	detected	by	citrated	sam-
ples.	Hence,	hirudin	is	highly	recommended	for	use	while	lepirudin,	

phenylalanyl-L-prolyl-L-arginine	 chloromethyl	 ketone	 also	 can	 be	
used.41-43	The	assays	(Figure	2)	that	are	available	to	monitor	the	ef-
fect of clopidogrel on platelet activity are discussed comparatively 
under this review.

4.2 | Assays performed in the laboratory  
(non-point of care)

Light transmission aggregometry
Light	 transmission	 aggregometry	 is	 considered	 as	 the	 gold	 standard	
test	 performed	 on	 either	whole	 blood	 or	 platelet-rich	 plasma	 (PRP)	
and is used worldwide. The platelet function is measured by measur-
ing the change in optical density when light passes through the PRP 
after	the	addition	of	the	agonists,	commonly	used	as	ADP,	arachidonic	
acid,	collagen,	epinephrine,	and	thrombin.	ADP	is	regarded	as	the	most	
common agonist to determine the effect of clopidogrel on inhibiting 
platelet	aggregation.	Low-dose	ADP	(1,	2.5,	or	5	µm)	will	initially	bind	
to	P2Y1	receptors	on	the	platelet,	inducing	intracellular	calcium	efflux.	
Hence,	results	in	altering	the	shape	of	platelets	causing	primary	wave	
of platelet aggregation. Secondary wave is formed due to the release 
of	ADP	 from	platelet	 storage	granules.	 Low-dose	ADP	 induces	only	
the	reversible	primary	wave.	ADP	has	the	capacity	to	bind	for	P2Y12	
receptors.	When	high	concentration	of	ADP	agonist	 (10	and	20	µm)	
is	added,	it	will	bind	to	P2Y12	receptors,	initiating	the	platelet	aggre-
gation,	without	changing	the	shape.	P2Y12	receptor	 is	the	major	re-
ceptor	for	ADP	and	is	responsible	for	complete	platelet	aggregation.	
However,	if	the	patient	is	a	better	clopidogrel	responder,	clopidogrel	
will	block	the	binding	of	ADP	to	P2Y12	receptors,	thus	preventing	the	
second	wave	of	platelet	aggregation.	Such	that,	the	percentage	of	light	
transmission in PRP will provide the percentage of maximum platelet 

F I G U R E  2  PFA	available	to	monitor	
the effect of clopidogrel in patients with 
CAD.	HPLC-MS,	high	performance	liquid	
chromatography-mass	spectrometry;	
LTA,	light	transmission	aggregometry;	
PFA,	platelet	function	assay;	ROTEM,	
rotational	thromboelastometry;	TEG,	
thromboelastography;	VASP,	vasodilator-
stimulated phosphoprotein
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aggregation	(%	MPA)	and	percentage	inhibition	of	platelet	aggregation	
(%	 IPA).	When	 light	passes	 through	PRP,	 initially	considered	platelet	
aggregation	is	0%	(no	aggregation),	then	the	light	transmission	through	
the	PRP	is	0%	(hence,	100%	inhibition	by	clopidogrel).	If	aggregation	
initiates	upon	the	addition	of	agonist,	light	transmission	too	increases.	
At	platelet	poor	plasma	(PPP),	 it	 is	considered	that	100%	light	trans-
mission	for	100%	platelet	aggregation	(hence,	0%	inhibition	by	clopi-
dogrel).	 It	could	be	 interpreted	that	the	decreased	 light	transmission	
indicates	the	better	clopidogrel	responders.	In	order	to	overcome	the	
limitations	of	above	conventional	method,	a	new	method	was	devel-
oped	where	PRP	was	incubated	with	prostaglandin	E1	(PGE1).	Once	
pretreated	with	PGE1,	prior	to	addition	of	ADP,	the	effect	of	P2Y1	re-
ceptors	will	be	completely	inhibited.	Common	ADP	agonist	doses	are	
5,	10,	or	20	µmol/L.	LTA	is	affected	by	pre-analytical	variables,	such	as	
anti-inflammatory	drugs,	food	stuff	like	garlic,	turmeric,	and	caffeine,	
and	high	fat	diet,	and	should	adjust	the	count	within	200-400	×	109/L.	
If	high,	adjust	with	PPP.	Counts	less	than	the	range	will	reduce	the	ag-
gregation responses.22,44-48	Cut-off	value	 for	 suboptimal	 clopidogrel	
response	in	terms	of	percentage	aggregation	is	≥	70%	for	10µM	ADP	
and	≥	50%	for	5µM	ADP.49

Vasodilator-stimulated phosphoprotein assay
Vasodilator-stimulated	 phosphoprotein	 is	 an	 actin	 regulatory	 pro-
tein	 and	 a	 substrate	 for	 both	 cAMP	 and	 cGMP	 (cyclic	 guanosine	
monophosphate)-dependent	protein	kinases	and	 involves	 in	the	filo-
podia formation and adhesion of platelets. When P2Y12 receptors 
are	blocked	by	clopidogrel	and	PGE1	is	stimulated,	activated	adenylyl	
cyclase	will	initiate	the	VASP	phosphorylation.	Hence,	VASP	phospho-
rylation will indicate the P2Y12 inhibition by clopidogrel.50,51	However,	
still	 the	 direct	 relationship	 between	 the	 VASP	 phosphorylation	 and	
ADP-induced	in	vivo	platelet	aggregation	has	not	yet	described.52

Citrated anticoagulant blood samples are used along with the 
commercially	 available	 kit	 included	 with	 ADP	 and	 PGE1.	 Assay	
is	 based	 on	 the	 flow	 cytometric	 technique.	 Upon	 incubation	 of	
platelets	with	PGE1	and	ADP,	platelets	will	be	 reacted	with	CD61	
phycoerythrin-labeled	 platelet-specific	 antibody	 and	 FITC-labeled	
phosphorylated	 VASP-specific	 mouse	 monoclonal	 antibody.	 The	
used	 antibody	 is	 specific	 for	 the	 phosphorylated	 form	 of	 VASP.	
Likely,	pretreated	samples	will	be	analyzed	via	flow	cytometer	which	
produces	 results	 as	 geometric	 mean	 fluorescence	 intensity	 (MFI).	
The	degree	of	phosphorylation	of	VASP	will	be	directly	proportional	
to the platelet inhibition by clopidogrel and is expressed as platelet 
reactivity	index	(PRI)	derived	from	MFI	[PRI(%)	= 100 ×	(MFI(PGE1)	−	
MFI(PGE1	+	ADP))/MFI(PGE1)]. The main advantage associated with this 
assay is that it is highly specific for the P2Y12 receptors.44

4.3 | Point of care tests

Point	of	care	tests	(POCTs)	are	tests	that	can	be	performed	on	whole	
blood	at	or	near	the	bedside	of	 the	patient,	more	easily,	such	that	
rapid results can be obtained without pipetting and pretreatments 
to	the	sample.	Frequently,	VerifyNow	P2Y12	assay,	Multiplate	assay,	

PFA-100,	Plateletworks,	TEG,	and	ROTEM	are	designed	as	POCTs	
and	used	to	monitor	the	effect	of	clopidogrel.	POCTs	are	developed	
to	overcome	 the	 limitations	associated	with	LTA,	 such	as	 labor	 in-
tensiveness,	cost,	and	time.	POCTs	are	generally	at	high	cost	than	
normal	 LTA,	 but	 they	 have	 the	 ability	 to	 provide	 clot	 quality	 and	
monitors clot formation and progression even after the point of clot 
formation.35,53,54

4.3.1 | Rotational thromboelastometry: ROTEM 
delta and ROTEM platelet

Blood	collected	within	4	hours	into	3.2%	sodium	citrate	is	needed	to	
be	incubated	at	37°C	before	examination.	ROTEM	delta	uses	viscoe-
lastic measurement. Blood is filled into the cuvette and a cylindrical 
pin,	known	as	the	sensor,	is	immersed	into	the	cuvette	so	that	there	is	
1-mm	gap	between	pin	and	cuvette	wall,	bridge	by	the	blood.	Sensor	
is	rotated	sideways	by	a	spring.	The	pin	rotates	till	the	blood	is	in	liquid	
form;	however,	when	blood	starts	clotting,	rotation	of	the	pin	slows	
down.	Kinetic	motion	of	 the	pin	 is	detected	mechanically	and	com-
putation is expressed via thromboelastometric curve and numerical 
parameters.	ROTEM	delta	has	the	ability	to	identify	hypo-	and	hyper-
functional	stages	of	clotting	process.	ROTEM	can	measure	the	param-
eters:	clotting	time,	clot	formation	time	(CFT),	maximum	clot	firmness	
(MCF),	and	alpha	angle,	which	use	the	angle	between	middle	axis	and	
tangent	to	the	clotting	curve	through	2-mm	amplitude	point.	ROTEM	
has	special	techniques	to	monitor	the	coagulation	pathway	via	intrinsic	
and	extrinsic	pathways,	heparin	action,	and	clot	firmness	after	block-
ing hyperfibrinolysis by aprotinin. There are many variables that can 
be	measured	by	ROTEM	analysis.	Commonly	used	parameters	are	co-
agulation	time,	CFT,	α-angle,	amplitude	at	10	minutes	after	CT,	MCF,	
maximum	 lysis	 (ML),	 EXTEM	 (measures	 extrinsic	 pathway),	 APTEM	
(measure	 clot	 firmness	 after	 blocking	 hyperfibrinolysis),	 FIBTEM	
(measure	clot	firmness	after	blocking	the	platelets),	INTEM	(measures	
intrinsic	pathway),	and	HEPTEM	(same	as	INTEM,	but	inhibits	hepa-
rin).55-59	Assay	should	solely	depend	on	the	instructions	provided	by	
the manufacturer as the results may vary depending on the tempera-
ture,	reagent	status,	sample	stability,	and	instrument	status.57	In	moni-
toring	the	effect	of	clopidogrel,	ROTEM	analysis	could	be	performed	
using	EXTEM	and	FIBTEM	reagents.	Thus,	produces	the	results	CT,	
MCF,	and	CFT	of	EXTEM	and	FIBTEM,	respectively.56

However,	ROTEM	delta	lacks	the	ability	to	monitor	antiplatelet	
drug therapy due to increased production of thrombin during the 
assay.	Thrombin	thus	produced	stimulates	platelets,	preventing	the	
detection	 of	 platelet	 inhibition	 by	 antiplatelet	 drugs.	 In	 order	 to	
overcome	 the	 above	 limitation,	 ROTEM	platelet	was	 combined	 to	
ROTEM	delta	 such	 that	 single	 sample	 can	 be	 analyzed	 simultane-
ously	with	two	techniques.	ROTEM	platelet	consists	of	two	channels	
which allow whole blood analysis via impedance principle. Sample 
cuvette	 is	 inserted	 into	 temperature-controlled	 channel	 and	 then	
two wires of the electrodes are placed inside the cuvette. When the 
activated platelets aggregate around the surface of the electrode 
wires,	impedance	between	wires	increases	producing	an	impedance	
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curve. The magnetic stirrer inside the cuvette prevents the depo-
sition	 of	 blood	 cells	 at	 the	 incubation.	 If	 the	 patient	 is	 effectively	
responding	 to	 clopidogrel	 therapy,	 the	 curve	 lies	 below	 the	 refer-
ence	curve.	Impedance	curve	provides	three	parameters,	where	area	
under	curve	(Ω	×	min)	gives	overall	platelet	aggregation,	amplitude	
at	6	minutes	(Ω/min)	gives	degree	of	platelet	aggregation	after	ac-
tivation,	 and	maximum	 slope	 (Ω)	 indicates	 time	 taken	 for	 platelet	
aggregation.	ROTEM	platelet	was	 specifically	designed	 to	monitor	
antiplatelet	therapy	by	three	assays.	ARATEM	assay	monitors	aspi-
rin	therapy	by	activator	arachidonic	acid,	ADPTEM	assay	monitors	
clopidogrel	using	ADP,	and	TRAPTEM	monitors	thrombin	by	throm-
bin-receptor	activating	peptide-6.56,60

4.3.2 | Thromboelastography

Thromboelastography	is	a	rapid	POCT	performed	on	citrated	whole	
blood.	This	technique	quantitatively	measures	the	viscoelastic	prop-
erties of the platelets in forming the platelet plug. The principle will 
be	same	as	that	of	ROTEM	platelet,	which	has	a	disposable	cup	with	
a	detection	pin	fixed	at	the	center.	Difference	is	that	the	TEG	rotates	
the	cup	and	ROTEM	rotates	the	pin	first	when	the	clot	forms.	Prior	
to	clotting,	blood	has	the	minimum	viscosity.	Therefore,	the	waves	of	
the cup cannot induce the movement of the pin. When blood starts 
to	coagulate,	blood	viscosity	increases,	and	the	clot	gets	attached	to	
both the cup and pin causing the movement of the pin upon induced 
by	the	cup.	When	the	viscosity	increases	gradually,	amplitude	of	the	
pin	movement	also	 increases.	Once	 the	 fibrinolysis	 starts,	platelet	
clot dissolves decreasing the blood viscosity. Change of amplitude is 
expressed graphically against time.61

Conventional	TEG	lacks	the	ability	to	determine	the	ADP	recep-
tor inhibition for the reason that the excess production of thrombin 
through	 the	 technique.	 Conventional	 TEG	will	 show	 normal	 max-
imum amplitude for a patient under clopidogrel therapy who was 
shown	 to	 have	 an	 ultimate	 platelet	 inhibition	 via	 LTA,	 which	 was	
considered	 as	 a	major	problem	associated	with	 conventional	TEG.	
ROTEM	 expresses	 CT,	α-angle,	 CFT,	MCF,	 and	 clot	 lysis,	whereas	
those parameters are expressed as reaction value (R	value),	α-angle,	
K-value,	maximum	amplitude,	and	amplitude	at	30	minutes	(LY30)	in	
TEG.	However,	by	overcoming	the	above	problem,	modified	TEG	has	
the	capability	 to	monitor	 the	clopidogrel	action,	without	 thrombin	
generation.	 ADP	 is	 used	 as	 the	 agonist	 to	measure	 the	 degree	 of	
platelet aggregation of patients under clopidogrel therapy.58

