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ABSTRACT 

Background:  Ischemic stroke is a leading cause of disability and mortality in the US.  

Studies in twins and families suggest that ischemic stroke is genetically controlled; 

however, the genetic determinants remain largely unknown.  One mechanism through 

which genes might influence stroke susceptibility is through their effects on platelet 

function.  Antiplatelet medications have been shown effective in reducing the risk of 

ischemic stroke and several studies have shown platelet aggregation traits to be heritable.  

Therefore, we sought to identify loci associated with platelet aggregation and test them 

for association with ischemic stroke. 

Methods:  Using data from two genetic studies of platelet aggregation in the Amish, we 

performed principal components analyses to reduce the dimensionality of the data into a 

smaller number of phenotypes.  We assessed the properties of resulting components by 

identifying their correlates, estimated the genetic contributions to each and assessed 

evidence for pleiotropy among them.  We then performed genetic association analyses on 

resulting traits to identify associated loci.  Top loci were then tested for association with 

ischemic stroke using a case control study in young adults.   

Results:  Platelet aggregation traits were reduced to three principal components in our 

first Amish study and one component in the second study.  All were heritable and the first 

and third components showed evidence for pleiotropy in our first Amish study (rgenetic=-

0.45).  Previously identified covariates were also associated with our principal 

components.  At the genome-wide α level of significance, three SNPs were significantly 

associated with the third principal component (rs12618009 p=5.0 x 10
-

9
; rs1527075 p=5.9 x 10

-8;
 rs1684918 p=7.0 x 10

-8
).  The first component was also 



 

 

associated with rs12041331 (PEAR1) (p=0.002) in the first Amish study.  Of the SNPs 

tested for association with ischemic stroke, rs12041331 was significantly associated with 

large artery ischemic stroke (OR=2.04, 95% CI=1.28-3.23).   

Conclusions:  One strategy for identifying stroke susceptibility genes is to study 

intermediate phenotypes.  Using this approach we created novel platelet aggregation traits 

using principal components analysis and identified several associated loci.  When tested 

for association with ischemic stroke, rs12041331 was significantly associated with large 

artery ischemic stroke.   
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I. SPECIFIC AIMS 

 Stroke is a leading cause of death and disability in the United States and 

worldwide. In the United States, ischemic stroke accounts for 87% of all strokes
1
. 

Although familial aggregation and twin studies implicate a clear role for genetic factors, 

particularly for early-onset ischemic stroke, the determinants of ischemic stroke at the 

molecular level remain largely unknown. One mechanism through which genes might 

influence ischemic stroke susceptibility is through their effects on hemostasis, and/or 

platelet function. This study utilized data available from three exquisitely characterized 

cohorts, the Amish Heritability and Phenotype Intervention (HAPI) Heart Study, the 

Amish Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study, and the Genetics of 

Early Onset Stroke (GEOS) Study to identify genes affecting platelet function (agonist-

induced platelet aggregation) and stroke susceptibility.  The overall hypothesis was that 

genetic variants affecting variation in platelet function will also be associated with 

susceptibility to ischemic stroke.  The specific aims were to: 

 

1) Create combined traits that summarize variation across 14 platelet 

aggregation traits in the PAPI Study and 5 platelet aggregation traits in the HAPI 

Heart Study, utilizing results from descriptive analyses of the individual platelet 

aggregation traits and several data reduction analyses in order to guide this analysis.  

Once created, characterize the resulting traits by comparing and contrasting the 

characteristics of each combined trait, including the overall contributions of genes 

and measured environmental factors. 

 



2 

 

2) Perform a genome-wide association (GWA) analysis of the most 

suitable traits identified in aim 1 to identify single nucleotide polymorphisms (SNPs) 

associated with these traits, and to replicate these associations in 1221 participants in 

the Genetic Study of Aspirin Responsiveness (GeneSTAR). 

 

3) Determine if the genetic variants most strongly associated with platelet 

function in Aim 2 and the literature are also associated with young-onset ischemic 

stroke in European Caucasian and African American men and women (892 cases and 

935 matched controls) from the GEOS Study.   

 

 

 The proposed study complemented completed and ongoing genome-wide 

association studies of stroke by focusing on the genetic determinants of a specific 

mechanism known to be important in ischemic stroke pathogenesis and testing whether 

these determinants were also associated with ischemic stroke.  
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II. BACKGROUND AND SIGNIFICANCE 

A. Stroke Definition, Epidemiology and Public Health Significance 

Stroke is a disease caused by the interruption of blood flow to a region of the 

brain secondary to an occlusion (ischemic stroke) or rupture (hemorrhagic stroke) of a 

blood vessel.  Ischemic stroke is more common and comprises ~85% of all strokes
1
.  

There are five subtypes of ischemic stroke that can be classified according to the type of 

vessel occluded or the etiology of the occlusion; these include: large vessel, small vessel, 

cardioembolic, other determined etiology, and other undetermined etiology
2
.   

Stroke is a common disorder, having an annual incidence of 795,000 in the U.S 

and carrying a substantial economic burden with an estimated cost of $68.9 billion in 

2009
1
.  It is the third leading cause of death and the leading cause of disability.  Medical 

conditions, including hypertension, diabetes and coronary artery disease, and behavioral 

factors, including smoking and oral contraceptive use, increase the risk of stroke.  In 

addition, stroke is more common among older adults and African Americans
1
.  However, 

a large proportion of ischemic strokes remain unexplained by standard vascular risk 

factors.     

 

B. Genetics are Important in Ischemic Stroke Risk 

 Several Mendelian diseases are associated with ischemic stroke, however they are 

of low prevalence and do not account for a large proportion of strokes
3, 4

.  One well 

known single-gene disease, Cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leucoencphalopathy (CADASIL), which is caused by mutations in NOTCH3, 

is known to place mutation carriers at an increased risk of ischemic stroke.  
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Approximately 70% of patients with this disease have an ischemic stroke or transient 

ischemic attack between the ages of 30 and 60 years old.  Fabry’s Disease also causes a 

genetic predisposition to ischemic stroke.  This disease is caused by mutations in GLA 

which cause a deficiency in α-galactosidase A.  Approximately 25% of mutation carriers 

have a stroke, most occurring before age 40.  Other Mendelian disorders associated with 

ischemic stroke include sickle cell anemia (HBB), Moya-Moya disease (MYMY1), 

Homocystinuria (MTHFR), Marfan syndrome (FBN1), and Ehlers-Danlos disease 

(Col3A1)
5
.  

The common form of stroke can be considered a complex genetic disease, with 

contributions from multiple genes and environmental factors.  Evidence for a genetic 

component comes from several types of studies; twin, family history, animal models, and 

intermediate phenotypes
3, 6-12

.  In a systematic review of the heritability of stroke, 

monozygotic twins were found to have 1.6 times higher concordance rates than dizygotic 

twins
13

.  Family history has also been identified as a risk factor for ischemic stroke, with 

ischemic stroke cases being 75% more likely to report a family history of stroke than 

controls
13

.  In addition, several studies have found that family members are at an 

increased risk of stroke, with risk increasing with earlier age-of-onset among cases 

(OR=2.53, 1.63, 1.47 for age of proband onset 15-24, 25-34, and 35-49)
9
.  

 Animal models have also conclusively demonstrated the importance of genetic 

factors in stroke.  In the spontaneously hypertensive stroke-prone rat, four quantitative 

trait loci affecting stroke risk and severity have been identified
8, 12

.  Several studies have 

also investigated the genetics of intermediate phenotypes known to be related to ischemic 

stroke, such as MRI white matter hyperintensities (WMHI) and carotid intima-media wall 
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thickness (cIMT)
3, 6-7, 10, 14

.  cIMT is a measure of the thickness of the carotid arterial 

walls and can indicate subclinical atherosclerosis
5
.  It is an intermediate phenotype for 

large artery stroke and heritability estimates range between 30% and 60%
7, 10

.  MRI 

WMHIs are areas if increased signal intensity in white matter
6
 and are an intermediate 

phenotype for small vessel or lacunar stroke.  Heritability estimates for WMHI range 

between 55% and 70%
6, 14

. 

  

C. Platelet Function Plays a Central Role in Stroke Susceptibility 

1. Overview of Platelets 

Platelets are anucleate cells which circulate freely in the blood for seven to ten 

days.  They have a cytoskeleton that helps maintain their shape and possess 

mitochondria, lysosomes, and granules (alpha and dense) within their cytoplasm.  Pro-

aggregatory and pro-coagulant substances are stored within the granules
15

.  Platelets play 

an essential role in thrombus formation which may occur in the presence of endothelial 

damage or dysfunction.  In the case of traumatic vascular injury, thrombus formation 

plays a protective role by creating a clot that precludes against uncontrolled blood loss, 

but in various disease states or in the presence of endothelial dysfunction, thrombus 

formation can play a pathological role.  Once formed, thrombi in the blood vessel can 

embolize or, if thrombus formation is uncontrolled, may occlude blood vessels 

completely leading to severe decreased blood flow distal to the clot, which may result in 

an ischemic stroke.  Platelets also play a role in inflammation, atherogenesis, 

antimicrobial host defense, tumor growth and metastasis, and glomerular disease
15

.  