4.3.3 | VerifyNow P2Y12 assay

VerifyNow	assay	is	performed	as	a	POCT	on	citrated	whole	blood	as	
a	turbidometry	assay.	When	PGE1	is	introduced,	ADP	induces	plate-
let	 coagulation	 and	 aggregates	with	 the	help	of	 fibrinogen-coated	
beads.	Most	important	fact	is	that,	the	assay	is	sensitive	and	specifi-
cally targets the P2Y12 receptors while inhibiting the action of P2Y1. 
As	in	LTA,	the	platelet	aggregation	is	determined	by	the	percentage	

of	 the	 light	 transmission	 and	 expressed	 in	 PRU	 (P2Y12	 reaction	
units).	 Low	 PRU	 indicates	 the	 high	 P2Y12	 receptor	 inhibition	 and	
better	response	to	clopidogrel.	Measurement	of	inhibition	of	P2Y12	
receptor	inhibition	as	a	result	of	thrombin	receptor-activating	pep-
tide-induced	platelet	aggregation	has	become	an	added	advantage.	
Percentage	 inhibition	 is	 reported	 as	 [Base	 PRU	 −	 Posttreatment	
PRU]/[Baseline	PRU]	×	100.	VerifyNow	assay	is	a	rapid	test	which	
can	be	performed	even	at	bedside	within	5	minutes,	which	has	been	
an	advantage	when	compared	with	LTA	and	VASP	phosphorylation	
assays.	VerifyNow	assay	also	has	 the	capability	 to	monitor	 the	ef-
fect of clopidogrel on P2Y12 receptors directly thereby helps to de-
termine	the	adequacy	of	the	loading	dose	of	clopidogrel	in	patients	
who	will	be	subjected	to	coronary	stenting.	Further,	 the	assay	has	
a	 simple	 technique	 and	 interpretation	of	 results	 can	be	done	eas-
ily.51,62,63	Cut-off	value	 for	 the	 suboptimal	 clopidogrel	 response	 in	
terms	of	percentage	aggregation	is	≥70%	for	10µM	ADP	and	≥50%	
for 5µM	ADP.49

4.3.4 | Platelet function assay-100

Platelet	function	assay-100	is	another	point	of	care	assay	to	monitor	
the action of clopidogrel. This can be performed on less volume of 
citrated whole blood. This assay monitors the platelet aggregation 
and	effect	of	antiplatelet	drugs	under	higher	shear	stress.	Hence,	this	
assay can be performed rapidly in less time using less labor which is 
an added advantage when compared with conventional aggregation 
assays.	PFA-100	has	cartridges	coated	with	collagen	and	epineph-
rine	or	ADP.	Blood	drawn	from	the	patient	who	is	under	clopidogrel	
therapy will flow under higher shear rate through the capillary and 
a	small	aperture	of	PFA-100	analyzer	toward	the	coated	cartridge.	
Platelets	will	aggregate	and	form	the	ADP-induced	platelet	plug	by	
blocking the aperture. The time taken for complete occlusion of the 
aperture	 is	 recorded	 as	 closure	 time	 (CT).	 Collagen-ADP	 (CADP)	
cartridge measures the platelet dysfunction due to clopidogrel. 
Prolonged CT indicates the better response to clopidogrel.64-67 CT 
for	CADP	cartridge	is	55-137	seconds.68

4.3.5 | Multiplate analyzer

Multiplate	analyzer	is	a	sensitive,	novel,	point	of	care	platelet	func-
tion	 analyzer	 which	 can	 be	 performed	 on	 citrated	 whole	 blood	
using electrical impedance aggregometry principle. The main aim 
of the assay was to monitor the platelet function inhibitors. When 
the samples obtained from the patients who are under clopidogrel 
therapy	 are	 exposed	 to	ADP	 agonist,	 platelets	will	 get	 stimulated	
and	 results	 in	ADP-induced	platelet	 aggregation.	Once	 the	 aggre-
gated	platelets	attach	tightly	 to	the	sensor	wires	 in	 the	Multiplate	
device,	an	electrical	 resistance	will	be	created	between	 the	wires.	
ADP	with	200-μmol/L	concentration	interacts	with	P2Y1	and	P2Y12	
receptors	inducing	irreversible	aggregation.	However,	ADP	+	PGE1:	
200 μmol/L	+	 300	 nmol/L	 inhibits	 aggregation	 by	 P2Y1	 receptor,	
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thus increasing specificity for P2Y12 receptors. Change in the im-
pedance	can	be	shown	by	the	graph;	arbitrary	aggregation	units	(AU)	
against	time.	In	addition,	the	three	parameters,	area	under	the	curve,	
height	of	the	curve,	and	maximum	slope,	express	the	complete	plate-
let	reactivity,	platelet	aggregation,	and	velocity,	respectively.69,70

4.3.6 | Plateletworks analyzer

Plateletworks	 is	 a	 POCT	 device	 performed	 on	 whole	 blood.	
Plateletworks	 analyzer	 measures	 the	 platelet	 count	 of	 the	 sample	
before	the	addition	of	the	ADP	agonist	and	then	after	platelet	aggre-
gation	upon	addition	of	ADP.	Usually,	reference	platelet	count	taken	
from	the	K3-EDTA	anticoagulant	blood	without	ADP	and	other	count	
is	taken	from	citrated	anticoagulant	sample	with	ADP	agonist.71

In	normal	patients,	the	platelets	get	aggregated	in	the	presence	
of	agonist	and	the	resultant	platelet	count	is	considered	to	be	zero.	
When	the	blood	flows	through	the	aperture,	 the	constant	electric	
current will develop an electrical pulse which is amplified and con-
verted to obtain the platelet count.72 When the platelet aggregates 
exceed	 the	 threshold	 limit	 for	 platelet	 size,	 such	 platelets	 are	 not	
considered for the resultant platelet count. Percentage inhibition of 
platelet aggregation provides the degree of platelet aggregation in 
the presence of clopidogrel. Percentage of inhibition is expressed 
as the ratio between platelet counts before and after exposure to 
ADP.	Plateletworks	is	widely	used	for	monitoring	the	effectiveness	
of antiplatelet drugs such as clopidogrel and aspirin.53,73-75 Blood 
samples	 should	 be	 analyzed	within	10	minutes	 to	 obtain	 accurate	
results. There are studies to prove the significant correlation be-
tween	Plateletworks	and	LTA.	However	LTA	determines	only	mac-
roaggregation while Plateletworks is sensitive for microaggregation. 
Minimum	studies	have	been	 conducted	 to	 show	 the	prediction	of	
outcomes of cardiovascular diseases.71,73,76	In	the	determination	of	
the	cut-off	values	for	Plateletworks	assay,	it	had	shown	63%	sensi-
tivity	and	58.5%	specificity	using	ROC	curve	analysis.74

4.4 | High-performance liquid chromatography

High-performance	 liquid	 chromatography	 is	 generally	 used	 for	
identification	 and	 quantification	 of	 chemical	 compounds.	 HPLC	
consists of a stationary phase which is packed either with a resin 
or	silica	gel	beads	and	mobile	phase.	Methanol	and	acetonitrile	are	
used	as	solvents	for	the	separation	of	analyte.	Molecular	interaction	
between	stationary	phase,	analyte,	and	solvent	decides	the	reten-
tion	 time.	 Separation	of	 analytes	 in	 normal	HPLC	depends	on	 the	
polarity where stationary phase is polar and mobile phase is non-
polar.	However,	in	reverse	phase	HPLC,	the	separation	is	based	on	
hydrophobic interactions between polar mobile phase and nonpolar 
stationary	phase.	During	the	separation	and	quantification	of	active	
metabolites,	the	internal	diameter	of	the	HPLC	column,	particle	size,	
and	pore	size	of	the	stationary	phase	and	pump	pressure	should	be	
considered for optimum performance.77

Around	 5%-40%	 of	 patients	 who	 are	 under	 clopidogrel	 ther-
apy may show resistance to clopidogrel and the cause may be due 
to impaired drug absorption by the hepatic cells or impaired drug 
metabolic	activity.	However,	the	cause	can	be	clearly	explained	via	
analysis	 of	 drug	metabolite	 levels	 in	 the	 patient's	 blood	 via	HPLC	
method.	However,	due	to	low	levels	of	the	prodrug	in	plasma	after	
ingestion	and	instability	of	thiol	derivatives,	it	has	become	difficult	
to	 use	 HPLC	 method	 for	 determination	 of	 drug	 levels	 in	 patient	
plasma.78	Hence,	most	of	the	studies	were	conducted	using	plasma	
of healthy volunteers and spiking the samples with prepared con-
centrations of clopidogrel.79,80	 Thereby,	 those	 studies	 were	 only	
able to determine either the prodrug only or one of the derivates 
from	CTM	or	CLPM.	One	such	study	was	able	to	analyze	the	phar-
macokinetic	 properties	of	only	CTM	 isomers,	 but	not	 the	 isomers	
or	prodrug	or	CLPM.	They	have	analyzed	the	H1-H4	isomers	using	
a	reverse-phase	ultra-high-performance	liquid	chromatography	and	
tandem	mass	spectrometry	(MS)	with	a	concentration	accuracy	for	a	
range	of	0.5-250	ng/mL.81

Once	the	HPLC	technique	is	validated	by	the	means	of	the	pa-
rameters	linearity,	stability,	precision,	and	accuracy,	it	was	identified	
as	the	most	sensitive,	specific	analysis	method	to	monitor	the	effect	
of clopidogrel on patient responsiveness.82,83 Two studies have been 
found	to	analyze	the	clopidogrel	and	its	metabolites	in	patients	with	
myocardial	infarction	and	PCI.	One	study	has	determined	the	plasma	
levels	 of	 clopidogrel,	 inactive	 carboxyl	 metabolite,	 and	 active	 H4	
thiol	metabolite	in	the	plasma	of	ST-elevated	myocardial	infarction	
patients.11 The second study studied the plasma levels of clopido-
grel,	CLPM,	active	H4,	and	 inactive	H3	of	patients	under	PCI.	The	
study has found that the maximum absorption of 75 mg of drug was 
2	ng/mL	in	1.4	hours	and	300	mg	of	drug	was	4.5	ng/mL	in	1.2	hours	
by intestines. Platelet aggregation with 75 mg dose was found to be 
between	37	and	747	AU/min.	The	 significant	 correlation	between	
maximum concentration of H4 isomer and platelet aggregation de-
picts the importance of use of both the above parameters in the de-
tection of response to clopidogrel therapy.78

4.5 | Pharmacogenetic assays

CYPA1,	CYP2B6,	and	CYP2C19	are	CYP450	enzymes	that	participate	
in	 the	 first	 step	 of	 converting	 clopidogrel	 prodrug	 to	 2-oxo-clopi-
dogrel. The second step which forms the thiol metabolite is cata-
lyzed	by	the	enzymes	CYP2B6,	CYP2C9,	CYP3A4/5,	and	CYP2C19.	
CYP2C19	is	considered	as	the	main	enzyme	involved	 in	the	whole	
process	as	it	provides	44.9%	to	the	first	step	and	20.6%	to	the	sec-
ond	 step.	 In	 addition,	 CYP3A4	 too	 contributes	 39.8%	 to	 the	 sec-
ond step.84,85	 Hence,	 bioactivation	 process	 of	 clopidogrel	 could	
be altered due to genetic polymorphisms of the genes CYP2C19,	
CYP3A4/5,	CYP2C9,	and	CYP2B6 that code for their respective en-
zymes.	Out	of	these	genes,	CYP2C19 gene polymorphism is studied 
mainly due its association with both the steps. CYP2C19 is highly 
polymorphic,	where	*1/*1	allele	is	considered	as	normal	and	two	loss	
of	functional	(LoF)	alleles	due	to	single	nucleotide	polymorphism	are	
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(*2)	and	(*3).	These	LoF	alleles	result	in	poor	clopidogrel	therapeu-
tic	outcome.	Although	CYP2C19 and CYP2C9	LoF	cause	poor	clopi-
dogrel	 outcome,	 CYP1A2,CYP2B6,	 and	 CYP3A4/5 alleles have not 
shown any considerable effect on clopidogrel effect. The Clinical 
Pharmacogenetic Consortium has developed a guide to interpret 
CYP2C19	genetic	test.	It	explained	that	*1/*17,	*1/*17,	and	*17/*17	
genotypes	show	normal	enzyme	activity	and	clopidogrel	75	mg	daily	
dose	 could	 be	 administered.	 Genotypes	 *1/*2,	 *1/*3,	 and	 *2/*17	
indicate	intermediate	enzyme	activity	and	genotypes	*2/*2,	*2/*3,	
and	 *3/*3	 show	 absence	 of	 enzyme	 activity.	 Patients	 with	 these	
genotypes should be treated with either Prasugrel 10 mg daily or 
Ticagrelor 90 mg twice a day.86 Prasugrel and Ticagrelor are used for 
clopidogrel poor responders as these are not affected by CYP2C19 
LoF	allele.87	 It	was	found	that	CYP2C19*2 resulted in poor platelet 
inhibition	by	clopidogrel	and	hence	causes	poor	outcomes	in	PCI	pa-
tients.88 CYP2C19*17 gene polymorphism too can be studied which 
results	 in	 enhanced	 enzyme	 activity	 due	 to	 increased	 gene	 tran-
scription.89 Clopidogrel absorption in the intestine is controlled by 
a	 transporter	protein	 called	P-glycoprotein	multidrug	 resistance-1,	
which is coded by the gene ABCB1. Polymorphism of ABCB1 gene 
has shown poor absorption of clopidogrel by intestines.90 CES1 is 
another genetic polymorphism which could be studied as the CES1 
enzyme	synthesized	by	the	gene	results	in	the	metabolism	of	clopi-
dogrel.	 LoF	of	 this	 allele	 causes	 increased	 concentration	of	 active	
thiol	 metabolite,91 whereas polymorphism of PON1 gene reduces 
the	enzyme	activity	of	PON1	esterase	and	 results	 in	 reduction	of	
active thiol metabolite concentration.92	 Gain	 of	 functional	 haplo-
types H2 of P2Y12 gene increases atherothrombotic events and af-
fects the action of clopidogrel.93	However,	due	to	 the	difficulty	 in	
predicting the outcome of every genetic variation associated with 
clopidogrel,	Clinical	Pharmacogenetics	Implementation	Consortium	

guidelines for CYP2C19 genotype and clopidogrel therapy have not 
endorsed to follow CYP2C19-guided	therapy.

Several pharmacogenetic tests are available to determine clopi-
dogrel	 response	 by	 analyzing	 different	 CYP2C19 variants. Whole 
blood is used for polymerase chain reaction and primer extension re-
action,	which	is	the	underlying	technique	of	the	tests	AccuType™ CP 
and	Cytochrome	P450	2C19	10	mutations	assay	(ARUP	Laboratories,	
Salt	Lake	City,	UT,	USA).	This	technique	is	used	by	clopidogrel	effi-
cacy	test	(by	23andMe	Company,	Sunnyvale,	CA,	USA);	however,	it	
is	performed	for	salivary	samples.	Medication	panel	(Navigenics,	Inc,	
Foster	City,	CA,	USA)	and	drug	response	test	 (Pathway	Genomics,	
San	Diego,	 CA,	USA)	 use	 salivary	 samples	 on	 two	 different	 tech-
niques:	TaqMan	SNP	genotype	assay	and	DNA	testing,	respectively.	
DNA	testing	is	an	underlying	principle	in	many	other	tests	such	as	
Clopidogrel	genetic	test	(TheranostiCs	Lab,	Auckland,	New	Zealand),	
CYP450 2C19 (Plavix™)	 gene	 test	 for	 buccal	 swabs	 and	 Verigene	
CYP2C19	 XP/CYP2C19	 nucleic	 acid	 test.	 PlaVitest	 by	 Genelec	
Corporation can be performed on either whole blood or buccal 
swabs	using	extended	CYP2C19	DNA	mutation	panel.94 CYP2C19*2 
genetic test produced by Spartan Biosciences is a rapid test which 
could be performed within 1 hour on buccal swab.87 Clopidogrel an-
tiplatelet	effect	was	studied	by	using	a	rapid	test	called	Rapid	Infinity	
analyzer.	DNA	extracted	 from	 the	whole	blood	 collected	 in	EDTA	
was	hybridized	to	BioFilmChip	microarray	in	the	analyzer,	hence	can	
be used to determine CYP19*2, *4 and CYP2C9*2, *3 polymorphisms.95 
Rapid	Verigene	and	classical	TaqMan	assays	have	been	compared	by	
analyzing	CYP2C19*2, *3, *4, *5 and *17 polymorphisms. Study have 
found	that	turnaround	time,	labor	requirement,	and	relative	cost	is	
less	in	the	Verigene	assay	than	TaqMan	assay,	although	reagent	cost	
of	Verigene	assay	 is	 considerably	high.	Hence,	Verigene	 is	 consid-
ered having better performance.96

F I G U R E  3   Differentiation of results 
obtained from conventional and modifies 
light transmission aggregometry 
performed on clopidogrel responder 
and	non-responder	patients	(Bagoly	
et	al,	2013).44Conventional adenosine 
diphosphate	(ADP)	aggregation	(without	
prostaglandin	E1	[PGE1])	is	shown	in	
the	left	side	and	P2Y12	specific	ADP	
aggregation	with	PGE1	is	shown	in	right	
side. Top graphs shows the samples 
obtained from clopidogrel responder 
patients and below shows the samples 
obtained from clopidogrel resistant 
patient
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5  | COMPARISON OF THE PF TS

Light	transmission	aggregometry	is	the	most	acceptable	method	to	
determine	the	validity	of	other	novel	PFTs.	In	contrast	to	these	ad-
vantages,	the	major	disadvantage	is	that	the	higher	concentrations	
of	ADP	agonist	have	 the	ability	 to	 induce	 the	platelet	aggregation	
without	 altering	 the	 shape	 of	 platelets.	 Other	 drawbacks	 of	 this	
assay are listed in Table 2.25,44,97

A	 study	 conducted	 has	 shown	 that	 the	 traditional	 method	 of	
LTA	cannot	be	used	as	a	 test	 to	monitor	 the	effect	of	clopidogrel.	
Conventional	ADP	represents	platelet	aggregation	due	to	both	P2Y1	
and	P2Y12	receptors,	whereas	modified	method	with	PGE1	shows	
the	platelet	aggregation	specific	to	PGE1	(Figure	3).	Further,	when	
comparing	the	VerifyNow	P2Y12	assay,	Modified	ADP/PGE1	assay,	
and	VASP	phosphorylation	assay,	there	was	a	12%-54%	variation	in	
the	cut-off	 values	 for	 clopidogrel	nonresponsiveness	between	 the	
above assays. Percentage of clopidogrel nonresponders detected 
by	modified	AD/PGE1	aggregation	method	and	VerifyNow	P2Y12	
assay was much similar. When monitoring the clopidogrel active 
metabolite	of	clopidogrel	in	the	plasma	of	patients,	VASP	assay	was	
identified as more sensitive as the assay is more specific for P2Y12 
assay. This study has concluded that the highest correlation was 

shown	between	the	ADP/PGE1	aggregation	assay	and	VASP	phos-
phorylation	 assay	 and	 less	 correlation	 between	 conventional	 LTA	
and	VerifyNow	assay	and	VASP	phosphorylation	assay	in	monitoring	
the efficiency of action of clopidogrel.44	POCTs,	such	as	VerifyNow	
P2Y12	 assay,	 PFA-100,	 Impact	 cone	 and	 Platelet	 analyzer,	 and	
Thromboelastograph	Platelet	Mapping	System,	were	developed	 to	
overcome	the	limitations	of	the	LTA	technique	although	it	is	consid-
ered as the gold standard test.

A	study	conducted	to	compare	the	effectiveness	of	LTA,	mod-
ified	 TEG,	 and	 PFA-100	 has	 recruited	 28	 patients	 on	 clopidogrel	
therapy.	 The	 correlation	 between	 the	 LTA	 and	 TEG	 results	 was	
considerably acceptable (κ =	0.81).	PFA-100	had	shown	variable	re-
sults for only two individuals who have been detected as resistant 
to	clopidogrel	by	LTA	and	hence	no	relation	was	shown	with	either	
TEG	or	LTA.	However,	PFA-100	was	not	 recommended	to	demon-
strate	considerable	difference	in	clopidogrel	responses,	but	may	be	
useful to demonstrate aspirin responses.64	As	defined	by	the	upper	
curve,	Figure	446 depicts the platelet aggregation as a result of ac-
tivation	 of	 P2Y1	 receptor	 (till	 Point	A).	After	 point	A,	 the	 platelet	
aggregation	becomes	stabilized	due	to	the	activation	of	P2Y12	re-
ceptors	and	the	end	point	is	noted	as	point	C.	Hence,	points	A	and	C	
are more likely in the same level due to the absence of clopidogrel. 

F I G U R E  4  ADP-induced	platelet	aggregation	curve	obtained	from	light	transmission	aggregometry	before	and	after	clopidogrel	therapy	
(as	cited	by	Lordkipanidze	et	al,	2009).99ADP,	adenosine	diphosphate
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When	 clopidogrel	 is	 administered,	 the	 stabilization	 of	 P2Y12	 de-
creases,	 initiating	 the	disaggregation	of	 the	platelets,	 indicated	by	
end	point	D.	Absolute	change	 in	 the	peak	 level	of	 the	curve	 (Line	
E—absolute	inhibition	at	peak	aggregations)	and	change	in	the	levels	
of	end	points	(Line	F—absolute	inhibition	at	late	aggregations)	define	
the	degree	of	nonresponsiveness	to	clopidogrel.	Line	G	provides	a	
measure	of	disaggregation.	Points	A	and	B	indicate	the	peak	points	
of	platelet	aggregation	before	and	after	clopidogrel	administration,	
respectively. Points C and D reflect the late aggregation before and 
after	clopidogrel	administration,	respectively.46,98

Both	TEG	and	ROTEM	have	the	capability	to	analyze	the	physical	
properties	of	the	clot	including	the	clot	stability	and	strength,	fibrin	
formation,	clot	formation,	and	clot	lysis,	but	not	thrombolysis	or	fi-
brinolysis.	Moreover,	both	platelet	function	and	defects	associated	
with coagulation cascade are also monitored. Controversial result 
was	obtained	from	the	studies,100-102	that	TEG	has	a	very	low	ability	
in predicting the hemorrhage and guiding the transfusion of blood 
products,	whereas.	However,	TEG	platelet	mapping	can	predict	the	
excess hemorrhage in patients undergoing coronary artery bypass 
and under clopidogrel and aspirin therapy.103 The patients who were 
under clopidogrel therapy for 5 days prior to bypass were shown 
70%	 cut-off	 value	 for	 platelet	 responsiveness	 for	 clopidogrel	 and	
had the capacity to determine the hemorrhage level at the surgery 
and transfusion guide.104,105

Vasodilator-stimulated	 phosphoprotein	 phosphorylation	 assay	
has	a	higher	ability	 to	determine	thienopyridine-induced	 inhibition	
of platelets when compared with turbidimetric platelet aggregation 
assays. Flow cytometric analysis was able to define the associated 
clinical	 situation	 in	 detail.	 However,	 epinephrine	 action	 on	 α2A	
receptors	 can	 initiate	 the	 dephosphorylation	 of	 VASP,	 and	 nitric	
oxide	 donors	 can	 induce	 the	VSP	phosphorylation	 through	 cGMP	
causing false results in the analysis of the clopidogrel action.106-108 
GRAVITAS	trial	(Gauging	Responsiveness	with	a	VerifyNow	P2Y12	
Assay:	Impact	on	Thrombosis	and	Safety)	has	setup	the	cut-off	value	
for	clopidogrel	high	on-treatment	platelet	reactivity	(HTPR)	as	≥208	
P2Y12	PRU,	which	has	been	found	in	more	than	half	of	the	selected	
subjects and has shown a >5-fold	 increased	 risk	of	 cardiovascular	
death,	myocardial	infarction,	and	stent	thrombosis	at	60	days.109

Significant	correlations	were	found	between	multiplate	analyzer,	
PFA-100,	 and	LTA	after	ADP-induced	platelet	 aggregation	 in	 sam-
ples	with	clopidogrel	therapy.	However,	sensitivity	(78%),	specificity	
(95%),	accuracy	(92%),	positive	predictive	value	(80%),	and	negative	
predictive	 value	 (95%)	 of	Multiplate	 assay	 are	 significantly	 higher	
(<0.0001)	than	LTA.110	Multiplate	assay	keeps	the	cellular	environ-
ment	 unchanged,	 hence	 the	 assay	 becomes	 more	 rapid.111	 Many	
studies	have	observed	that	PFA-100	is	more	sensitive	in	determining	
the effect of clopidogrel rather than aspirin.112	However,	a	study	has	
shown	that	PFA-100	cannot	be	used	in	the	determination	of	residual	
antiplatelet activity of clopidogrel. The actual platelet resistance in 
clopidogrel-related	HTPR	can	be	detected	by	PFA-100	when	com-
pared to aspirin.113

Light	transmission	aggregometry	had	shown	60%	sensitivity	and	
specificity	in	HTPR	once	compared	with	VASP	assay.	Although	both	

the	assays	have	a	high	negative	predictive	value	(94%),	they	lack	a	
proper	standardization	technique.114	The	cut-off	value	for	clopido-
grel	 responsiveness	when	measured	with	Multiplate	 analyzer	was	
found to be >416	AU/min	under	84%	and	70%	sensitivity	and	spec-
ificity,	respectively.115

Although	there	are	many	platelet	function	assays,	none	of	the	tests	
have	been	optimized	or	fully	standardized	to	study	the	overall	effect	
of	clopidogrel	and	patient	responsiveness	to	the	drug.	Reason	is	that,	
PFTs	have	their	own	pros	and	cons	(Table	1).36,36,49,67,76,97,99,116-122

By	comparing	 the	 results	obtained	 from	the	study,	 it	was	con-
cluded	 that	VASP	phosphorylation	assay,	VerifyNow	P2Y12	assay,	
and	LTA	with	20	µmol/L	ADP	are	ideal	PFTs	to	monitor	clopidogrel	
responsiveness.54,66,70,117,124	 When	 compared	 with	 LTA,	 VASP-P	
assay was more suitable125	and	out	of	LTA,	Multiplate	assay,	Verify	
Now	assay,	and	TEG,	Multiplate	assay	was	found	to	be	ideal	to	mon-
itor the clopidogrel.126	Limitations	of	LTA	has	paved	the	way	for	the	
development	of	standardized	PFTs	such	as	PFA-100,	Multiplate,	and	
VerifyNow	P2Y12	assays.36

5.1 | Reference ranges

High	on-treatment	platelet	reactivity	on	clopidogrel	was	defined	by	
ROC	 curve	 analysis	 for	VASP	 phosphorylation	 assay	 (PRI	>	 50%),	
VerifyNow	P2Y12	assay	 (>235-240	PRU),	LTA	(>46%	for	5	µmol/L	
ADP),	 and	 Multiplate	 analysis	 (>468	 arbitrary	 AU/min).67,127,128 
Table 2 indicates the reference ranges to determine the clopidogrel 
responsiveness by different PFTs.