Medical conditions including atherosclerosis and diabetes
16

, as well as behavioral factors, 
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including smoking, alcohol use, exercise, and oral contraceptive use, may affect platelet 

function
17-35

.  In addition, platelet function varies with age
36-39 

and according to some
40-41

, 

but not all
42-43 

by sex.   

 

2. Platelet Response to Blood Vessel Damage 

The primary role of platelets is to respond to sites of blood vessel damage by 

forming a haemostatic plug
44

. Various factors are known to induce blood vessel damage 

including trauma, dyslipidemia, hypertension, smoking, diabetes, hyperhomocysteinemia, 

and systemic inflammation, among others.  Three core stages are involved in the process 

of haemostatic plug formation; initiation, extension, and perpetuation (see Figure 1)
45-47

. 

Initiation.  Upon injury to a blood vessel wall, collagen becomes exposed.  

Circulating von Willebrand Factor (vWF) binds to the exposed collagen forming a site of 

adhesion for platelets.  Platelets loosely bind to the collagen-bound vWF via the 

glycoprotein Ibα (GPIbα) receptor, creating a “rolling” motion for the platelets (platelets 

continuously form new bonds with vWF at one end and lose bonds with vWF at the 

opposite end).  Under conditions of high shear rates, this facilitates the binding of the 

platelet α2β1 and glycoprotein VI (GPVI) receptors to collagen on the blood vessel wall.  

Under conditions of lower shear rates, platelets can bind directly to collagen via the α2β1 

and GPVI receptors.  Once bound to collagen, platelets are firmly attached
15, 46

. 

Extension.  Through their interactions with vWF and collagen, platelets become 

activated, causing them to change shape and release their granule contents.  These 

platelets form filopodia and spread over the blood vessel wall by binding to exposed 

fibronectin via α2bβ3 receptors.  The release of granule contents perpetuates and 
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accelerates activation.  Activated platelets then bind vWF and fibrinogen which form 

bridges between platelets, creating a mass of aggregated platelets.  Several agonists play 

an important role in the formation of platelet aggregates, including adenosine diphosphate 

(ADP), thrombin, collagen, thromboxane A2 (TXA2), and epinephrine
15, 48

 (see Figure 2).   

ADP is released from the dense granules of activated platelets and red blood cells, 

and serves to amplify activation signals from other agonists.  It binds to the P2Y1 and 

P2Y12 receptors on the platelet surface, and when bound, activates G proteins, causing 

adenyl cyclase inhibition and phospholipase C (PLC) activation.  Adenyl cyclase 

inhibition causes cyclic adenosine monophosphate (cAMP) levels to decrease resulting in 

increased calcium levels within the platelet.  Activation of PLC causes the breakdown of 

phospholipids into diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3); DAG 

activates protein kinase C (PKC) which causes the platelet to secrete granule contents and 

IP3 causes an increase in calcium concentration.  The increase in calcium activates 

Phospholipase A2 (PLA2) which causes arachidonic acid (AA) to be released from the 

platelet membranes.  The AA is then converted into TXA2 which is released and acts as a 

platelet agonist.  In addition, increased calcium levels cause the platelet to change shape 

and convert the fibrinogen receptor (α2bβ3) into an active state.  Once activated, the 

receptor can bind fibrinogen molecules causing platelet aggregation
15, 48-49

. 

Thrombin is the strongest aggregating agent in vivo.  Its formation is triggered 

by tissue factor that is exposed on an injured blood vessel wall.  It is responsible for the 

stabilization of platelet aggregates because it mediates the formation of fibrin which 

binds platelets together.  Thrombin binds to the PAR-1 and PAR-4 receptors on the 

platelet surface, of which, PAR-1 is the main receptor.  Thrombin binding causes the 
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activation of G proteins and as a result, adenyl cyclase is inhibited and PLC is activated 

which ultimately lead to granule secretion, generation of TXA2, shape change, and 

activation of the fibrinogen receptor
15, 49

. 

 Collagen is an important platelet agonist that mediates platelet adhesion to an 

injured blood vessel wall.  It binds to platelets via the α2β1 and GPVI receptors.  Binding 

activates PLC which leads to the release of storage granules, triggers TXA2 production, 

and activates the fibrinogen receptor
15, 48

. 

 TXA2 is formed inside platelets activated by most agonists and serves to amplify 

activation signals induced by other agonists.  After interacting with agonists, AA is 

released from platelet membrane phospholipids.  AA is converted to TXA2 via the 

enzymes cyclooxygenase-1 (COX-1) and thromboxane synthase.  TXA2 is released and 

binds to TPα and TPβ which causes platelet shape change and increases platelet 

aggregation by inhibiting adenyl cyclase and activating PLC.  TXA2 also causes 

vasoconstriction of blood vessels
15, 46, 48-49

. 

 Epinephrine is not a true aggregating agent in vivo, but does aggregate platelets 

under in vitro conditions.  Epinephrine interacts with α2-adrenergic receptors on platelets 

and potentiates the effects of other aggregating agents by inhibiting cAMP formation
15, 46, 

48
. 

Perpetuation.  During this phase, a prothrombinase complex assembles on the 

platelet surface, which converts prothrombin to thrombin.  This locally generated 

thrombin, and the thrombin generated from exposed tissue factor, converts fibrinogen 

into fibrin which cross-links platelets, thus stabilizing the haemostatic plug
15, 48

.   
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Figure 1:  Haemostatic plug formation.  After endothelial cells of blood vessels are 

destroyed due to injury, circulating platelets bind to exposed von Willebrand Factor 

(vWF) and collagen (initiation).  Attached platelets then become activated, change shape, 

release granule contents and bind to other platelets causing the formation of a platelet 

aggregate (extension).  Aggregated platelets recruit additional platelets and a thrombin 

mesh is formed around the aggregate, stabilizing it (perpetuation).  Figure from Jennings, 

Am J Cardio., 2009.   
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Figure 2:  Platelet aggregation pathways caused by agonists including thrombin (F2), 

collagen, ADP and TXA2. (Figure from pharmGKB.org, Platelet Aggregation Inhibitor 

Pathway, Pharmacodynamics, Accessed 10/1/2010) 
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3. Epidemiological Studies of Platelet Function and Ischemic Stroke 

Observational studies of platelet function and ischemic stroke.  Most of the 

observational studies examining the association between platelet function and ischemic 

stroke published to date have been case control studies.  Several have looked at plasma 

levels of granule contents
50-63

, markers of platelet activation, with most finding elevated 

levels in cases compared to controls
50, 52-53, 55-63

.  In addition, many studies have found 

cases to have increased platelet aggregation levels compared to controls, with some 

studies suggesting this association may be true only for certain stroke subtypes
60-61, 64-68

.   

In contrast, a few studies reported no association between platelet aggregation levels
63, 69

 

and ischemic stroke and one reported cases to have lower platelet aggregation levels than 

controls
62

.  A possible explanation for the latter finding was that aggregation decreased 

due to consumption of platelets during thrombogenesis but the remaining platelets were 

hyperactive.  While many of these studies have shown that platelet activation and 

aggregation are increased in those with ischemic stroke compared to controls, it is not 

possible to determine whether those platelet changes preceded the ischemic strokes or 

resulted from them.   

Few prospective studies have been used to study the relation of platelet function 

and ischemic stroke.  However, one cohort study assessed the relationship between ADP-

induced platelet aggregation in whole blood and the incidence of ischemic stroke
70

.  This 

study, conducted in men 45-59 years old at enrollment, measured the concentration of 

ADP required to elicit a 1.5Ώ or greater increase in impedence, with higher 

concentrations representing reduced platelet sensitivity to ADP.  Relative rates of 

ischemic stroke showed a significant trend towards increased rate of stroke with 
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increasing ADP concentration.  A suggested explanation was that those with higher ADP 

concentrations were in the early stages of endothelial dysfunction and in order to 

compensate for this, platelets become less sensitive to ADP in order to prevent 

thrombosis.  Another prospective study examined platelet count and found no association 

with the risk of ischemic stroke (RR per 1 standard deviation increment in platelet count 

1.26, 95% CI 1.0-1.2; p=0.22 comparing mean platelet count in those who experienced IS 

and those who did not)
71

.    

Randomized controlled trials of antiplatelet medications and ischemic stroke risk.  