6  | SUGGESTED IMPROVEMENTS FOR 
PL ATELET FUNC TION TESTING

An	anticoagulant,	such	as	hirudin,	should	be	used	instead	of	the	3.2%	
trisodium citrate when possible. The anticoagulant used must not in-
terfere with the normal physiology of the sample.54,130	An	advanced	
principle	with	a	simple	technique	which	can	be	used	globally	for	dif-
ferent agonists without altering the physiological environment of the 
sample would be ideal.67	Further,	PFT	should	have	the	capacity	to	de-
termine	not	only	platelet	aggregation,	but	also	to	measure	the	proco-
agulant	activity	of	platelets.	Most	importantly,	reference	ranges	need	
to be established to differentiate the normal from different clinical 
conditions	 and	 also	 identify	 low-/high-risk	 patients	 for	 clopidogrel	
and other antiplatelet drug nonresponsiveness. When the current 
clinical	requirements	are	considered,	the	need	for	the	PFT	to	be	used	
as	a	screening	test	has	increased,	in	order	to	obtain	results	and	quick	
decisions.131	 It	would	 be	 better	 to	 develop	more	 standardized	 and	
quality-controlled	PFT,	minimizing	the	effect	from	pre-analytical	er-
rors	to	the	final	result	of	the	assay	in	addition	to	being	cost-effective.	
Assays	more	specifically	assess	the	metabolism	of	clopidogrel	and	its	
thiol metabolites will help to study the increasing patterns of patient 
nonresponsiveness	to	clopidogrel.	Performing	large	randomized	clini-
cal trials in different populations will benefit to identify the clinical 
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TA B L E  1  Advantages	and	disadvantages	of	PFTs	used	for	monitoring	of	clopidogrel	effect

PFT Advantages Disadvantages

VASP phosphory 
lation assay

Principle: Flow cytometry

1. Provides detail explanation on platelet 
glycoprotein receptors

2. Specific to assess the P2Y12 receptor 
inhibition

3. Perform on whole blood
4. Stable results can be obtained even after 24 h 

of sample collection at room temperature
5.	 Low	sample	volume
6. Can monitor peak plasma levels of active 
thiol	metabolite	of	clopidogrel.	So,	real	in	
vivo biological activity of clopidogrel can be 
measured/more physiological

7.	 Possible	to	separate	the	“Normal”	group	from	
the patients with platelet inhibition effect

8.	 Not	affected	by	platelet	count.	Hence,	
suitable for thrombocytopenic patients

1.	 More	time-consuming
2.	 Need	special	expertise	to	perform
3. Cannot perform at/near bedside
4. Cannot produce rapid results
5. Expensive as it needs a flow cytometer
6.	 Special	pretreatment	to	sample	is	required	along	with	

pipetting
7. Difficult to perform routinely
8.	 Cannot	measure	glycoprotein	IIb/IIIa	receptor
9.	 Affected	by	artifacts

LTA
Principle:	Turbidimetric-based	

optical detection of platelet 
aggregation under low shear rate

1. Can be used to validate other novel platelet 
function tests

2. Possible to adjust the instrument to obtain 
many parameters

3.	 Good	predictivity	of	clinical	situation
4.	 Many	studies	are	available	to	prove	the	
efficacy	of	the	assay,	hence	considered	as	
gold standard

5.	 Measure	overall	platelet	function	and	platelet	
surface	glycoprotein	including	acquired	and	
inherited defects

6.	Monitoring	clopidogrel	drug	effect

	 1.	 Complex	and	time-consuming
	 2.	 Poor	standardization	of	the	technique
	 3.	 Perform	only	platelet-rich	plasma.	So,	sample	preparation	

steps are available; centrifugation and pipetting steps
	 4.	 Need	more	sample	quantity
 5. Cannot be performed at/near bedside
	 6.	 Operator	errors	affect	the	results
	 7.	 Measures	AMC	of	clopidogrel	only	under	high	concentration	

of	ADP	(20	µmol/L)
	 8.	 Significant	correlation	with	peak	levels	of	AMC	cannot	

be	found	with	low	ADP	concentration	(5	µmol/L).	So,	less	
sensitive to define clopidogrel responsiveness

	 9.	 Highly	affected	by	pre-analytical	variables	such	as	diet,	
hematocrit,	operator	errors,	age,	and	gender

 10. Results are affected by platelet count and not suitable for 
thrombocytopenic patients

 11. P2Y1 receptors associated platelet aggregation will be 
induced	under	low-dose	ADP,	unless	they	are	blocked	by	
PGE1

	12.	 Assay	performed	under	low	shear	rate.	Hence,	
nonphysiological

VerifyNow P2Y12 assay
Principle: Turbidimetric assay

 1. Fully automated point of care device
 2. Can be performed with whole blood
 3. Produce rapid results
	 4.	 Simple	technique.	No	expertise	labor	is	

required.
	 5.	 No	pipetting,	centrifugation	steps,	and	

sample processing
	 6.	 Small	sample	volume	is	required.
 7. Widely used for monitoring clopidogrel 

effect
	 8.	 Results	correlate	considerably	with	LTA	and	

other	platelet	function-POCTs
	 9.	 Many	disadvantages	associated	with	LTA	are	

addressed and rectified in the assay
	10.	 Able	to	monitor	clopidogrel	efficacy	and	

plasma levels of active thiol metabolite
 11. Commonly used for monitoring the dual 

therapy with aspirin and clopidogrel
	12.	 Assay	is	more	physiological
 13. Can be used for routine analysis
	14.	 Most	suitable	device	identified	thus	far	to	

use	as	a	POCT

1.	 Assay	cannot	be	adjusted	to	obtain	different	parameters	or	to	
predict the clinical condition more accurately

2. Cannot assess the other physiological platelet activation 
pathways

3. High cost for cartridges
4. Does not provide percentage inhibition of receptor or activity
5.	 Occasional	failures	in	channels	may	occur
6.	 Though	results	can	be	delivered	within	5	min,	it	is	

recommended to incubate the sample for 10 min for optimum 
results

7.	 Affected	by	hematocrit,	platelet	count,	triglyceride,	and	
fibrinogen levels

(Continues)
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PFT Advantages Disadvantages

PFA-100
Principle: Platelet aggregation is 
measured	as	the	time	required	
for closure of the aperture in the 
cartridge under high shear stress

 1. High sensitivity
	 2.	 Simple	technique
 3. Whole blood is used
	 4.	 3.8%	sodium	citrate	anticoagulant	will	

provide higher stability for CT results
	 5.	 Fully-automated,	point	of	care	device
	 6.	 No	sample	pretreatment	steps
	 7.	 Cartridge	(CADP)	is	sensitive	to	measure	

P2Y12 receptor
 8. Small volume of sample is needed
 9. Produce rapid results
	10.	 Standardized	technique
	11.	 Able	to	screen	defects	associated	with	

primary hemostasis
	12.	 More	physiological	than	LTA
 13. High negative predictive value
	14.	 Insensitive	to	clotting	factor	deficiencies
	15.	 More	sensitive	PFA-P2Y	cartridge	has	been	

developed which is more specific than 
collagen/ADP	cartridge

	16.	 Able	to	diagnose	inherited	and	acquired	
platelet	defects,	bleeding,	and	thrombotic	
risk

	17.	 Used	to	monitor	antiplatelet	therapy,	mainly	
the effect of clopidogrel drug

1.	 Assay	cannot	be	adjusted
2.	 Requires	sample	pipetting	only
3. Results may highly vary depending on the hematocrit level 

(<50 ×	109/L	and	25%)	and	vWF	levels
4.	 Assay	is	affected	by	citrate	concentration	hematocrit,	platelet	
count,	certain	drugs,	certain	food,	and	acquired	platelet	
function defects

5.	 Less	studies	have	conducted	to	prove	the	effectiveness	of	the	
assay

6.	 Collagen/ADP	cartridge	is	relatively	insensitive	to	
thienopyridine	effect.	Hence,	does	not	correlate	with	
clopidogrel therapy

7.	 PFA-P2Y	cartridge	is	only	available	for	research	purposes
8.	 Not	recommended	to	measure	glycoprotein	IIb/IIIa	receptor

Multiplate analyzer
Principle:	Impedance	

aggregometry

 1. Whole blood
	 2.	 Simple	technique
	 3.	 Rapid	results,	within	10	min
	 4.	 Standardized	procedure
 5. Point of care device
	 6.	 Less	pretreatments	to	the	sample
	 7.	 More	physiological
	 8.	 Provides	better	correlation	with	LTA
 9. Sensitive to monitor the clopidogrel effect
	10.	 Able	to	monitor	platelet	surface	

glycoprotein receptors

1.	 Semi-automated
2.	 Samples	should	be	analyzed	as	soon	as	collection.
3.	 Novel	method.	So,	not	much	clinical	studies	to	prove	the	

effectiveness and evaluating the predictive value of the 
results obtained.

4.	 Need	more	sample	volume
5. Expensive
6. Depend on hematocrit and platelet count

TEG/ROTEM delta and ROTEM 
platelet
Principle:	Measures	viscoelasticity	

under low shear stress

1. Small volume of whole blood
2.	 Produce	quick	results	within	5-10	min.	
ROTEM	platelet	provides	results	within	6	min

3. Point of care device
4. Provide details regarding fibrinogen and 

clotting factors
5.	 Able	to	differentiate	platelet	disorders	and	

clotting abnormalities
6.	Measures	the	rate	of	clot	formation	and	

stability
7.	 Used	to	assess	hemostasis	worldwide
8.	 ROTEM	platelet	can	monitor	the	effect	of	

clopidogrel and other antiplatelet drugs

1.	 Require	labor	expertise	and	expensive
2. Does not monitor warfarin effect
3.	 Artifacts	in	fibrin	channel	may	affect	percentage	ADP	

estimates
4.	 Need	calculations	with	three	imprecise	variables	(CV	~	20%).	
Therefore,	low	precision.	Co-efficient	of	variance	for	TEG	is	
7.1%-39.9%	and	ROTEM	is	7%-83.6%	according	to	UK-NEQAS	
data

5.	 TEG	and	ROTEM	delta	are	not	ideal	test	to	monitor	the	effect	
of clopidogrel and other drugs

6.	 Requires	pipetting
7. Results may be affected by the operator errors123

Plateletworks
Principle:	Impedance	
aggregometry—Measures	platelet	
count before and after addition 
of	ADP

1.	 POCT
2. Small volume of citrated whole blood
3.	Monitoring	the	response	of	platelets	to	

antiplatelet therapy
4. Easy to perform
5.	 No	sample	preparation
6.	 No	interaction	of	platelets	with	red	cells	and	

white cells
7. Can monitor clopidogrel effect and dual 

therapy along with aspirin
8.	 Glycoprotein	IIb/IIIa	receptors	of	platelets	and	

predict outcomes

1.	 Limited	studies	for	assessing	the	effectiveness	of	the	assay
2.	More	time	due	to	sample	preparation
3.	 Not	standardized	to	define	the	antiplatelet	resistance
4. Should perform within 10 min
5.	 Affected	by	pre-analytical	variables
6. Does not have the ability to measure aggregation directly
7.	 Require	adjunctive	platelet	count

TA B L E  1   (Continued)

(Continues)
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outcomes	of	monitoring	the	effect	of	clopidogrel	on	 individuals.	At	
present,	 POCT	 assays,	 which	 use	 non-anticoagulated	 finger	 prick	
blood	 with	 disposable	 cartridges,	 are	 available	 (such	 as	 PlaC	 or	
PFT).66	POCT-PFTs	should	be	developed	to	monitor	the	clopidogrel	
action	on	platelet	inhibition	via	biomarkers,	such	as	CD34+,	which	can	
be	 found	 in	 endothelial	 progenitor	 cells,	 chemokine	CXCL12	 (stro-
mal	cell-derived	factor-1α,	SDF-1α),	produced	by	platelet	and	stored	
in α	granules.	In	future,	there	is	a	possibility	for	the	development	of	
sequencing	assays	to	be	used	widely	as	screening	tests	to	determine	
coagulation and hemorrhagic disorders.132

7  | CONCLUSION

In	 conclusion,	 at	 present	 no	PFT	 has	 proved	 their	 optimum	 ideal-
ity for monitoring the platelet inhibition and efficacy by clopidogrel. 
Although	new	POCTs	may	be	considered	useful	for	the	existing	clini-
cal	setup,	further	prospective	studies	are	required	to	determine	the	
efficacy	of	them.	For	a	PFT	to	become	ideal,	they	should	be	able	to	
use	non-anticoagulated	whole	blood	to	assess	thrombus	formation	
as	wells	 as	 platelet	 aggregation/inhibition	 by	 clopidogrel.	 Further,	
assay	should	be	able	to	perform	on	blood	under	high	shear	rate,	to	

PFT Advantages Disadvantages

Pharmaco 
genetic assays

1. Predict the therapeutic outcome of 
clopidogrel as well as other drugs such as 
omeprazole,	diazepam,	and	anti-seizure	drugs

2.	 Aid	in	genotype-guided	therapy	where	
necessary

3. Determine the possible drug reactions
4. CYP2C19 polymorphism specifically 

determines clopidogrel efficacy
5.	Whole	blood,	buccal	swabs,	and	saliva	can	be	

used based on the test used
6.	 No	patient	preparation

1. Expensive than PFTs
2.	More	time	required	for	most	techniques	except	for	rapid	

genetic tests
3.	 Complex	techniques	which	require	skilled	labor
4.	 Lack	of	studies	to	prove	the	relative	cost-effectiveness	and	

efficacy to determine clopidogrel effect completely
5.	 Difficult	to	use	routinely	for	every	patient.	Usually	performed	
in	high-risk	patients	for	poor	response	to	standard	dose	of	
clopidogrel	usually	after	PCI94 or if there is excess bleeding 
even after medication

6.	 Limited	studies	to	prove	the	correlation	between	the	results	
of different types of genetic tests available and with other 
PFTs

7. CYP2C19-guided	therapy	is	not	recommended	to	practice	by	
ACA,	AHA,	and	SCAI	as	clopidogrel	nonresponsiveness	may	
be associated with other genetic and nongenetic factors85

Abbreviations:	ACA,	American	College	of	Cardiology;	ADP,	adenosine	diphosphate;	AHA,	American	Heart	Association;	AMC,	active	thiol	metabolite	
of	clopidogrel;	CV,	coefficient	of	variation;	LTA,	light	transmission	aggregometry;	PFA,	platelet	function	assay;	PGE1,	prostaglandin	E1;	POCT;	point	
of	care	test;	ROTEM,	rotational	thromboelastometry;	SCAI,	society	for	cardiovascular	angiography	and	interventions;	TEG;	thromboelastography;	
UK-NEQAS,	United	Kingdom	National	External	Quality	Assessment	Service;	VASP,	vasodilator-stimulated	phosphoprotein;	vWF,	von	Willebrand	
factor.

TA B L E  1   (Continued)

TA B L E  2   Reference ranges for clopidogrel responsiveness

Assay Reference range

PFA-100 55-137	s	for	CADP	cartridge

VerifyNow	P2Y12	assay >180-376	PRU	indicates	that	drug	is	not	available	in	blood
10-180	PRU	indicates	decreased	platelet	reactivity	to	P2Y12	inhibitor

ROTEM	delta/TEG/ROTEM	platelet Consider	the	impedance	curve	provided	by	ROTEM.
Reference	ranges	for	CT	(s),	CFT	(s),	α-angle	(°),	A10	(MM),	A20	(mm),	MCF	
(mm),	LI	30	(%),	and	ML	(%)	within	1	h
For	EXTEM:	38-79	s,	34-159	s,	63°-83°,	43-65	mm,	50-71	mm,	50-72	mm,	
94%-100%,,	and	<15%,	respectively.	For	FIBTEM:	A10	is	7-23	mm	and	
A20	is	8-24	mm56,129

LTA Percentage optical density vs time graph will provide platelet aggregation 
traces.	Based	on	the	pattern,	disease	condition	could	be	interpreted.	
Commonly	encountered	cases	are	Glanzmann's	thrombasthenia,	
Bernard-Soulier	syndrome,	storage	pool	disorder,	the	effect	of	aspirin,	
and the effect of clopidogrel

Multiplate	analyzer Interpretation	is	same	as	LTA

VASP	Phosphorylation	assay Need	to	study	the	scatterplot	graphs	to	interpret	the	condition

Plateletworks Provides percentage aggregation

Abbreviations:	A10,	amplitude	at	10	s;	CFT,	clot	formation	time;	clotting	time;	CT;	LI,	lysis	index	at	30	min;	MCF,	maximum	clot	firmness;	ML,	
maximum	lysis;	PFA;	platelet	function	assay;	PRU,	platelet	reactivity	units;	ROTEM,	rotational	thromboelastometry;	TEG;	thromboelastography.
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monitor	in	vivo	thrombolysis	and	thrombus	stability.	Hence,	the	re-
quirement	for	a	new,	ideal	PFA	as	a	point	of	care	device	which	could	
overcome the limitations discussed has become an important need 
in the clinical setup globally. This would help in monitoring the ef-
fectiveness of clopidogrel on patients and helps to identify the re-
sponsiveness	status	and	reasons	for	nonresponsiveness	to	the	drug,	
thus	 aiding	 to	develop	proper	 treatment	 plans.	Although	determi-
nation of CYP2C19	polymorphism	is	related	to	clopidogrel,	it	is	not	
recommended to use CYP2C19-guided	therapy.	Upon	comparing	the	
PFTs,	VerifyNow	P2Y12	assay	seems	to	be	the	most	suitable	POCT	
for	monitoring	clopidogrel	therapy	at	present.	ROTEM	platelet	ap-
pears	 to	 have	 a	 good	 potential,	 however,	 lacks	 comparative	 stud-
ies.	Performing	PFT	along	with	HPLC	for	clopidogrel	levels	in	blood	
would provide a better understanding regarding clopidogrel therapy.

DISCLOSURE S
None	declared.

AUTHORS’  CONTRIBUTIONS
All	 the	authors	have	made	substantial	contributions	to	conception	
and	design,	or	acquisition	of	data,	or	analysis	and	interpretation	of	
data.	Involved	in	drafting	the	manuscript	and	revising	it	critically	for	
important	 intellectual	 content.	All	 authors	 gave	 the	 final	 approval	
of the version to be published. Each author have participated suf-
ficiently in the work to take public responsibility for appropriate por-
tions	of	 the	content,	 and	agreed	 to	be	accountable	 for	all	 aspects	
of	 the	work	 in	 ensuring	 that	 questions	 related	 to	 the	 accuracy	 or	
integrity of any part of the work are appropriately investigated and 
resolved.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated	or	analyzed	in	this	study.

ORCID
Bhawani Yasassri Alvitigala  https://orcid.
org/0000-0002-6166-122X 

R E FE R E N C E S
	 1.	 Michelson	 AD,	 Bhatt	 DL.	 How	 I	 use	 laboratory	 monitoring	 of	

antiplatelet therapy. Blood.	 2017;130(6):713-721.	 https://doi.
org/10.1182/blood	-2017-03-742338

	 2.	 Ohno	Y,	Okada	S,	Kitahara	H,	et	 al.	Repetitive	 stent	 thrombosis	
in a patient who had resistance to both clopidogrel and prasugrel. 
J Cardiol Cases.	 2016;13(5):139-142.	 https://doi.org/10.1016/j.
jccase.2016.01.001

	 3.	 Uchiyama	 S.	 Clopidogrel	 resistance:	 identifying	 and	 overcom-
ing a barrier to effective antiplatelet treatment: clopidogrel re-
sistance. Cardiovasc Ther.	 2011;29(6):e100-e111.	 https://doi.
org/10.1111/j.1755-5922.2010.00202.x

	 4.	 Nishi	 T,	 Ariyoshi	 N,	 Nakayama	 T,	 et	 al.	 Increased	 platelet	 inhi-
bition after switching from maintenance clopidogrel to prasu-
grel in Japanese patients with stable coronary artery disease. 
Circ J.	 2015;79(11):2439-2444.	 https://doi.org/10.1253/circj.
CJ-15-0546

	 5.	 Kimura	 T,	 Isshiki	 T,	 Ogawa	 H,	 Yokoi	 H,	 Yamaguchi	 T,	 Ikeda	 Y.	
Randomized,	double-blind,	dose-finding,	phase	 ii	study	of	prasu-
grel in japanese patients undergoing elective percutaneous cor-
onary intervention. J Atheroscler Thromb.	 2015;22(6):557-569.	
https://doi.org/10.5551/jat.26013

	 6.	 Sangkuhl	 K,	 Klein	 TE,	 Altman	 RB.	 Clopidogrel	 pathway.	
Pharmacogenet Genomics. 2010:1. https://doi.org/10.1097/
FPC.0b013 e3283 385420

	 7.	 Zhu	Y,	Romero	EL,	Ren	X,	et	al.	Clopidogrel	as	a	donor	probe	and	
thioenol derivatives as flexible promoieties for enabling H2S bio-
medicine. Nat Commun.	2018;9(1):3952.	https://doi.org/10.1038/
s4146	7-018-06373	-0

	 8.	 Karaźniewicz-Lada	M,	Danielak	D,	Burchardt	P,	Glówka	F.	The	in-
fluence of diabetic status on the pharmacokinetics of clopidogrel 
and its metabolites in patients suffered from cardiovascular dis-
eases. J Med Sci.	2014;83(3):215-221.

	 9.	 Karaźniewicz-Łada	M,	Danielak	D,	Rubiś	B,	Burchardt	P,	Oszkinis	
G,	Główka	F.	The	influence	of	genetic	polymorphism	of	Cyp2c19	
isoenzyme	on	the	pharmacokinetics	of	clopidogrel	and	its	metab-
olites in patients with cardiovascular diseases. J Clin Pharmacol. 
2014;54(8):874-880.	https://doi.org/10.1002/jcph.323

	 10.	 Karaźniewicz-Łada	M,	Rzeźniczak	J,	Główka	F,	et	al.	Influence	of	
statin treatment on pharmacokinetics and pharmacodynamics 
of clopidogrel and its metabolites in patients after coronary an-
giography/angioplasty. Biomed Pharmacother. 2019;116:108991. 
https://doi.org/10.1016/j.biopha.2019.108991

	 11.	 Heestermans	T,	 de	Boer	M-J,	 van	Werkum	 JW,	 et	 al.	Higher	 ef-
ficacy	 of	 pre-hospital	 tirofiban	 with	 longer	 pre-treatment	 time	
to	primary	PCI:	protection	for	the	negative	impact	of	time	delay.	
EuroIntervention.	 2011;7(4):442-448.	 https://doi.org/10.4244/
EIJV7	I4A73

	 12.	 Mijajlovic	MD,	Shulga	O,	Bloch	S,	Covickovic-Sternic	N,	Aleksic	V,	
Bornstein	 NM.	 Clinical	 consequences	 of	 aspirin	 and	 clopidogrel	
resistance: an overview. Acta Neurol Scand.	2013;128(4):213-219.	
https://doi.org/10.1111/ane.12111

	 13.	 Nguyen	TA,	Diodati	 JG,	 Pharand	C.	 Resistance	 to	 clopidogrel:	 a	
review of the evidence. J Am Coll Cardiol.	2005;45(8):1157-1164.	
https://doi.org/10.1016/j.jacc.2005.01.034

	 14.	 Qureshi	 Z,	 Hobson	 AR.	 Clopidogrel	 “resistance”:	 where	 are	 we	
now?: Clopidogrel ‘resistance’. Cardiovasc Ther.	 2013;31(1):3-11.	
https://doi.org/10.1111/j.1755-5922.2011.00296.x

 15. Ray S. Clopidogrel resistance: The way forward. Indian Heart J. 
2014;66(5):530-534.	https://doi.org/10.1016/j.ihj.2014.08.012

	 16.	 Neki	N.	 Clopidogrel	 resistance:	 current	 issues.	 J Enam Med Coll. 
2016;6(1):38-46.	https://doi.org/10.3329/jemc.v6i1.26381

	 17.	 Norgard	NB,	DiNicolantonio	JJ.	Clopidogrel,	prasugrel,	or	ticagre-
lor? a practical guide to use of antiplatelet agents in patients with 
acute coronary syndromes. Postgrad Med.	 2013;125(4):91-102.	
https://doi.org/10.3810/pgm.2013.07.2682

	 18.	 Gasparyan	AY.	Aspirin	and	clopidogrel	resistance:	methodological	
challenges and opportunities. Vasc Health Risk Manag. 2010:109. 
https://doi.org/10.2147/VHRM.S9087

	 19.	 Holmes	DR,	Dehmer	GJ,	Kaul	S,	et	al.	ACCF/AHA	clopidogrel	clin-
ical	alert:	approaches	to	the	FDA	“boxed	warning”:	a	report	of	the	
American	College	of	Cardiology	Foundation	task	force	on	clinical	
expert	consensus	documents	and	the	American	Heart	Association.	
Circulation.	 2010;122(5):537-557.	 https://doi.org/10.1161/
CIR.0b013	e3181	ee08ed

	 20.	 Simon	T,	Verstuyft	C,	Mary-Krause	M,	et	al.	Genetic	determinants	
of response to clopidogrel and cardiovascular events. N Engl J Med. 
2009;360(4):363-375.	https://doi.org/10.1056/NEJMo	a0808227

	 21.	 Jaremo	 P,	 Lindahl	 TL,	 Fransson	 SG,	 Richter	 A.	 Individual	 vari-
ations of platelet inhibition after loading doses of clopi-
dogrel. J Intern Med.	 2002;252(3):233-238.	 https://doi.
org/10.1046/j.1365-2796.2002.01027.x

https://orcid.org/0000-0002-6166-122X
https://orcid.org/0000-0002-6166-122X
https://orcid.org/0000-0002-6166-122X
https://doi.org/10.1182/blood-2017-03-742338
https://doi.org/10.1182/blood-2017-03-742338
https://doi.org/10.1016/j.jccase.2016.01.001
https://doi.org/10.1016/j.jccase.2016.01.001
https://doi.org/10.1111/j.1755-5922.2010.00202.x
https://doi.org/10.1111/j.1755-5922.2010.00202.x
https://doi.org/10.1253/circj.CJ-15-0546
https://doi.org/10.1253/circj.CJ-15-0546
https://doi.org/10.5551/jat.26013
https://doi.org/10.1097/FPC.0b013e3283385420
https://doi.org/10.1097/FPC.0b013e3283385420
https://doi.org/10.1038/s41467-018-06373-0
https://doi.org/10.1038/s41467-018-06373-0
https://doi.org/10.1002/jcph.323
https://doi.org/10.1016/j.biopha.2019.108991
https://doi.org/10.4244/EIJV7I4A73
https://doi.org/10.4244/EIJV7I4A73
https://doi.org/10.1111/ane.12111
https://doi.org/10.1016/j.jacc.2005.01.034
https://doi.org/10.1111/j.1755-5922.2011.00296.x
https://doi.org/10.1016/j.ihj.2014.08.012
https://doi.org/10.3329/jemc.v6i1.26381
https://doi.org/10.3810/pgm.2013.07.2682
https://doi.org/10.2147/VHRM.S9087
https://doi.org/10.1161/CIR.0b013e3181ee08ed
https://doi.org/10.1161/CIR.0b013e3181ee08ed
https://doi.org/10.1056/NEJMoa0808227
https://doi.org/10.1046/j.1365-2796.2002.01027.x
https://doi.org/10.1046/j.1365-2796.2002.01027.x


     |  15 of 19ALVITIGALA eT AL.

	 22.	 Gurbel	 PA,	 Bliden	 KP,	 Hiatt	 BL,	 O’Connor	 CM.	 Clopidogrel	
for	 coronary	 stenting:	 response	 variability,	 drug	 resistance,	
and the effect of pretreatment platelet reactivity. Circulation. 
2003;107(23):2908-2913.	 https://doi.org/10.1161/01.CIR.00000	
72771.11429.83

	 23.	 Angiolillo	 D.	 High	 clopidogrel	 loading	 dose	 during	 coronary	
stenting: effects on drug response and interindividual variability. 
Eur Heart J.	 2004;25(21):1903-1910.	 https://doi.org/10.1016/j.
ehj.2004.07.036

	 24.	 Ivandic	 BT,	 Schlick	 P,	 Staritz	 P,	 Kurz	 K,	 Katus	 HA,	 Giannitsis	 E.	
Determination of clopidogrel resistance by whole blood plate-
let aggregometry and inhibitors of the P2Y12 receptor. Clin 
Chem.	 2006;52(3):383-388.	 https://doi.org/10.1373/clinc	
hem.2005.059535

	 25.	 Saraf	 S,	 Bensalha	 I,	 Gorog	 DA.	 Antiplatelet	 resistance—does	 it	
exist and how to measure it? Clin Med Cardiol.	2009;3:CMC.S2159.	
https://doi.org/10.4137/CMC.S2159

	 26.	 Michos	 ED,	 Ardehali	 R,	 Blumenthal	 RS,	 Lange	 RA,	 Ardehali	 H.	
Aspirin	and	clopidogrel	resistance.	Mayo Clin Proc.	2006;81(4):518-
526. https://doi.org/10.4065/81.4.518

	 27.	 Maree	 AO,	 Fitzgerald	 DJ.	 Variable	 platelet	 response	 to	 aspi-
rin and clopidogrel in atherothrombotic disease. Circulation. 
2007;115(16):2196-2207.	 https://doi.org/10.1161/CIRCU	LATIO	
NAHA.106.675991

	 28.	 Lui	M,	 Gardiner	 EE,	 Arthur	 JF,	 et	 al.	 Novel	 stenotic	microchan-
nels to study thrombus formation in shear gradients: influence 
of	 shear	 forces	and	human	platelet-related	 factors.	 Int J Mol Sci. 
2019;20(12):2967.	https://doi.org/10.3390/ijms2	0122967

	 29.	 Casa	LDC,	Ku	DN.	Thrombus	formation	at	high	shear	rates.	Annu 
Rev Biomed Eng.	 2017;19(1):415-433.	 https://doi.org/10.1146/
annur	ev-bioen	g-07151	6-044539