To date, several types of antiplatelet agents have been developed for the prevention and 

treatment of ischemic stroke, supporting the notion that platelet function plays a role in 

ischemic stroke risk.  There are three main classes of antiplatelet drugs used for primary 

and secondary prevention of ischemic stroke based on their target for inhibition; aspirin, 

P2Y12 ADP receptor antagonists, and phosphodiesterase inhibitors. 

 Aspirin is the most common antiplatelet medication used for the prevention of 

ischemic stroke
72

.  It works by irreversibly inhibiting cyclooxygenase 1 (COX-1) through 

the acetylation of serine 529
15

.  COX-1 is expressed in all cells, including platelets, and 

its inhibition prevents arachidonic acid from being converted into prostaglandins and 

TXA2.  Decreased prostaglandin production results in aspirins anti-inflammatory, 

antipyretic, and analgesic properties.  Inhibition of TXA2 synthesis results in anti-platelet 

properties by blocking thromboxane-dependent platelet activation and aggregation
15, 73

.  

As a result, platelet aggregation in response to collagen, ADP and thrombin is decreased.  

It is primarily through its anti-platelet effects that aspirin is beneficial in the prevention of 

cardiovascular disease.  Other benefits of aspirin that may prevent cardiovascular disease 
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include inhibiting oxidized low-density lipoprotein-mediated expression of lectin-like 

receptors.  Expression of these receptors destabilizes atherosclerotic plaques
74

. In 

addition, aspirin may result in the formation of clots with increased pores and increase 

fibrinolysis
75

.  Additionally, aspirin improves endothelial function in patients with 

atherosclerosis
76

.  Many randomized controlled trials of aspirin use for prevention of 

cardiovascular disease have shown that aspirin decreases the occurrence of recurrent 

vascular events by 13%-22% and recurrent ischemic stroke by 15%-22%
15, 72, 77

.  The 

American Heart Association/American Stroke Association (AHA/ASA) recommends the 

use of aspirin for the secondary prevention of ischemic stroke and for the primary 

prevention of ischemic stroke among women at high-risk for ischemic stroke
78-79

. 

 P2Y12 ADP receptors are found on platelets, vascular smooth muscle cells, and in 

subregions of the brain
80-81

.  Antagonists of this receptor include ticlopidine, clopidogrel, 

prasugrel, ticagrelor and other investigational drugs.  Ticlopidine, clopidogrel and 

prasugrel are all thienopyridines that are metabolized by cytochrome P450 in the liver.  

The active metabolite irreversibly inhibits the P2Y12 receptor
82

.  Therefore all three drugs 

inhibit ADP-induced platelet activation and aggregation.  Studies have shown that 

addition of P2Y12 antagonists to blood samples decreases platelet aggregation compared 

to samples with no antagonists added
83-85

.  In addition, one study looked at platelet 

function in a patient with a defect in the P2Y12 receptor gene and healthy controls.  This 

study found the patient had decreased platelet adhesion to fibrinogen and decreased 

thrombus size compared to the controls.  Additionally, when a P2Y12 receptor antagonist 

was added to the control blood samples, platelet function was identical to that in the 

patient
86

.  
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Clopidogrel is largely used over ticlopidine because it has fewer side effects and 

prasugrel is approved for the prevention of ischemic events in people with acute coronary 

syndromes undergoing percutaneous coronary intervention
49

.  Many randomized 

controlled trials of these medications have shown them to be effective in preventing 

cardiovascular disease.  The Clopidogrel vs. Aspirin in Patients at Risk of Ischemic 

Events (CAPRIE) trial showed that clopidogrel significantly reduces the risk of stroke 

and other vascular events by 8.7% (95%CI 0.3%-16.5%) compared to aspirin
49, 87

.  It is 

currently recommended for the secondary prevention of ischemic stroke
79

.  Ticagrelor is a 

cyclo-pentyl-triazolo-pyrimidine that reversibly inhibits the P2Y12 receptor, thus 

inhibiting ADP-induced platelet activation and aggregation.  The Study of Platelet 

Inhibition and Outcomes (PLATO) trial found a significant 16% reduction in the rate of 

vascular outcomes (CV death, MI, stroke) among acute coronary syndrome patients 

taking ticagrelor+aspirin vs. clopidogrel+aspirin
49, 88

.       

 Phosphodiesterase inhibitors include cilostazol and dipyridamole
15,49,82

.  

Cilostazol functions by inhibiting cellular phosphodiesterase III (PDE III) and adenosine 

uptake resulting in increased cAMP levels and decreased platelet aggregation.  

Dipyridamole inhibits the cyclic guanosine monophosphate (cGMP) phosphodiesterase 

type V enzyme causing an increase in cAMP and nitric oxide (NO) concentrations (NO is 

a platelet inhibitor) leading to a decrease in platelet aggregation.  It also decreases 

thrombin receptor density (PAR-1), inhibits platelet adherence to damaged 

subendothelium, and increases the release of tissue plasminogen activator (tPA) which 

can dissolve blood clots.  Dipyridamole also has anti-oxidant and anti-inflammatory 

properties
15

. The European Stroke Prevention Study 2 (ESPS-2) trial assessed the 
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effectiveness of aspirin, dipyridamole, and the combination for the secondary prevention 

of stroke
89

.  The study found that among the 6,602 participants, stroke risk was decreased 

by 16.3% (p=0.04) with dipyridamole compared to placebo.  In addition, stroke risk was 

decreased by 37% (p<0.001) with the combination therapy compared to placebo and 

stroke risk was decreased by 23.1% (p=0.006) with the combination therapy compared to 

aspirin alone.  Subsequent studies also found that the combination of aspirin and 

dipyridamole was more effective than aspirin in the secondary prevention of stroke and is 

currently recommended by the AHA/ASA for that purpose
72, 79, 89

.           

 

D. Genetic Variation in Platelet Function is Largely Unexplored as a  

 Determinant of Ischemic Stroke Susceptibility 

 

1. Genetics of Platelet Function 

Family and twin studies have shown that baseline platelet function is heritable.  In 

a twin study conducted by Gaxiola et al, the intraclass correlation for epinephrine-

induced platelet aggregation was calculated in seventeen monozygotic (MZ) twin pairs, 

fifteen male dizygotic (DZ) twin pairs and ten unrelated male pairs.  The results showed 

that MZ twins had the highest correlation (r=0.65), DZ twins had a lower correlation 

(r=0.43), and the unrelated pairs had the lowest correlation (r=0.29), supporting a 

possible genetic contribution to epinephrine-induced platelet aggregation
90

.  Using 

participants from the Framingham Heart Study, O’Donnell et al calculated heritability 

estimates for epinephrine and ADP-induced platelet aggregation to be 0.48 and 0.44.  

Variance components analysis also estimated a 21% and 22% genetic contribution to 

epinephrine and ADP-induced platelet aggregation
91

.  A third study measured the 

heritability of agonist induced platelet aggregation (ADP, collagen, arachidonic acid, 
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epinephrine, thromboxane) in families with a history of premature coronary artery disease 

and found estimates between 0.146-0.778
92

.    

 There are several Mendelian diseases associated with defects in platelet function 

both at baseline and in response to various agonists
15

; these diseases include Glanzman 

thrombasthenia, Wiskott-Aldrich syndrome, and Quebec syndrome which all exhibit 

decreased platelet aggregation in response to agonists.  Candidate gene studies have also 

identified genes associated with platelet function
93-110

.  One gene that has been the subject 

of several studies is ITGB3, the β3 integrin gene.  β3 integrin is part of the α2bβ3 

receptor that binds fibrinogen, fibronectin, and vWF.  The PlA (rs5918) polymorphism 

within ITGB3 was significantly associated with increased epinephrine and collagen-

induced platelet aggregation in several studies
97, 106, 109

 and may interact with fibrinogen 

levels and GNB3, the gene which encodes the β3 subunit of G proteins
97, 101

.   

Other genes have been studied, but less extensively.  HTR2A, which encodes the 

serotonin receptor 5HT2A, was significantly associated with platelet aggregation among 

44 healthy Japanese adults
108

.  The P2RY1 and P2RY12 genes, which encode the ADP 

receptors P2Y1 and P2Y12, have also been studied with conflicting results.  One study 

examined the effect of genotype on the platelet response to various concentrations of 

ADP and found significant associations with P2RY1, but not P2RY12 
111

.  Another study 

found P2RY12 to be associated with platelet aggregation
99

.  The association between 

adrenaline and collagen-induced aggregation with GPIBA, ITGA2 and ITGA2B was the 

subject of another study.  GPIBA encodes the GPIBα receptor which binds vWF and 

thrombin, ITGA2 encodes the α2 subunit of the α2β1 receptor which binds collagen, and 

ITGA2B encodes the α2b subunit of the α2bβ3 receptor which binds fibrinogen, 
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fibronectin, and vWF.  Only GPIBA was significantly associated with collagen-induced 

platelet aggregation and no gene was significantly associated with adrenaline-induced 

platelet aggregation
109

.   