	 30.	 Wang	M,	Hao	H,	Leeper	NJ,	Zhu	L.	Thrombotic	 regulation	 from	
the endothelial cell perspectives. Arterioscler Thromb Vasc Biol. 
2018;38(6).	https://doi.org/10.1161/ATVBA	HA.118.310367

	 31.	 Gurbel	 PA,	 Tantry	 US.	 Clopidogrel	 resistance?	 Thromb Res. 
2007;120(3):311-321.	 https://doi.org/10.1016/j.throm	
res.2006.08.012

	 32.	 Prisco	D,	Marcucci	R.	Antiplatelet	drug’s	resistance.	Open Atheroscler 
Thromb J.	2009;2(2):24-28.	https://doi.org/10.2174/18765	06800	
90202 0024

	 33.	 Cattaneo	M.	P2Y12	 receptors:	 structure	and	 function.	 J Thromb 
Haemost.	2015;13(S1):S10-S16.	https://doi.org/10.1111/jth.12952

	 34.	 Tanaka	KA,	Bader	SO,	Sturgil	EL.	Diagnosis	of	perioperative	co-
agulopathy—plasma	 versus	 whole	 blood	 testing.	 J Cardiothorac 
Vasc Anesth.	 2013;27(4):S9-S15.	 https://doi.org/10.1053/j.
jvca.2013.05.012

	 35.	 Rita	 Paniccia	 RP,	 Maggini	 RA.	 Assessment	 of	 platelet	 func-
tion:	 Laboratory	 and	 point-of-care	methods.	World J Transl Med. 
2014;3(2):69-83.	https://doi.org/10.5528/wjtm.v3.i2.69

	 36.	 Choi	 J-L,	 Li	 S,	Han	 J-Y.	 Platelet	 function	 tests:	 a	 review	of	 pro-
gresses in clinical application. BioMed Res Int.	 2014;2014:1-7.	
https://doi.org/10.1155/2014/456569

	 37.	 Hechler	B,	Dupuis	A,	Mangin	PH,	Gachet	C.	Platelet	preparation	
for function testing in the laboratory and clinic: Historical and 
practical aspects. Res Pract Thromb Haemost.	2019;3(4):615-625.	
https://doi.org/10.1002/rth2.12240

	 38.	 Baumgartner	HR,	Turitto	V,	Weiss	HJ.	Effect	of	shear	rate	on	plate-
let	interaction	with	subendothelium	in	citrated	and	native	blood.	II.	
Relationships	among	platelet	adhesion,	thrombus	dimensions,	and	
fibrin formation. J Lab Clin Med.	1980;95(2):208-221.

	 39.	 Gilman	 EA,	 Koch	CD,	 Santrach	 PJ,	 Schears	GJ,	 Karon	BS.	 Fresh	
and	citrated	whole-blood	specimens	can	produce	different	throm-
boelastography results in patients on extracorporeal membrane 
oxygenation. Am J Clin Pathol.	 2013;140(2):165-169.	 https://doi.
org/10.1309/AJCPY	IQ9JN	NSEN4Q

	 40.	 Silverberg	E,	Tornqvist	F,	Kander	T,	et	al.	Comparison	of	citrated	
and fresh whole blood for viscoelastic coagulation testing during 
elective neurosurgery. Thromb Res.	 2017;156:73-79.	 https://doi.
org/10.1016/j.throm res.2017.05.033

	 41.	 Grau	 AJ,	 Reiners	 S,	 Lichy	 C,	 Buggle	 F,	 Ruf	 A.	 Platelet	 function	
under	 aspirin,	 clopidogrel,	 and	 both	 after	 ischemic	 stroke:	 a	
case-crossover	 study.	 Stroke.	 2003;34(4):849-854.	 https://doi.
org/10.1161/01.STR.00000	64326.65899.AC

	 42.	 Tóth	O,	Calatzis	A,	Penz	S,	Losonczy	H,	Siess	W.	Multiple	electrode	
aggregometry:	A	 new	device	 to	measure	 platelet	 aggregation	 in	
whole blood. Thromb Haemost.	2006;96(12):781-788.	https://doi.
org/10.1160/TH06-05-0242

	 43.	 Mani	 H,	 Hellis	 M,	 Lindhoff-Last	 E.	 Platelet	 function	 testing	 in	
hirudin	 and	 BAPA	 anticoagulated	 blood.	 Clin Chem Lab Med. 
2010;49(3):501-507.	https://doi.org/10.1515/cclm.2011.074

	 44.	 Bagoly	Z,	Sarkady	F,	Magyar	T,	et	al.	Comparison	of	a	New	P2Y12	
Receptor	Specific	Platelet	Aggregation	Test	with	Other	Laboratory	
Methods	in	Stroke	Patients	on	Clopidogrel	Monotherapy.	PLoS One. 
2013;8(7):e69417.	https://doi.org/10.1371/journ	al.pone.0069417

	 45.	 Wijeyeratne	 YD,	 Heptinstall	 S.	 Anti-platelet	 therapy:	 ADP	 re-
ceptor	 antagonists:	 Anti-platelet	 therapy:	 ADP	 receptor	 an-
tagonists. Br J Clin Pharmacol.	 2011;72(4):647-657.	 https://doi.
org/10.1111/j.1365-2125.2011.03999.x

	 46.	 Labarthe	B,	Théroux	P,	Angioï	M,	Ghitescu	M.	Matching	the	evalu-
ation of the clinical efficacy of clopidogrel to platelet function tests 
relevant to the biological properties of the drug. J Am Coll Cardiol. 
2005;46(4):638-645.	https://doi.org/10.1016/j.jacc.2005.02.092

	 47.	 Linnemann	B,	Schwonberg	J,	Mani	H,	Prochnow	S,	Lindhoff-Last	
E.	Standardization	of	 light	transmittance	aggregometry	for	mon-
itoring antiplatelet therapy: an adjustment for platelet count is 
not necessary. J Thromb Haemost.	2008;6(4):677-683.	https://doi.
org/10.1111/j.1538-7836.2008.02891.x

	 48.	 Müller-Schunk	 S,	 Linn	 J,	 Peters	 N,	 et	 al.	 Monitoring	 of	 clopi-
dogrel-related	 platelet	 inhibition:	 correlation	 of	 nonresponse	
with	 clinical	 outcome	 in	 supra-aortic	 stenting.	Am J Neuroradiol. 
2008;29(4):786-791.	https://doi.org/10.3174/ajnr.A0917

	 49.	 Smock	KJ,	Saunders	PJ,	Rodgers	GM,	Johari	V.	Laboratory	evalu-
ation of clopidogrel responsiveness by platelet function and ge-
netic methods. Am J Hematol.	2011;86(12):1032-1034.	https://doi.
org/10.1002/ajh.22112

	 50.	 Mallouk	N,	Varvat	J,	Berger	A,	et	al.	Assessment	of	a	flow	cytometry	
technique	for	studying	signaling	pathways	in	platelets:	Monitoring	
of	 VASP	 phosphorylation	 in	 clinical	 samples.	 Pract Lab Med. 
2018;11:10-18.	https://doi.org/10.1016/j.plabm.2018.02.002

	 51.	 Godino	C,	Mendolicchio	L,	Figini	F,	et	al.	Comparison	of	VerifyNow-
P2Y12 test and Flow Cytometry for monitoring individual platelet 
response	to	clopidogrel.	What	is	the	cut-off	value	for	identifying	
patients who are low responders to clopidogrel therapy? Thromb J. 
2009;7(1):4.	https://doi.org/10.1186/1477-9560-7-4

	 52.	 Aleil	B,	Ravanat	C,	Cazenave	JP,	Rochoux	G,	Heitz	A,	Gachet	C.	
Flow	 cytometric	 analysis	 of	 intraplatelet	 VASP	 phosphorylation	
for the detection of clopidogrel resistance in patients with isch-
emic cardiovascular diseases. J Thromb Haemost.	2005;3(1):85-92.	
https://doi.org/10.1111/j.1538-7836.2004.01063.x

	 53.	 Ondondo	O,	Platelet	B.	Function	 testing	 for	 cardiac	 surgery	pa-
tients	on	antiplatelet	therapy:	the	extreme	variability	of	point-of-
care tests. Biomed Pharmacol J.	 2018;11(2):593-607.	 https://doi.
org/10.13005/ bpj/1412

	 54.	 Gorog	DA,	Becker	RC.	Point-of-care	platelet	function	tests:	relevance	
to arterial thrombosis and opportunities for improvement. J Thromb 
Thrombolysis.	2020.	https://doi.org/10.1007/s1123	9-020-02170	-z

	 55.	 Lier	 H,	 Vorweg	M,	 Hanke	 A,	 Görlinger	 K.	 Thromboelastometry	
guided therapy of severe bleeding: Essener Runde algorithm. 
Hämostaseologie.	 2013;33(1):51-61.	 https://doi.org/10.5482/
HAMO-12-05-0011

https://doi.org/10.1161/01.CIR.0000072771.11429.83
https://doi.org/10.1161/01.CIR.0000072771.11429.83
https://doi.org/10.1016/j.ehj.2004.07.036
https://doi.org/10.1016/j.ehj.2004.07.036
https://doi.org/10.1373/clinchem.2005.059535
https://doi.org/10.1373/clinchem.2005.059535
https://doi.org/10.4137/CMC.S2159
https://doi.org/10.4065/81.4.518
https://doi.org/10.1161/CIRCULATIONAHA.106.675991
https://doi.org/10.1161/CIRCULATIONAHA.106.675991
https://doi.org/10.3390/ijms20122967
https://doi.org/10.1146/annurev-bioeng-071516-044539
https://doi.org/10.1146/annurev-bioeng-071516-044539
https://doi.org/10.1161/ATVBAHA.118.310367
https://doi.org/10.1016/j.thromres.2006.08.012
https://doi.org/10.1016/j.thromres.2006.08.012
https://doi.org/10.2174/1876506800902020024
https://doi.org/10.2174/1876506800902020024
https://doi.org/10.1111/jth.12952
https://doi.org/10.1053/j.jvca.2013.05.012
https://doi.org/10.1053/j.jvca.2013.05.012
https://doi.org/10.5528/wjtm.v3.i2.69
https://doi.org/10.1155/2014/456569
https://doi.org/10.1002/rth2.12240
https://doi.org/10.1309/AJCPYIQ9JNNSEN4Q
https://doi.org/10.1309/AJCPYIQ9JNNSEN4Q
https://doi.org/10.1016/j.thromres.2017.05.033
https://doi.org/10.1016/j.thromres.2017.05.033
https://doi.org/10.1161/01.STR.0000064326.65899.AC
https://doi.org/10.1161/01.STR.0000064326.65899.AC
https://doi.org/10.1160/TH06-05-0242
https://doi.org/10.1160/TH06-05-0242
https://doi.org/10.1515/cclm.2011.074
https://doi.org/10.1371/journal.pone.0069417
https://doi.org/10.1111/j.1365-2125.2011.03999.x
https://doi.org/10.1111/j.1365-2125.2011.03999.x
https://doi.org/10.1016/j.jacc.2005.02.092
https://doi.org/10.1111/j.1538-7836.2008.02891.x
https://doi.org/10.1111/j.1538-7836.2008.02891.x
https://doi.org/10.3174/ajnr.A0917
https://doi.org/10.1002/ajh.22112
https://doi.org/10.1002/ajh.22112
https://doi.org/10.1016/j.plabm.2018.02.002
https://doi.org/10.1186/1477-9560-7-4
https://doi.org/10.1111/j.1538-7836.2004.01063.x
https://doi.org/10.13005/bpj/1412
https://doi.org/10.13005/bpj/1412
https://doi.org/10.1007/s11239-020-02170-z
https://doi.org/10.5482/HAMO-12-05-0011
https://doi.org/10.5482/HAMO-12-05-0011


16 of 19  |     ALVITIGALA eT AL.

	 56.	 Görlinger	 K,	 Dirkmann	 D,	 Hanke	 AA.	 Rotational	 thromboelas-
tometry	 (ROTEM®).	 In:	 Gonzalez	 E,	 Moore	 HB,	Moore	 EE,	 eds.	
Trauma Induced Coagulopathy.	 Springer	 International	 Publishing;	
2016:267-298.	https://doi.org/10.1007/978-3-319-28308	-1_18

	 57.	 Samoš	 M,	 Stančiaková	 L,	 Duraj	 L,	 et	 al.	 Monitoring	 the	 hemo-
stasis with rotation thromboelastometry in patients with acute 
STEMI	 on	 dual	 antiplatelet	 therapy:	 First	 experiences.	Medicine. 
2017;96(6):e6045.	 https://doi.org/10.1097/MD.00000	00000	
006045

	 58.	 Tanaka	KA,	Bolliger	D,	Vadlamudi	R,	Nimmo	A.	Rotational	 throm-
boelastometry	 (ROTEM)-based	 coagulation	 management	 in	
cardiac surgery and major trauma. J Cardiothorac Vasc Anesth. 
2012;26(6):1083-1093.	https://doi.org/10.1053/j.jvca.2012.06.015

	 59.	 Theusinger	 OM,	 Nürnberg	 J,	 Asmis	 LM,	 Seifert	 B,	 Spahn	 DR.	
Rotation	 thromboelastometry	 (ROTEM®)	 stability	 and	 reproduc-
ibility over time☆. Eur J Cardiothorac Surg.	 2010;37(3):677-683.	
https://doi.org/10.1016/j.ejcts.2009.07.038

	 60.	 Bhardwaj	 V,	 Kapoor	 PM.	 Platelet	 aggregometry	 interpretation	
using	 rotem—part-II.	 Ann Card Anaesth.	 2016;19(4):584-586.	
https://doi.org/10.4103/0971-9784.191559

	 61.	 Shaydakov	ME,	Sigmon	DF,	Blebea	J.	Thromboelastography (TEG). 
Treasure	 Island,	 FL:	 StatPearls	 Publishing;	 2020.	 https://www.
ncbi.nlm.nih.gov/books/	NBK53	7061/

	 62.	 Munther	K,	Homoud	MD.	Coronary Artery Disease Tufts.	Boston,	
MA:	New	England	Medical	Center;	2008.

	 63.	 Jeong	Y-H,	Bliden	KP,	Antonino	MJ,	Park	K-S,	Tantry	US,	Gurbel	
PA.	Usefulness	of	the	VerifyNow	P2Y12	assay	to	evaluate	the	an-
tiplatelet effects of ticagrelor and clopidogrel therapies. Am Heart 
J.	2012;164(1):35-42.	https://doi.org/10.1016/j.ahj.2012.03.022