Genes encoding phospholipase A2 (PLA2) and phospholipase C (PLC), which are 

involved in the platelet aggregation response to multiple agonists, have not been 

previously studied in candidate gene analyses.  Two major isoforms of PLC are expressed 

in platelets; PLCβ and PLCγ2.  A study in knock-out mice showed that mice lacking two 

isoforms of PLCβ (PLCβ2 and PLCβ3) were unable to form stable aggregates
112

, 

providing evidence that PLCβ plays a role in platelet function.   In addition, a platelet 

function defect has previously been reported where a patient with decreased PLC-β2 

isoenzyme had impaired function, including decreased platelet aggregation
113

.  PLCβ2 is 

encoded by the PLCB2 gene.  Platelets are also known to contain two forms of PLA2; 

cytosolic phospholipase A2 (cPLA2α) and secreted phsopholipase A2 (sPLA2)
114

.  Of the 

two, cPLA2α is essential for the release of AA
114-115

.  Studies have provided suggestive 

evidence of a role for cPLA2α in platelet function.  A study in mice showed that those 

lacking cPLA2α had impaired thrombus formation
114, 116

 and a patient with a cPLA2α 

deficiency had decreased platelet aggregation
114, 117

.  cPLA2α is encoded by the 

PLA2G4A gene. 

  In addition to candidate gene analyses, genome-wide association (GWA) and 

linkage studies have been used to study the genetic basis of platelet function.  The first 

GWA study did not find genome-wide significant associations with any platelet 

aggregation traits (ADP, collagen, and epinephrine-induced), however this study was 

underpowered to detect marginal associations.  In addition, because of quality control 
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procedures, only approximately 71,000 SNPs were used in the study and consequently 

the genome may not have been adequately covered.  A genome-wide linkage study was 

also performed using the same data and no locus appeared to be linked with the disease 

locus
118

.  A more recent GWA study involved data on approximately 2,700 individuals 

and genome-wide significant associations were found with ADP and epinephrine-induced 

platelet aggregation.  Genes found to be significantly associated were PEAR1, MRVI1, 

SHH, ADRA2A, FLJ36031, PIK3CG, and JMJD1C.  In addition GP6 was significantly 

associated with collagen lag time
119

.  Another GWA analysis was performed in 

approximately 1,200 European American and 800 African American subjects with a 

family history of premature coronary artery disease.  Principal components analysis was 

used to derive eight factors summarizing the covariance in thirty-seven baseline platelet 

function variables.  Linkage analysis was performed on all factors and a GWA analysis 

was performed only on those factors with evidence for linkage.  One baseline platelet 

aggregation factor had evidence for linkage and the GWA analysis revealed one SNP, 

rs2971589 which is located in an intergenic region, to be significantly associated
120

.  The 

most recent GWAS was conducted in 75 children and sought to identify loci influencing 

platelet reactivity, including platelet aggregation, and platelet count.  Two SNPs were 

associated with platelet aggregation (rs4366150 (LPAR1), rs1787566 (MYO5B)) among 

the 75 children and replicated in a cohort of 286 children, although neither SNP was 

genome-wide significant
121

.       

The results of the candidate gene studies and GWA studies lend support to a 

genetic contribution to platelet function, however replication of the associations is 
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lacking.  Thus, further research is warranted to identify the genes affecting platelet 

function. 

2. Platelet Function Genes and Ischemic Stroke 

 Currently, much of the information known about the specific genes associated 

with ischemic stroke comes from candidate gene studies.  Several have examined genes 

relating to platelet function, however many results are not replicated.  Most studies 

considering platelet function genes have restricted analyses to platelet receptor genes, 

including α2β1 and α2bβ3 genes
102, 122-135

.  The rs6065 variant in the GPIbα gene 

(GPIBA) was found to increase the risk of ischemic stroke in a meta-analysis 

(heterozygous pooled OR=1.43 (95% C.I.: 1.13-1.81); homozygous pooled OR=2.08 

(0.78-5.54))
123

.  However, results from other receptor genes remain inconclusive.    

 Few studies have examined the association between variants in genes other than 

platelet receptor genes.  However, the platelet-derived growth-factor D gene
131

, a 

serotonin receptor gene related to platelet function (HTR2A)
132

, and platelet endothelial 

cell adhesion molecule 1(PECAM-1)
133

, have been the subject of a few studies.  In 

addition, a study by Hiramoto et al. found that a missense mutation (Val
279

 -> Phe) in the 

plasma platelet-activating factor acetylhydrolase (PLA2G7) gene was significantly 

associated with ischemic stroke among Japanese individuals
134

.  A previous study 

reported that this variant was found in Japanese individuals but not North American 

individuals
135

. 

 In addition to the candidate gene studies of ischemic stroke, two GWA studies 

have been performed.  The first found no significant associations, however it was 

underpowered to detect marginal associations
136

.  The second study was larger and found 
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genome-wide significant associations with NINJ2 and ischemic stroke
137

.  Known genes 

related to platelet function were not among the most significant SNPs; however, it is 

possible that the top SNPs are related to platelet function and this relationship hasn’t been 

identified yet or that platelet function genes are associated with ischemic stroke but have 

modest effect sizes and would not have reached genome-wide significance in this study.   

  In general, genetic variation in platelet function and its effect on ischemic stroke 

risk has not been extensively studied.  Results from GWA analyses of platelet function 

would help to identify new candidate genes and genetic regions to test for association 

with ischemic stroke.   Use of such studies would allow for the identification of many 

genes relating to platelet function, including genes not previously known, so an extensive 

analysis of the relationship between platelet function and ischemic stroke could be made.  

In addition, identification of new genes influencing platelet function could lead to an 

enriched understanding of the biology of platelet function and its associated mechanisms.  

Identified genes could also serve as targets for future antiplatelet medications to help 

decrease platelet aggregation and consequently cardiovascular disease risk, including 

ischemic stroke.   

      

E. Significance of Proposed Research 

 The proposed research allowed for the identification of genes associated with 

ischemic stroke and an understanding of the possible biological mechanism behind them.  

With this, insight into the etiology of ischemic stroke was gained and appropriate 

preventive efforts could be implemented to reduce ischemic stroke incidence and the 

costs associated with it.   
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III. RESEARCH DESIGN AND METHODS 

A. Study Overview   

This study had two major goals; (1) identification of SNPs associated with platelet 

function; and (2) determination of whether or not those SNPs were associated with 

ischemic stroke.  To address the first goal, I utilized cross-sectional data collected from 

the Hereditary and Phenotype Intervention (HAPI) Heart Study and the 

Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study.  Once the associated SNPs 

were identified, a replication analysis was performed using cross-sectional data from 

GeneSTAR, a genetic study of aspirin resistance (that included baseline measures of 

platelet aggregation) conducted at Johns Hopkins
138

.   To address the second goal, I 

considered whether the most strongly associated SNPs identified from the platelet 

function analyses were associated with ischemic stroke using case-control data from the 

GEOS (Genetics of Early Onset Stroke) Study.  The GEOS Study included Caucasian 

and African American adults 15-49 years old, while the HAPI Heart and PAPI Studies 

include Amish subjects who are of European Caucasian ancestry.   A previous analysis 

using data from the HAPI Heart Study demonstrated that the linkage disequilibrium 

patterns and allele frequencies in the Amish were similar to those found in the Caucasian 

HapMap samples for common SNPs (minor allele frequency > 5%).  Thus, findings 

regarding common SNPs in the Amish may generalize to other populations including the 

GEOS Study
139

.   
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B. Study Populations 

 The HAPI Heart Study, PAPI study, and GEOS Studies are NIH-funded.  Brief 

descriptions of each, as well as studies used for replication analyses, are provided below 

 

1. Genetic Studies of Platelet Aggregation in the Amish 

The Hereditary and Phenotype Intervention (HAPI) Heart Study was designed to 

identify genetic and environmental determinants of cardiovascular response to four short-

term interventions.  The intervention relevant to this proposal was platelet aggregation 

level in response to aspirin therapy.  Whole blood impedence aggregometry was used to 

measure maximum platelet aggregation levels before and after aspirin therapy in response 

to three agonists; collagen, ADP, and arachidonic acid at baseline.  Four concentrations of 

collagen (½ μg/ml, 1 μg/ml, 2 μg/ml, and 5 μg/ml) and one concentration each of 

arachidonic acid (0.5 mMol) and ADP (10 μg/ml) were used.  My study was based on the 

pre-aspirin platelet aggregation measurements. 

The HAPI Heart Study was conducted in relatively healthy individuals from the 

Old Order Amish community of Lancaster County, PA.  Participants were ascertained 

through word of mouth, advertisements, mailings, and physician referrals.  A total of 868 

people participated in the study and whole-genome genotyping was carried out using the 

Affymetrix GeneChip Human Mapping 500K Array Set.   The platelet aggregation arm of 

the study was restricted to 750 healthy individuals.  Exclusion criteria for the study 

included taking medications potentially affecting platelet function (eg. Aspirin) and 

medical conditions for which anti-clotting agents would be contra-indicated (e.g., history 

of a bleeding disorder).  A more complete description of exclusion criteria for the HAPI 
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Heart Study as a whole as well as for the aspirin intervention has been reported 

elsewhere
140

.  In addition, several questionnaires were administered to all participants 

that gathered data on characteristics including age, sex, height, weight, medical history, 

and reproductive history.   

The Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study was designed to 

identify genetic determinants of response to clopidogrel therapy.  For this study, 

participants were first treated with clopidogrel and then the combination of clopidogrel 

and aspirin.  Whole blood and platelet rich plasma (PRP) maximum aggregation levels 

were measured and baseline and follow-up visits.  Whole blood measurements were made 

in response to 2 concentrations of ADP(5 μg/ml, 20 μg/ml), arachidonic acid, and 1 μg/ml 

of collagen.  PRP measurements were made in response to 4 concentrations of ADP (2 

μg/ml, 5 μg/ml, 10 μg/ml, 20 μg/ml), 4 concentrations of collagen (1 μg/ml, 2 μg/ml, 5 

μg/ml, and 10 μg/ml), and arachidonic acid.  My study was based on baseline platelet 

aggregation measurements.    

The PAPI Study was conducted in relatively healthy individuals from the Old 

Order Amish community of Lancaster County, PA.  A total of 676 individuals participated 

in the study and genotyping was performed using the Affymetrix GeneChip Human 

Mapping 500K or 1M Array Set.  Exclusion criteria included having major illnesses 

including kidney and liver disease and participants were asked to stop prescription 

medication, vitamin and supplement use 1 week prior to the baseline visit
141

.  Several 

questionnaires were administered to all participants that gathered data on characteristics 

including age, sex, height, weight, and medical history.     
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2. The Genetics of Early Onset Stroke Study 

The Genetics of Early Onset Stroke (GEOS) Study is a case-control study 

designed to identify the genetic determinants of ischemic stroke, including identification 

of single nucleotide polymorphisms (SNPs) whose effects are modified by smoking.   

Participants were either Caucasian or African American men or women from the 

Baltimore-Washington area.  Case participants were identified through discharge 

surveillance or physician referral and had to be hospitalized with an incident ischemic 

stroke.  At the time of their stroke, cases had to be 15-49 years old.    

Abstracted medical records were reviewed and adjudicated for ischemic stroke 

subtype by two neurologists, with discrepancies resolved by a third neurologist.  

Subtypes were classified according to the Baltimore-Washington classification system
142

 

and the TOAST system
2
.  Control participants were population-based and identified 

through random digit dialing.  Controls were frequency matched to cases on sex, age 

(within 5 years), and geographic location (4 regions based on city/county of residence).  

All case and control participants were required to participate in an interview during 

which genetic information was obtained through collection of a blood sample, and risk 

factor information was obtained through the administration of a standardized 

questionnaire.  Risk factor data collected included self-reported history of smoking, 

alcohol use, exercise, vitamin use, medical conditions as well as education level and 

household income.  The Illumina Omni 1-Quad 1M beadchip was used to genotype all 

study participants.  Complete genotyping data was obtained on a total of 929 cases and 

936 controls who participated in the study. Cases were excluded from study participation 
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for a number of reasons including stroke occurring as an immediate consequence of 

trauma and having known single-gene disorders affecting stroke risk (eg. CADASIL).   

 

3. Replication Studies of Platelet Aggregation and Ischemic Stroke 

 The Genetic Study of Aspirin Responsiveness (GeneSTAR) is a study designed to 

identify the determinants of platelet function in response to aspirin.  Platelet function 

testing was performed at baseline at 14 days post-aspirin therapy.  Light transmission 

aggregometry was used to measure aggregation in response to 4 concentrations of 

arachidonic acid (0.5mM, 1mM, 1.6mM, 2mM), 2 concentrations of ADP (2uM, 10uM), 

7 concentrations of collagen (0.25ug/mL, 0.5ug/mL, 1ug/mL, 2ug/mL, 5ug/mL, 

10ug/mL, 20ug/mL) and 2 concentrations of epinephrine (2uM, 10uM).  In addition, 

impedence aggregometry was used to measure aggregation in response to 0.5mMol 

arachidonic acid, 10uM ADP, and 2 concentrations of collagen (1ug/mL, 5ug/mL).  Data 

on approximately 1231 Caucasians and 846 African Americans was available
120

.   

 Meta-stroke is a resource established within the International Stroke Genetics 

Consortium.  It includes GWA results of ischemic stroke and its subtypes submitted from 

multiple groups.  Meta-analyses of these results have been performed and results are 

available to test SNPs for replication. 

 

C.     Platelet Aggregation Measures 

Two well-utilized methods for measuring platelet aggregation were used in the 

Amish studies; light transmittance aggregometry (LTA) and impedence aggregometry.  

LTA is the historical gold standard for measuring platelet function and works by 
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measuring the change in light transmission in platelet-rich plasma upon addition of 

various agonists
143-145

.  To begin, two cuvettes are prepared for each study participant, 

one containing platelet-poor plasma and the other containing platelet-rich plasma.  An 

infra-red light shines through the two cuvettes and the amount of light able to pass 

through the samples is recorded.  A specific concentration of agonist is then added to the 

platelet-rich plasma, causing the platelets to change shape and aggregate.  As a result, 

more light is able to pass through the cuvette, relative to the original platelet-rich plasma 

sample, and this increase in light transmittance is recorded.  Over time the amount of 

light transmittance trends toward that of the platelet-poor plasma.  The percent maximum 

platelet aggregation is calculated as the difference between the original platelet-rich 

plasma light transmittance (which represents 0% aggregation) and the maximum light 

transmittance seen after addition of the agonist, divided by the difference between the 

original platelet-rich plasma light transmittance and the original platelet-poor plasma 

light transmittance (which represents 100% aggregation)
143

.  Advantages of this method 

include it being the historical gold standard and it has been well-studied.  Disadvantages 

of this method include the requirement for sample preparation, it is expensive, and 

requires a large sample volume
15, 145

.  This method was utilized by the PAPI study to 

obtain platelet-rich plasma aggregation measurements.     

Impedence aggregometry also measures platelet aggregation; however, it uses 

whole blood and measures impedence instead of light transmittance.  For this, an 

electrode probe assembly (made of two metal wires) is inserted into a cuvette containing 

a participant’s blood sample.  Voltage is applied to the electrode probe assembly and the 

electrical resistance/impedence between the two wires is measured.  An aggregating agent 
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is then added to the cuvette and platelets aggregate on the wires.  The change in electrical 

resistance is then measured in ohms.  Any increase in impedence is proportional to the 

mass of the platelet aggregate
146

.  Advantages of this method are that it is more 

physiologic since whole blood is used, so it may better reflect in vivo conditions.  

Disadvantages include high cost, a large sample volume is required, and it is time 

consuming
15, 144-145

.  This method was utilized by the HAPI Heart Study and the PAPI 

studies to obtain whole blood aggregation measurements.   

D. Approach and Statistical Methods 

1. Identification of Platelet Function Traits Most Suitable for Genetic Analysis 

(Specific Aim 1) 

For this study, the outcome was level of agonist-induced platelet aggregation, a 

measure of platelet function.  Six different measures of baseline (pre-aspirin) platelet 

aggregation were obtained from each participant of the HAPI Heart Study (See 4.2.1) and 

eleven different measures of baseline platelet aggregation were obtained from each 

participant of the PAPI Study (See 4.2.1).  The task of Aim 1 was to identify the most 

suitable trait(s) to perform genetic analyses on.  In order to accomplish this, I evaluated 

each trait singly and then created combined traits for evaluation using data reduction 

procedures.  Analyses were performed separately using the HAPI Heart Study and the 

PAPI Study. 