	 64.	 Agarwal	S,	Coakely	M,	Reddy	K,	Riddell	A,	Mallett	S.	Quantifying	the	
effect of antiplatelet therapy: a comparison of the platelet function 
analyzer	(PFA-100®)	and	modified	thromboelastography	(mTEG®)	
with light transmission platelet aggregometry. Anesthesiology. 
2006;105(4):676-683.	 https://doi.org/10.1097/00000	542-20061	
0000-00011

	 65.	 Benzon	 HT,	 McCarthy	 RJ,	 Benzon	 HA,	 et	 al.	 Determination	 of	
residual antiplatelet activity of clopidogrel before neuraxial injec-
tions. Br J Anaesth.	2011;107(6):966-971.	https://doi.org/10.1093/
bja/aer298

	 66.	 Harrison	 P,	 Lordkipanidzé	 M.	 Testing	 platelet	 function.	
Hematol Oncol Clin North Am.	 2013;27(3):411-441.	 https://doi.
org/10.1016/j.hoc.2013.03.003

	 67.	 Gorog	DA,	Fuster	V.	Platelet	function	tests	in	clinical	cardiology.	J 
Am Coll Cardiol.	2013;61(21):2115-2129.	https://doi.org/10.1016/j.
jacc.2012.11.080

	 68.	 Platelet	function	testing:	PFA-100.	https://pract	ical-haemo	stasis.
com/Plate	lets/pfa.html.	Accessed	August	16,	2020

	 69.	 Kong	R,	Trimmings	A,	Hutchinson	N,	et	al.	Consensus	recommen-
dations	for	using	the	Multiplate® for platelet function monitoring 
before cardiac surgery. Int J Lab Hematol.	 2015;37(2):143-147.	
https://doi.org/10.1111/ijlh.12279

	 70.	 Paniccia	R,	Antonucci	E,	Maggini	N,	et	al.	Assessment	of	platelet	
function on whole blood by multiple electrode aggregometry in 
high-risk	 patients	 with	 coronary	 artery	 disease	 receiving	 anti-
platelet therapy. Am J Clin Pathol.	 2009;131(6):834-842.	https://
doi.org/10.1309/AJCPT	E3K1S	GAPOIZ

	 71.	 van	Werkum	JW,	Hackeng	CM,	de	Korte	FI,	Verheugt	FWA,	ten	
Berg	 JM.	 Point-of-care	 platelet	 function	 testing	 in	 patients	 un-
dergoing	 PCI:	 between	 a	 rock	 and	 a	 hard	 place.	 Neth Heart J. 
2007;15(9):299-305.	https://doi.org/10.1007/BF030	86004

	 72.	 Plateletworks	POC	platelet	function	test:	SPEP	test:	Helena.com.	
https://www.helena.com/plate	letwo	rks.html.	 Accessed	 August	
16,	2020

	 73.	 Campbell	J,	Ridgway	H,	Carville	D.	Plateletworks®. Mol Diagn Ther. 
2008;12(4):253-258.	https://doi.org/10.1007/BF032	56290

	 74.	 Breet	NJ,	van	Werkum	JW,	Bouman	HJ,	et	al.	Comparison	of	plate-
let function tests in predicting clinical outcome in patients under-
going coronary stent implantation. JAMA.	 2010;303(8):754-762.	
https://doi.org/10.1001/jama.2010.181

	 75.	 Dalén	M,	van	der	Linden	J,	Lindvall	G,	Ivert	T.	Correlation	between	
point-of-care	platelet	function	testing	and	bleeding	after	coronary	
artery surgery. Scand Cardiovasc J.	2012;46(1):32-38.	https://doi.
org/10.3109/14017 431.2011.629677

	 76.	 Koltai	 K,	 Kesmarky	 G,	 Feher	 G,	 Tibold	 A,	 Toth	 K.	 Platelet	 ag-
gregometry	 testing:	 molecular	 mechanisms,	 techniques	 and	
clinical implications. Int J Mol Sci.	 2017;18(8):1803.	 https://doi.
org/10.3390/ijms1 8081803

	 77.	 Malviya	 R,	 Bansal	 V,	 Pal	OP,	 Sharma	 PK.	High	 performance	 liq-
uid chromatography: a short review. J Glob Pharma Technol. 
2010;2(5):22-26.

	 78.	 Karaźniewicz-Łada	M,	Danielak	D,	Burchardt	P,	et	al.	Clinical	phar-
macokinetics of clopidogrel and its metabolites in patients with 
cardiovascular diseases. Clin Pharmacokinet.	 2014;53(2):155-164.	
https://doi.org/10.1007/s4026	2-013-0105-2

	 79.	 ElTantawy	 ME,	 Bebawy	 LI,	 Shokry	 RF.	 Chromatographic	 de-
termination	 of	 clopidogrel	 bisulfate;	 detection	 and	 quan-
tification of counterfeit Plavix® tablets. Bull Fac Pharm 
Cairo Univ.	 2014;52(1):91-101.	 https://doi.org/10.1016/j.
bfopcu.2014.04.003

	 80.	 Anuta	V,	Sarbu	 I,	Mircioiu	 I,	Velescu	BS.	Development	of	 a	new	
HPLC	method	for	simultaneous	determination	of	clopidogrel	and	
its major metabolite using a chemometric approach. Curr Health Sci 
J.	2015;41(1):11.

	 81.	 Tuffal	G,	Roy	S,	Lavisse	M,	et	al.	An	improved	method	for	specific	
and	quantitative	determination	of	the	clopidogrel	active	metabolite	
isomers in human plasma. Thromb Haemost.	2011;105(4):696-705.

	 82.	 Vocilkova	L,	Opatrilova	R,	Sramek	V.	Determination	of	clopidogrel	
by chromatography. Curr Pharm Anal.	2009;5(4):424-431.	https://
doi.org/10.2174/15734 12097 89649131

	 83.	 Croitoru	 O,	 Spiridon	 A-M,	 Belu	 I,	 Turcu-Ştiolică	 A,	 Neamţu	 J.	
Development and validation of an hplc method for simultaneous 
quantification	of	clopidogrel	bisulfate,	 its	carboxylic	acid	metab-
olite,	and	atorvastatin	in	human	plasma:	application	to	a	pharma-
cokinetic study. J Anal Methods Chem.	2015;2015:1-12.	https://doi.
org/10.1155/2015/892470

	 84.	 Kazui	M,	Nishiya	Y,	 Ishizuka	T,	et	al.	 Identification	of	 the	human	
cytochrome	 P450	 enzymes	 involved	 in	 the	 two	 oxidative	 steps	
in the bioactivation of clopidogrel to its pharmacologically ac-
tive metabolite. Drug Metab Dispos.	2010;38(1):92-99.	https://doi.
org/10.1124/dmd.109.029132

	 85.	 Pereira	NL,	Geske	JB,	Mayr	M,	Shah	SH,	Rihal	CS.	Pharmacogenetics 
of Clopidogrel.	Dallas,	TX:	American	Heart	Association,	Inc.;	2016.

	 86.	 Amin	 AM,	 Sheau	 Chin	 L,	 Azri	 Mohamed	 Noor	 D,	 Abdul	 Kader	
MASK,	Kah	Hay	Y,	 Ibrahim	B.	The	personalization	of	clopidogrel	
antiplatelet therapy: the role of integrative pharmacogenetics 
and pharmacometabolomics. Cardiol Res Pract.	 2017;2017:1-17.	
https://doi.org/10.1155/2017/8062796

	 87.	 Shahin	 MHA,	 Johnson	 JA.	 Clopidogrel	 and	 warfarin	 pharmaco-
genetic tests: what is the evidence for use in clinical practice? 
Curr Opin Cardiol.	 2013;28(3):305-314.	 https://doi.org/10.1097/
HCO.0b013	e3283	5f0bbc

	 88.	 Park	JJ,	Park	KW,	Kang	J,	et	al.	Genetic	determinants	of	clopido-
grel	 responsiveness	 in	Koreans	 treated	with	drug-eluting	 stents.	
Int J Cardiol.	 2013;163(1):79-86.	 https://doi.org/10.1016/j.
ijcard.2012.09.075

	 89.	 Sim	S,	Risinger	C,	Dahl	M,	et	al.	A	common	novel	CYP2C19	gene	
variant causes ultrarapid drug metabolism relevant for the drug 
response to proton pump inhibitors and antidepressants. Clin 
Pharmacol Ther.	 2006;79(1):103-113.	 https://doi.org/10.1016/j.
clpt.2005.10.002

https://doi.org/10.1007/978-3-319-28308-1_18
https://doi.org/10.1097/MD.0000000000006045
https://doi.org/10.1097/MD.0000000000006045
https://doi.org/10.1053/j.jvca.2012.06.015
https://doi.org/10.1016/j.ejcts.2009.07.038
https://doi.org/10.4103/0971-9784.191559
https://www.ncbi.nlm.nih.gov/books/NBK537061/
https://www.ncbi.nlm.nih.gov/books/NBK537061/
https://doi.org/10.1016/j.ahj.2012.03.022
https://doi.org/10.1097/00000542-200610000-00011
https://doi.org/10.1097/00000542-200610000-00011
https://doi.org/10.1093/bja/aer298
https://doi.org/10.1093/bja/aer298
https://doi.org/10.1016/j.hoc.2013.03.003
https://doi.org/10.1016/j.hoc.2013.03.003
https://doi.org/10.1016/j.jacc.2012.11.080
https://doi.org/10.1016/j.jacc.2012.11.080
https://practical-haemostasis.com/Platelets/pfa.html
https://practical-haemostasis.com/Platelets/pfa.html
https://doi.org/10.1111/ijlh.12279
https://doi.org/10.1309/AJCPTE3K1SGAPOIZ
https://doi.org/10.1309/AJCPTE3K1SGAPOIZ
https://doi.org/10.1007/BF03086004
https://www.helena.com/plateletworks.html
https://doi.org/10.1007/BF03256290
https://doi.org/10.1001/jama.2010.181
https://doi.org/10.3109/14017431.2011.629677
https://doi.org/10.3109/14017431.2011.629677
https://doi.org/10.3390/ijms18081803
https://doi.org/10.3390/ijms18081803
https://doi.org/10.1007/s40262-013-0105-2
https://doi.org/10.1016/j.bfopcu.2014.04.003
https://doi.org/10.1016/j.bfopcu.2014.04.003
https://doi.org/10.2174/157341209789649131
https://doi.org/10.2174/157341209789649131
https://doi.org/10.1155/2015/892470
https://doi.org/10.1155/2015/892470
https://doi.org/10.1124/dmd.109.029132
https://doi.org/10.1124/dmd.109.029132
https://doi.org/10.1155/2017/8062796
https://doi.org/10.1097/HCO.0b013e32835f0bbc
https://doi.org/10.1097/HCO.0b013e32835f0bbc
https://doi.org/10.1016/j.ijcard.2012.09.075
https://doi.org/10.1016/j.ijcard.2012.09.075
https://doi.org/10.1016/j.clpt.2005.10.002
https://doi.org/10.1016/j.clpt.2005.10.002


     |  17 of 19ALVITIGALA eT AL.

	 90.	 Su	J,	Xu	J,	Li	X,	et	al.	ABCB1	C3435T	polymorphism	and	response	
to	 clopidogrel	 treatment	 in	 coronary	 artery	 disease	 (CAD)	 pa-
tients:	 a	 meta-analysis.	 PLoS One. 2012;7:e46366. https://doi.
org/10.1371/journ al.pone.0046366

	 91.	 Lewis	 JP,	 Horenstein	 RB,	 Ryan	 K,	 et	 al.	 The	 functional	 G143E	
variant of carboxylesterase 1 is associated with increased clopi-
dogrel active metabolite levels and greater clopidogrel response. 
Pharmacogenet Genomics.	2013;23(1):1-8.	https://doi.org/10.1097/
FPC.0b013 e3283 5aa8a2

	 92.	 Bouman	 HJ,	 Schömig	 E,	 van	Werkum	 JW,	 et	 al.	 Paraoxonase-1	
is a major determinant of clopidogrel efficacy. Nat Med. 
2011;17(1):110-116.	https://doi.org/10.1038/nm.2281

	 93.	 Staritz	 P,	 Kurz	 K,	 Stoll	 M,	 Giannitsis	 E,	 Katus	 HA,	 Ivandic	 BT.	
Platelet reactivity and clopidogrel resistance are associated 
with	 the	 H2	 haplotype	 of	 the	 P2Y12-ADP	 receptor	 gene.	 Int 
J Cardiol.	 2009;133(3):341-345.	 https://doi.org/10.1016/j.
ijcard.2007.12.118

	 94.	 Ma	TKW,	Lam	Y-Y,	Tan	VP,	Yan	BP.	Variability	in	response	to	clopido-
grel: how important are pharmacogenetics and drug interactions?: 
Clopidogrel response variability. Br J Clin Pharmacol.	2011;72(4):697-
706.	https://doi.org/10.1111/j.1365-2125.2011.03949.x

	 95.	 Gladding	 P,	White	H,	 Voss	 J,	 et	 al.	 Pharmacogenetic	 testing	 for	
clopidogrel	 using	 the	 rapid	 INFINITI	 analyzer.	 JACC Cardiovasc 
Interv.	 2009;2(11):1095-1101.	 https://doi.org/10.1016/j.
jcin.2009.08.018

	 96.	 Saracini	 C,	 Vestrini	 A,	 Galora	 S,	 Armillis	 A,	 Abbate	 R,	 Giusti	
B. Pharmacogenetics of clopidogrel: comparison between a 
standard and a rapid genetic testing. Genet Test Mol Biomark. 
2012;16(6):500-503.	https://doi.org/10.1089/gtmb.2011.0259

	 97.	 Lenk	 E,	 Spannagl	M.	Platelet Function Testing-Guided Antiplatelet 
Therapy	(Vol	24,	3edn);	2014:	90	.	https://www.ncbi.nlm.nih.gov/
pmc/artic	les/PMC49	75182/.