To begin, I performed univariate analyses on each platelet aggregation variable 

using SAS v. 9.2.  Individuals missing data on any of the platelet aggregation traits were 

excluded from analysis.  Summary statistics for selected characteristics were compared 

between individuals with missing data and individuals with complete data.  Variable 
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distributions were examined and winsorized (values greater than 3 standard deviations 

above the mean re-coded to equal 3 standard deviations above the mean and values less 

than 3 standard deviations below the mean re-coded to equal 3 standard deviations below 

the mean) when non-normally distributed.  Means and standard deviations were also 

calculated.  Next, phenotypic correlations between all platelet aggregation variables were 

calculated using SAS v. 9.2.  Since all platelet variables were normally distributed, 

pearson correlations were calculated.  An exploratory analysis was then performed to 

determine which baseline subject characteristics, including sex, age, HDL cholesterol 

level, LDL cholesterol level, triglyceride level, total cholesterol level, body mass index, 

and history of diabetes mellitus, hypertension and current smoking were associated with 

each platelet aggregation variable.  To do this, a linear mixed model analysis was 

performed in order to account for relatedness.  Each characteristic was added separately 

to the model, one at a time, and a t-test was performed to determine if the β for the 

characteristic was significantly different from 0.  A p-value less than 0.05 was considered 

significant.  A multivariate analysis was then performed to determine if the variables 

significantly associated with each trait were independent of each other.  The significant p-

values for each characteristic were ranked in descending order.  The characteristic with 

the lowest p-value was added first to the model and then the characteristic with the 

second lowest p-value.  If the second characteristic remained significant in the model 

(p<0.05), it was retained in the model.  If it was not significant (p≥0.05) it was removed.  

The characteristic with the third lowest p-value was then added to the model and tested 

for significance and the same process will be repeated for all significant characteristics.   
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This analysis was performed in order to identify any patterns in the data that 

would help determine how to combine the individual traits.  For example, if the analysis 

had revealed that all measures in whole blood were correlated with certain variables 

whereas all measures in platelet rich plasma were correlated with different variables, this 

would suggest that data reduction procedures may best be implemented separately in 

measures obtained through optical aggregometry and impedence aggregometry.  In 

addition, covariates associated with each individual trait were later compared to the 

covariates associated with each combined trait in order to see any similarities and 

differences.   

   The model used for these analyses was: Yi = β0 + ΣβkXik+ Pi + ei,; P represented 

the polygenic component which accounted for relatedness and had covariance matrix 

equal to the product of the variance due to the additive effect of genes times twice the 

kinship matrix and e was the error variance assumed to be identically and independently 

distributed. P was included in the model as a random effect.   The SOLAR software 

program was utilized for these analyses
147

.  Next, using the same linear mixed model 

above, I used the Amish pedigree information to carry out heritability analyses of each 

trait.  Heritability was defined as the proportion of phenotypic variance due to the 

additive effect of genes.  It was calculated adjusting for age and sex.  Then, a bivariate 

analysis was performed to assess the genetic correlation between pairs of variables, 

which provided information about similarities in traits due to shared genes.  If the 

phenotypes of two variables are correlated, it could be due to environmental variables 

causing them to behave similarly, or because shared genes cause them to behave 

similarly.  A genetic correlation is the proportion of co-variation between two traits that is 
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due to shared genes.  Therefore, it helps you identify how much of the phenotypic 

correlation is due to shared genes.  SOLAR
147

 was used to perform these analyses.   

Next, principal components (PCA) and exploratory factor analyses (EFA) were 

performed to create combined traits which summarized the phenotypic covariance 

between all platelet aggregation measures.  Since the previous descriptive analyses did 

not reveal any obvious groupings between variables, several data reduction analyses were 

performed and compared to help identify the best method to create combined traits.  Data 

reduction analyses were performed because the use of such methods allows for the 

creation of combined traits which summarize the joint effects of multiple agonists, 

providing more information that cannot be captured by selecting a few individual traits.  

In addition, since these analyses result in a fewer number of variables which explain most 

of the variation in the individual traits, fewer regression analyses need to be performed.  

Also, such analyses allow you to identify patterns in the data providing insights into the 

relationships between individual variables.  Analysis of combined traits may also identify 

associations not found in analyses of individual phenotypes, as was seen in the study of 

obesity
148

 and a previous analysis of platelet function
120

.  

Two established data reduction methods are principal components analysis (PCA) 

and exploratory factor analysis (EFA).  Both methods are similar however the reason 

behind performing each analysis differs.  EFAs are performed when you believe there is 

an underlying construct to your data and your observed variables are manifestations of a 

fewer number of unmeasured, hidden variables.  The factors that result from this analysis 

represent the hidden variables.  In contrast, PCAs are performed when you do not believe 

there is an underlying construct to your data
149

.  In addition, the equations producing 
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principal components and factors differ.  The equations for principal components take on 

the following form; Principal component score=Σ(BX) where X is the matrix of observed 

variables and B is the matrix of the weights for each observed variable (eigenvectors).  In 

contrast, with EFA, the equations for the resulting factors are as follows; Y= Σ(BX) + E 

where Y is the matrix of observed variables, X is the matrix of factors, B is the matrix of 

weights (factor loadings) and E is the matrix of error variation/unique factors
149

.   

In our study, PCA was believed to be a more appropriate analysis method than 

exploratory factor analysis (EFA) because it was not certain there was an underlying 

construct to the data.  In addition, performing a PCA would be consistent with the 

literature since a previous study of platelet function used PCA to reduce the multitude of 

platelet function traits (including measures of platelet aggregation) into a fewer number 

of variables
120

.  However, EFAs were run in addition to PCAs for comparison.  Individual 

traits which were found to be heritable were included in these analyses.  Prior to 

performing these analyses, each trait was adjusted for age and sex using linear regression 

analyses in SOLAR
147

.  Resulting residuals were then z-scored using SAS v. 9.2 and used 

in the analyses.  Analyses were performed separately in PAPI and HAPI.       

Using the correlation data, six PCAs were performed in the PAPI study; 

 1. PCA on all traits  

2. PCA on platelet rich plasma only traits  

3. PCA on whole blood only traits  

4. PCA on ADP only traits  

5. PCA on Collagen only traits  

6. PCA on all traits, excluding the highest concentration of ADP and collagen 
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Prior to performing the analyses, a PCA on all traits was the preferred analysis 

method (vs stratified PCAs) because the platelet aggregation pathways have many 

components in common.  Only a data reduction analysis on all traits would allow for the 

generation of combined traits which reflect this (measures of different agonists 

contributing most to a principal component).  In addition, if the pathways were very 

different from each other, one would expect the resulting principal components to reflect 

this with measures of only one agonist making significant contributions to a principal 

component.  Therefore, it would also be expected that the results from PCA on all traits 

would be similar to agonist stratified PCA.  Based on the results from this analysis, PCAs 

stratified by method of measurement (whole blood or platelet rich plasma) were also 

performed.  In order to take biology more into account when performing these analyses, 

PCAs stratified by agonist and a PCA excluding the highest concentration of ADP and 

collagen (because they had less variation in the aggregation response and would therefore 

be less informative) were also performed.  The same analyses were performed using EFA 

analysis as well.  Pearson correlations were calculated between principal components and 

factors from all the analyses.     

For the HAPI Heart study, a PCA and EFA were performed on all traits.  Since 

there were fewer measures than in the PAPI study, and all were measured in whole blood, 

no further analyses were performed.  Pearson correlations were calculated between the 

resulting principal components and factors.  For all analyses, a scree plot analysis was 

performed to determine which principal components or factors to retain.  Retained 

principal components and factors needed to be heritable and have eigenvalues > 1.  

Individual traits with |loadings| ≥ 0.4 were considered to make a significant contribution 
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to the combined phenotypes and phenotypes were named according to those traits.  

Results from the PAPI and HAPI analyses are described in Appendix 1.  

A descriptive analysis was then performed on retained components in order to 

characterize them.  Since we wanted to determine if age and sex were associated with the 

components, a principal components analysis was re-run using individual traits un-

adjusted for age and sex.  Resulting components were almost identical to the previously 

retained components.  Using these new components, association analyses between 

selected covariates and the combined traits were performed using the same linear mixed 

model used above.  For these analyses each covariate was added into the model 

separately and the effect and significance of each covariate assessed.  Secondary analyses 

were also run including age and sex in the models as well to see if results differed.  

Phenotypic and genetic correlations were calculated in order to see if the combined traits 

were phenotypically uncorrelated, as you would expect by definition of the analyses, and 

to see if there was evidence for shared genes (evidenced through significant genetic 

correlations).  In order to assess the contribution of measured covariates and genes to the 

combined traits, a variance components analysis was also performed.  For this, variation 

in each combined trait was compared between models without any covariates and models 

with covariates.          

2. Genome Wide Association Study of Platelet Function Variables in the Amish 

Cohorts (Specific Aim 2) 

In Aim 2 the SNPs associated with the variables selected in Aim 1 were identified 

by comparing the mean levels of principal component scores within each genotype, 

among Amish adults in the HAPI Heart Study and separately in Amish adults in the PAPI 
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Study.  Two proxy replication studies were then performed using GeneSTAR.  Results 

from both analyses were used in order to select SNPs to test in the GEOS study.   

For these analyses, the combined traits (principal components) were used instead 

of individual traits because there were several benefits associated with these traits.  First, 

there is known to be intra-individual variation and measurement error with platelet 

aggregation
15,150-152

.  Indeed, we identified intra-individual variation in our Amish studies 

with detailed results described in Appendix 2.  Since combined traits are not directly 

measured, and instead summarize existing data, they may be less affected by 

measurement error.  In theory, data reduction procedures create unmeasured variables that  

represent those aspects of the data that are in common among several measures, thereby 

reducing extraneous variation.  As a result, measurement error may be less of an issue 

with combined traits compared to individual traits.  Second, use of combined traits for 

genetic analyses may have increased power to detect pleiotropic SNPs compared to 

analysis on individual traits.  For example, if three traits were highly correlated and 

influenced by one SNP, then they would be expected to be summarized in one combined 

trait.  Since such a trait captures information across all three traits and not just one, there 

may be increased power to detect an association with that SNP.  Third, the issue of 

multiple comparisons is diminished when combined traits are used in analyses.   

One question associated with the use of principal components is how well they 

capture biology.  For my analyses, PCA produced components by decomposing the 

correlation matrix between all individual traits
149

.  Therefore, whether or not my resulting 

principal components captured biology is dependent upon how well the correlation 

matrix reflected biology.  If there are true underlying biological events that caused certain 
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traits to behave similarly or differently, this should have been reflected in the correlation 

matrix and the principal components as well.  However, principal components may 

instead reflect a more precise measurement of the underlying platelet aggregation 

measurements which may indirectly reflect biology.  Since platelet aggregation is subject 

to intra-individual variation, measurement error is a concern.  However, principal 

components combine information across traits, grouping traits according to their 

similarities (as evidenced by their correlations).  Therefore, in theory resulting principal 

components extract out only the parts of the individual traits that are in common which 

would make them less subject to measurement error and therefore represent a more 

precise measurement of platelet aggregation which may or may not reflect biology.      

 Genome-wide association analyses utilized data from the HAPI Heart Study and 

the PAPI Study.  Prior to performing analyses, quality control procedures were performed 

on the data.  Individuals or SNPs with call rates less than 95% were excluded from 

analyses.  SNPs with Hardy-Weinberg equilibrium test statistic p-values less than 0.0001 

were excluded.   Hardy-Weinberg equilibrium was assessed using a chi-square test.  Also, 

SNPs with minor allele frequency less than 5% were excluded.   

After quality control procedures were completed, a genome-wide association 

(GWA) analysis was performed testing the additive effect of genotype at ~2.5 million loci 

on mean principal component values for combined traits in the HAPI Heart Study and 

~320,000 SNPs in the PAPI Study.  The platelet aggregation variables, adjusted for age 

and sex, identified in Aim 1 were used for these analyses.  The linear mixed model used 

in Aim 1 was used for the GWA analyses.  Genotype was coded additively, as 0, 1, or 2, 

corresponding to the number of minor alleles present.  Again, a polygenic component was 
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included as a random effect to account for phenotypic correlation caused by relatedness. 

These analyses were performed using software developed by Dr. Jeff O’Connell at the 

University of Maryland
153

.  Results were compiled into a Manhattan plot using 

Haploview 4.0
154

.  To account for the many SNPs tested, we utilized the Bonferroni 

correction to set an experiment-wise significance threshold; these significance thresholds 

were p-values < 1.6 x 10
-7

 were in the PAPI Study (0.05/315,299 SNPs) and p-values < 

5.0 x 10
-8

 in the HAPI Study.   

Replication studies and Meta-analyses were then performed.  Individual SNPs 

found to be significantly associated with platelet aggregation traits in the Amish cohorts 

were tested for replication among Caucasians in the Genetic Study of Aspirin 

Responsiveness (GeneSTAR).  Since the platelet aggregation phenotypes were principal 

components and therefore could not be directly re-recreated in another study, two proxy 

replications were performed.  The first replication analysis utilized principal components 

from the GeneSTAR Study that were derived in a previous analysis of platelet function.  

The previous analysis was performed on several measures including maximum % 

aggregation, slope, lag time, platelet function analyzer closure time and urinary 

thromboxane levels.  Among European Americans, 8 components were derived using the 

baseline platelet function data
120

.  Since the loading patterns differed between GeneSTAR 

and our Amish studies, results across relevant components in the GeneSTAR Study were 

combined in order to obtain association results for combined traits similar to ours.  In our 

study, if we observed a genome-wide significant association, we identified the individual 

traits with high loadings for the associated principal component.  Then, the principal 

components with high loadings for similar individual traits in GeneSTAR were identified.  
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The test statistics for the SNP associations with these identified components in 

GeneSTAR were then combined using a method by Mei et al
155

.  A p-value was 

calculated from the resulting test statistic.  Replication was defined as a SNP with the 

same direction of effect in the Amish and GeneSTAR and an association p<0.05.   

The second replication analysis was performed using the individual traits which 

loaded heavily onto the associated principal component.  If the exact trait was not 

available in GeneSTAR for replication, an aggregation trait in response to a similar 

concentration of agonist was used.  Replication was defined as a SNP with the same 

direction of effect in the Amish and GeneSTAR and an association p<0.05.  A sample-

size weighted meta-analysis using the METAL software
156

 was also performed combining 

results from the appropriate Amish Study and GeneSTAR.   

Candidate SNP and gene analyses were then performed.  Selected SNPs were 

chosen from the literature because they were previously associated with platelet 

aggregation traits; rs5918
97,106

, rs1126643
119

, rs6065
119

, rs10935839
119

, and rs1472122
119

 

are platelet receptor variants that have been previously studied and rs6943029, 

rs2893923, rs1201331, rs1874445, and rs869244 were previously identified through a 

genome-wide association study of platelet aggregation traits
119

.  In addition, rs2243093, 

which is also referred to as the Kozak polymorphism was chosen because it falls within a 

platelet receptor gene and has been associated with increased risk of ischemic stroke
157

.  

In some cases, the SNPs were not genotyped in the Amish and imputation data was not 

available.  In those cases, a SNP that was highly correlated with the selected SNP (r2 ≥ 

0.8) was used as a proxy.  Two candidate genes were also tested, PLCB2 and PLA2G4A 

because they are involved in aggregation response to multiple agonists.  For the candidate 
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gene analysis, all SNPs falling within +/- 10kb of each gene were tested for association 

with the principal components.  The same genotyping platform used for the GWAS was 

used for these analyses as well.  Therefore, the linear mixed model regression results 

from the genome-wide association analyses for the candidate SNPs and SNPs within the 

two candidate genes were examined.  A p-value < 0.05/(# SNPs tested) was considered 

significant for the candidate gene analysis and a p-value < 0.05 was considered 

significant for the candidate SNP analysis.  Because of the reduced power to detect 

significant associations with a genome-wide association analysis, candidate gene and 

SNP analyses, which have an increased alpha level, were useful in identifying additional 

SNPs affecting platelet aggregation.    

For exploratory analyses, in order to gain insight into results from the analyses on 

the principal components, genome-wide association analyses were performed testing the 

association of each SNP with mean aggregation level for each of the individual traits.  

Results from the analysis on the PC’s were then compared to the results from analyses on 

the individual traits that loaded heavily onto them.   The same linear mixed model used 

above was used for these analyses with SNP, age and sex being included as fixed effects.  

Power calculations were made using QUANTO statistical software.  This study 

had 80% power to detect a SNP that accounted for 5% of variation in platelet aggregation 

depending on the agonist and allele frequency, among 742 HAPI subjects, at an alpha 

level of 1.0 x 10
-7

.  This study also had 80% power to detect a SNP that accounted for 6% 

of variation in platelet aggregation depending on the agonist and allele frequency, among 

615 PAPI subjects, at an alpha level of 1.0 x 10
-7

.   
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3. Association of Platelet Function Variants with Young-Onset Ischemic Stroke 

(Specific Aim 3) 

In Aim 3, I determined if SNPs associated with platelet function, identified in Aim 

2 and the literature, were also associated with ischemic stroke by comparing allele 

frequencies in ischemic stroke cases and controls.  Cases and controls came from the 

Genetics of Early Onset Stroke (GEOS) Study.  Significant associations were tested for 

replication in Meta-Stroke     

Selection of SNPs to test for association with ischemic stroke was based on results 

obtained from the genome-wide association and candidate gene analyses carried out in 

Aim 2.  The top 200 SNPs with the lowest genome-wide association p-values and all 

SNPs tested in the candidate gene and SNP analyses were prioritized according to 

biologic plausibility of their role in platelet aggregation and ischemic stroke 

pathogenesis.  Allele frequencies for those SNPs within the GEOS study were also 

calculated and considered in addition to the number of platelet aggregation traits the 

SNPs were associated with, with more weight given to SNPs associated with more than 

one trait.  That data was then used to determine which SNPs to test for association with 

ischemic stroke.     