	 98.	 Lordkipanidzé	M,	Pharand	C,	Palisaitis	DA,	Schampaert	E,	Diodati	
JG.	Insights	into	the	interpretation	of	light	transmission	aggregom-
etry for evaluation of platelet aggregation inhibition by clopido-
grel. Thromb Res.	2009;124(5):546-553.	https://doi.org/10.1016/j.
throm res.2009.04.003

	 99.	 Lordkipanidze	M,	Pharand	C,	Nguyen	TA,	Schampaert	E,	Palisaitis	
DA,	Diodati	 JG.	Comparison	of	 four	 tests	 to	assess	 inhibition	of	
platelet function by clopidogrel in stable coronary artery dis-
ease patients. Eur Heart J.	 2008;29(23):2877-2885.	 https://doi.
org/10.1093/eurhe artj/ehn419

	100.	 Dorman	BH,	Spinale	FG,	Bailey	MK,	aatz	JM,	Roy	RC.	Identification	
of patients at risk for excessive blood loss during coronary artery 
bypass surgery: thromboelastograph versus coagulation screen. 
Anesth Analg.	1993;76(4):694-700.

	101.	 Dietrich	GV,	Schueck	R,	Menges	T,	Kiesenbauer	NP,	Fruehauf	A-C,	
Marquardt	 I.	Comparison	of	 four	methods	for	 the	determination	
of platelet function in whole blood in cardiac surgery. Thromb Res. 
1998;89(6):295-301.

	102.	 Ti	 LK,	 Cheong	 K-F,	 Chen	 F-G.	 Prediction	 of	 excessive	 bleeding	
after coronary artery bypass graft surgery: the influence of tim-
ing and heparinase on thromboelastography. J Cardiothorac Vasc 
Anesth.	2002;16(5):545-550.

	103.	 Preisman	S,	Kogan	A,	Itzkovsky	K,	Leikin	G,	Raanani	E.	Modified	
thromboelastography evaluation of platelet dysfunction in pa-
tients undergoing coronary artery surgery. Eur J Cardiothorac Surg. 
2010;37(6):1367-1374.

	104.	 Kwak	Y-L,	Kim	J-C,	Choi	Y-S,	Yoo	K-J,	Song	Y,	Shim	J-K.	Clopidogrel	
responsiveness regardless of the discontinuation date predicts 
increased	 blood	 loss	 and	 transfusion	 requirement	 after	 off-
pump coronary artery bypass graft surgery. J Am Coll Cardiol. 
2010;56(24):1994-2002.

	105.	 Corredor	 C,	 Wasowicz	 M,	 Karkouti	 K,	 Sharma	 V.	 The	 role	 of	
point-of-care	platelet	function	testing	in	predicting	postoperative	

bleeding following cardiac surgery: a systematic review and me-
ta-analysis.	Anaesthesia.	2015;70(6):715-731.

	106.	 Ito	Y,	Ohno	K,	Morikawa	Y,	Tomizawa	A,	Mizuno	M,	Sugidachi	
A.	 Vasodilator-stimulated	 phosphoprotein	 (VASP)	 is	 not	 a	
major	 mediator	 of	 platelet	 aggregation,	 thrombogenesis,	 hae-
mostasis,	 and	 antiplatelet	 effect	 of	 prasugrel	 in	 rats.	 Sci Rep. 
2018;8(1):1-11.

	107.	 Fedor	 M,	 Simonova	 R,	 Fedorova	 J,	 et	 al.	 Role	 of	 VASP	 phos-
phorylation assay in monitoring the antiplatelet therapy. 
Acta Med Martin.	 2013;13(1):21-26.	 https://doi.org/10.2478/
acm-2013-0008

	108.	 Ibrahim	 O,	 Oteh	 M,	 Syukur	 A,	 Hh	 CH,	 W	 SF,	 Rahman	 MM.	
Evaluation of aspirin and clopidogrel resistance in patients with 
acute coronary syndrome by using adenosine diposphate test and 
aspirin test. Pak J Med Sci.	2012;29(1).	https://doi.org/10.12669/	
pjms.291.2820

 109. Rade JJ. Platelet function testing in patients with coronary artery 
disease: is the who and the when any clearer than the what and 
the what then? Circulation.	2012;125(25):3073-3075.	https://doi.
org/10.1161/CIRCU	LATIO	NAHA.112.112094

	110.	 Mueller	T,	Dieplinger	B,	Poelz	W,	Haltmayer	M.	Utility	of	the	PFA-
100	instrument	and	the	novel	multiplate	analyzer	for	the	assessment	
of aspirin and clopidogrel effects on platelet function in patients 
with cardiovascular disease. Clin Appl Thromb.	2009;15(6):652-659.	
https://doi.org/10.1177/10760 29608 322547

	111.	 Janse	van	Rensburg	WJ,	van	der	Merwe	P.	Comparison	of	com-
mercially available blood collection tubes containing sodium 
citrate and hirudin in platelet aggregation testing. Med Sci 
Monit Basic Res.	 2017;23:264-269.	 https://doi.org/10.12659/	
MSMBR.905246

	112.	 Linnemann	B,	Schwonberg	J,	Rechner	AR,	Mani	H,	Lindhoff-Last	
E.	Assessment	of	clopidogrel	non-response	by	the	PFA-100® sys-
tem	 using	 the	 new	 test	 cartridge	 INNOVANCE®	 PFA	 P2Y.	 Ann 
Hematol.	 2010;89(6):597-605.	 https://doi.org/10.1007/s0027	
7-009-0881-9

	113.	 Kweon	OJ,	Lim	YK,	Kim	B,	Lee	M-K,	Kim	HR.	Effectiveness	of	plate-
let	function	analyzer-100	for	laboratory	detection	of	anti-platelet	
drug-induced	 platelet	 dysfunction.	 Ann Lab Med.	 2019;39(1):23.	
https://doi.org/10.3343/alm.2019.39.1.23

	114.	 Plášek	 J,	 Homza	 M,	 Gumulec	 J,	 Ryzí	 M,	 Stančík	 R,	 Šipula	 D.	
Resistance to antiplatelet treatment: the clinical relevance of 
platelet function assays. Cor Vasa.	 2012;54(9–10):e305-e313.	
https://doi.org/10.1016/j.crvasa.2012.08.003

	115.	 Sibbing	D,	Braun	S,	Jawansky	S,	et	al.	Assessment	of	ADP-induced	
platelet aggregation with light transmission aggregometry and 
multiple electrode platelet aggregometry before and after clopi-
dogrel treatment. Thromb Haemost.	2008;99(01):121-126.	https://
doi.org/10.1160/TH07-07-0478

	116.	 Jiang	 X-L,	 Samant	 S,	 Lesko	 LJ,	 Schmidt	 S.	 Clinical	 pharmacoki-
netics and pharmacodynamics of clopidogrel. Clin Pharmacokinet. 
2015;54(2):147-166.	 https://doi.org/10.1007/s4026	
2-014-0230-6

	117.	 Bouman	HJ,	Parlak	E,	Van	werkum	JW,	et	al.	Which	platelet	func-
tion	 test	 is	 suitable	 to	 monitor	 clopidogrel	 responsiveness?	 A	
pharmacokinetic analysis on the active metabolite of clopidogrel. J 
Thromb Haemost.	2010;8(3):482-488.

	118.	 Collet	J-P.	Current	concepts	in	the	clinical	utility	of	platelet	reac-
tivity testing. Interv Cardiol Rev.	 2013;8(2):100-106.	 https://doi.
org/10.15420/ icr.2013.8.2.100

	119.	 Hussein	HM,	Emiru	T,	Georgiadis	AL,	Qureshi	AI.	Assessment	of	
platelet	 inhibition	 by	 point-of-care	 testing	 in	 neuroendovascular	
procedures. Am J Neuroradiol.	 2013;34(4):700-706.	 https://doi.
org/10.3174/ajnr.A2963

	120.	 Lordkipanidzé	M,	Pharand	C,	Schampaert	E,	Turgeon	J,	Palisaitis	
DA,	Diodati	JG.	A	comparison	of	six	major	platelet	function	tests	to	

https://doi.org/10.1371/journal.pone.0046366
https://doi.org/10.1371/journal.pone.0046366
https://doi.org/10.1097/FPC.0b013e32835aa8a2
https://doi.org/10.1097/FPC.0b013e32835aa8a2
https://doi.org/10.1038/nm.2281
https://doi.org/10.1016/j.ijcard.2007.12.118
https://doi.org/10.1016/j.ijcard.2007.12.118
https://doi.org/10.1111/j.1365-2125.2011.03949.x
https://doi.org/10.1016/j.jcin.2009.08.018
https://doi.org/10.1016/j.jcin.2009.08.018
https://doi.org/10.1089/gtmb.2011.0259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4975182/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4975182/
https://doi.org/10.1016/j.thromres.2009.04.003
https://doi.org/10.1016/j.thromres.2009.04.003
https://doi.org/10.1093/eurheartj/ehn419
https://doi.org/10.1093/eurheartj/ehn419
https://doi.org/10.2478/acm-2013-0008
https://doi.org/10.2478/acm-2013-0008
https://doi.org/10.12669/pjms.291.2820
https://doi.org/10.12669/pjms.291.2820
https://doi.org/10.1161/CIRCULATIONAHA.112.112094
https://doi.org/10.1161/CIRCULATIONAHA.112.112094
https://doi.org/10.1177/1076029608322547
https://doi.org/10.12659/MSMBR.905246
https://doi.org/10.12659/MSMBR.905246
https://doi.org/10.1007/s00277-009-0881-9
https://doi.org/10.1007/s00277-009-0881-9
https://doi.org/10.3343/alm.2019.39.1.23
https://doi.org/10.1016/j.crvasa.2012.08.003
https://doi.org/10.1160/TH07-07-0478
https://doi.org/10.1160/TH07-07-0478
https://doi.org/10.1007/s40262-014-0230-6
https://doi.org/10.1007/s40262-014-0230-6
https://doi.org/10.15420/icr.2013.8.2.100
https://doi.org/10.15420/icr.2013.8.2.100
https://doi.org/10.3174/ajnr.A2963
https://doi.org/10.3174/ajnr.A2963


18 of 19  |     ALVITIGALA eT AL.

determine the prevalence of aspirin resistance in patients with sta-
ble coronary artery disease. Eur Heart J.	2007;28(14):1702-1708.

	121.	 Michelson	AD.	Antiplatelet	therapies	for	the	treatment	of	cardio-
vascular disease. Nat Rev Drug Discov.	2010;9(2):154-169.	https://
doi.org/10.1038/nrd2957

	122.	 Al	Shamiri	MQ,	Abdel	Gader	AM,	Bayoumy	NM.	Comparing	light	
transmission	 aggregometry	 and	 PFA100	 for	 monitoring	 anti-
platelet therapy in patients with coronary heart disease. J Taibah 
Univ Med Sci.	 2016;11(5):478-484.	 https://doi.org/10.1016/j.
jtumed.2016.08.002

	123.	 Sambu	N,	Curzen	N.	Monitoring	the	effectiveness	of	antiplatelet	
therapy: opportunities and limitations: monitoring the effective-
ness of antiplatelet therapy. Br J Clin Pharmacol.	2011;72(4):683-
696.	https://doi.org/10.1111/j.1365-2125.2011.03955.x

	124.	 Paniccia	R,	Priora	R,	Alessandrello	 Liotta	A,	Abbate	R.	 .	 Platelet	
function tests: a comparative review. Vasc Health Risk Manag. 
2015:133.	https://doi.org/10.2147/VHRM.S44469

	125.	 Geiger	Jörg,	Teichmann	L,	Grossmann	R,	et	al.	Monitoring	of	clopi-
dogrel action: comparison of methods. Clin Chem.	2005;51(6):957-
965. https://doi.org/10.1373/clinc hem.2004.047050

	126.	 Karon	BS,	Tolan	NV,	Koch	CD,	et	al.	Precision	and	reliability	of	5	
platelet function tests in healthy volunteers and donors on daily 
antiplatelet agent therapy. Clin Chem.	 2014;60(12):1524-1531.	
https://doi.org/10.1373/clinc hem.2014.226332

	127.	 Bonello	L,	Tantry	US,	Marcucci	R,	et	al.	Consensus	and	future	di-
rections	on	the	definition	of	high	on-treatment	platelet	reactivity	
to adenosine diphosphate. J Am Coll Cardiol.	2010;56(12):919-933.	
https://doi.org/10.1016/j.jacc.2010.04.047

	128.	 Brar	SS,	ten	Berg	J,	Marcucci	R,	et	al.	Impact	of	platelet	reactivity	
on clinical outcomes after percutaneous coronary intervention: a 
collaborative	meta-analysis	of	individual	participant	data.	J Am Coll 
Cardiol.	2011;58(19):1945-1954.

	129.	 Gonzalez	E,	Moore	HB,	Moore	EE.	Trauma Induced Coagulopathy. 
Berlin: Springer; 2016.

	130.	 Gorog	 DA,	 Sweeny	 JM,	 Fuster	 V.	 Antiplatelet	 drug	 'resistance’.	
Part	2:	laboratory	resistance	to	antiplatelet	drugs—fact	or	artifact?	
Nat Rev Cardiol.	2009;6(5):365.

	131.	 Pencina	 MJ,	 D’Agostino	 RB	 Sr,	 D’Agostino	 RB	 Jr,	 Vasan	 RS.	
Evaluating the added predictive ability of a new marker: from area 
under	 the	 ROC	 curve	 to	 reclassification	 and	 beyond.	 Stat Med. 
2008;27(2):157-172.

	132.	 Guyer	KE.	The	present	state	of	aspirin	and	clopidogrel	resistance.	
Hämostaseologie.	2009;29(3):285-290.

How to cite this article:	Alvitigala	BY,	Gooneratne	LV,	
Constantine	GR,	Wijesinghe	RANK,	Arawwawala	LDAM.	
Pharmacokinetic,	pharmacodynamic,	and	pharmacogenetic	
assays to monitor clopidogrel therapy. Pharmacol Res 
Perspect. 2020;e00686. https://doi.org/10.1002/prp2.686

https://doi.org/10.1038/nrd2957
https://doi.org/10.1038/nrd2957
https://doi.org/10.1016/j.jtumed.2016.08.002
https://doi.org/10.1016/j.jtumed.2016.08.002
https://doi.org/10.1111/j.1365-2125.2011.03955.x
https://doi.org/10.2147/VHRM.S44469
https://doi.org/10.1373/clinchem.2004.047050
https://doi.org/10.1373/clinchem.2014.226332
https://doi.org/10.1016/j.jacc.2010.04.047
https://doi.org/10.1002/prp2.686