Genetic association analyses were then performed using the GEOS Study.  Prior 

to performing analyses, quality control procedures were implemented.  SNPs or samples 

with a call rate less than 95% were excluded from analyses.  In addition, SNPs with 

Hardy-Weinberg equilibrium test statistic p-values less than 0.01 were excluded.   Hardy-

Weinberg equilibrium was assessed among controls using a chi-square test.  For imputed 

SNPs, dosage r2 values > 0.8 were required.   
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After quality control procedures were completed, a univariate analysis was 

performed to determine the distribution of variables.  A bivariate analysis was then 

performed on case control status and characteristics of the study sample, including allele 

frequencies for selected SNPs, age, and the 1
st
 MDS component to adjust for population 

stratification.  Chi-square tests used to compare categorical variables, and the student’s t-

tests were used to compare continuous variables.  Next, single SNP association analyses 

were performed.  Allele frequencies for the selected SNPs were compared in cases and 

controls by calculating odds ratios and 95% confidence intervals.  In order to do this, 

logistic regression was performed using the PLINK software program
158

.  The additive 

effect of genotype, age, sex, and the 1
st
 MDS component were included in the model.  

Genotype was coded additively as 0, 1, or 2, corresponding to the number of minor 

alleles present.  Therefore, odds ratios for genotype represented the change in odds of 

ischemic stroke due to the addition of each additional risk allele, controlling for age, sex, 

and race/ethnicity.  The association analyses were performed on the selected SNPs.  For 

significantly associated SNPs, genotype-specific odds ratios were also calculated and if 

results suggested an alternate genetic model for risk, analyses were re-run coding 

genotype according to the suggested model (dominant or recessive). 

All association analyses were performed in the total sample and then separately in 

Caucasians and African-Americans and also by stroke subtype.  For SNPs significantly 

associated with ischemic stroke, a look-up of association results for those SNPs was 

performed using Meta-Stroke data in order to see if there was evidence for replication.   

Power calculations were made using CATS software
159-160

.  This study had 80% 

power to detect genotype odds ratios between 1.32 and 1.66, for allele frequencies 
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ranging from 0.05 to 0.5, at an alpha level of 0.004 (0.05/15 SNPs tested), among 892 

cases and 935 controls.  Among Caucasians, this study had 80% power to detect genotype 

odds ratios between 1.41 and 1.82, for allele frequencies ranging from 0.05 to 0.5, at an 

alpha level of 0.004, among 499 cases and 561 controls.  Among African Americans, this 

study had 80% power to detect genotype odds ratios between 1.52 and 1.99, for allele 

frequencies ranging from 0.05 to 0.5, at an alpha level of 0.004, among 393 cases and 

374 controls. 
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IV. MANUSCRIPTS 

A. Genetic and Environmental Contributions to Platelet Aggregation in the Amish 

1. Abstract 

Background and Purpose:  Platelet aggregation results in the formation of thrombi which 

can prevent blood loss in the case of vascular injury or in various disease states, lead to 

atherothrombotic events.  Several methods exist for the measurement of agonist-induced 

platelet aggregation in vitro, including optical aggregometry and impedence 

aggregometry.  Aggregation phenotypes obtained through both methods have been found 

heritable.  Previously, studies of platelet aggregation have been limited to individual traits 

measuring aggregation in response to a specific agonist, which may not necessarily 

provide information on the global process of platelet aggregation.   Creation of combined 

traits utilizing information across many aggregation measures would allow for the 

identification of patterns in the aggregation data and possibly identification of new loci 

influencing platelet aggregation.  However, it is unclear what the characteristics of such 

combined traits would be, including associated covariates and the genetic contribution to 

each.    

Methods:  Using two genetic studies of platelet aggregation in the Amish, we performed 

principal components analyses on heritable platelet aggregation traits.  The genetic 

contribution to each component was then assessed using a variance components analysis 

to partition out the sources of variation for each trait, and genetic correlations were 

calculated to look for evidence of pleiotropy.  Covariates of resulting components were 

also identified using a linear mixed model analysis.   
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Results:   The eleven heritable traits in our first study were reduced to three principal 

components and the five heritable traits in our second study were reduced to one principal 

component.  All components were heritable with heritability estimates between 22% and 

43%.  The first and second components in the PAPI Study had increased heritability 

estimates relative to the individual traits which comprised them.  There was also evidence 

for pleiotropy between the first and third principal components in the PAPI Study 

(rgenetic=-0.45).  Covariates previously identified as being associated with platelet 

aggregation were also associated with our principal components. 

Conclusions:  Using a principal components analysis we created novel phenotypes 

representing global aspects of platelet aggregation.  We provided evidence that these 

components are genetically controlled, with several having an increased genetic 

component relative to the individual traits which comprised them.  Therefore, genetic 

association analyses to identify platelet aggregation genes using combined traits such as 

ours are warranted.   

 

2. Introduction 

Platelet aggregation plays an essential role in thrombus formation which can 

result in the occlusion of blood vessels and atherothrombotic events including myocardial 

infarction and ischemic stroke
119

.  Platelet aggregation is a complex process, with 

different pathways being induced in response to stimulation with different agonists
15-48-49

.  

Interruption of several of these pathways has proven beneficial in the treatment and 

prevention of several cardiovascular diseases and is the basis for several antiplatelet 

medications
49, 72-73, 77-78, 87

. 



44 

 

 Several methods exist for the measurement of agonist-induced platelet 

aggregation in vitro, including optical aggregometry measured in platelet rich plasma and 

impedence aggregometry measured in whole blood
143-146

.  Aggregation phenotypes 

obtained through both methods have been found heritable 
90-92

.  In addition, several loci 

have been associated with platelet aggregation phenotypes in both candidate 

gene
97,99,106,108-109,111,161

 and genome-wide association studies
119-121

, providing evidence 

for a genetic contribution to platelet aggregation.  Identification of genes influencing 

platelet aggregation is important because identified genes provide insight not only into 

the genetic basis of platelet function but potentially the genetic basis of atherothrombotic 

diseases as well. 

 Previously, studies of platelet aggregation have been limited to individual traits 

measuring aggregation in response to a specific agonist, which provides information on 

that specific agonist-induced aggregation pathway, but not necessarily the global process 

of platelet aggregation.  Platelet aggregation is a complicated process, with different 

pathways being induced in response to stimulation with different agonists
15, 48-49

.  In 

addition, aggregation response differs depending on the concentration of agonist
92

.  

Therefore, it would be beneficial to study summary measures of platelet aggregation 

phenotypes that encompass information across several measures of platelet aggregation.  

Creation of such phenotypes would allow for the identification of patterns in the 

aggregation data and possibly identification of new loci influencing platelet aggregation.  

However, it is unclear what the characteristics of such combined traits would be, 

including associated covariates and the genetic contribution to each.    
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 To create summary platelet aggregation phenotypes, we first compared and 

contrasted the correlates of individual traits measured from different blood sources 

(platelet-rich plasma vs whole blood), in response to different agonists (ADP, collagen, 

epinephrine, arachidonic acid), and different doses of each agonist, and then used these 

results to guide us in the selection of subsets of traits to combine using data reduction 

procedures.  We used principle components analysis to reduce the dimensionality of the 

multiple traits into a small number of uncorrelated platelet aggregation phenotypes.  

Hypothesizing that these phenotypes reflected multiple, relatively uncorrelated, aspects 

of platelet aggregation, we then assessed the properties of these traits by identifying their 

correlates, estimating the genetic contributions to each, and assessing evidence for 

pleiotropy among them.   

 

3. Methods 

a. Study Populations 

The Hereditary and Phenotype Intervention (HAPI) Heart Study was conducted in 

relatively healthy individuals aged twenty and older from the Old Order Amish 

community of Lancaster County, PA.  Cardiovascular response to four short-term 

interventions, including platelet aggregation in response to aspirin therapy, was measured 

in study participants.  A total of 868 people participated in the study, 823 of whom had 

platelet aggregation measurements.  Exclusion criteria for the study included taking 

medications potentially affecting platelet function (eg. aspirin) and medical conditions for 

which anti-clotting agents would be contra-indicated (e.g., history of a bleeding disorder).  
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A more complete description of exclusion criteria for the HAPI Heart Study as a whole as 

well as for the aspirin intervention has been reported elsewhere
140

.   

Data on age, sex and self-reported medical history (including diabetes mellitus, 

myocardial infarction, hypertension, history of tobacco product use including cigarettes, 

pipes, and cigars, as well as current smoking status) were collected during a baseline 

interview.   BMI was calculated from height and weight.   Levels of total cholesterol, 

high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and triglycerides 

were assayed by Quest Diagnostics from a blood sample collected after an overnight fast.     

The Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study was conducted 

in relatively healthy individuals from the Old Order Amish community of Lancaster 

County, PA.  This study was designed to identify genetic determinants of response to 

clopidogrel therapy.  Participants were first treated with clopidogrel for six days and then 

the combination of clopidogrel and aspirin on the sixth day.  Exclusion criteria included 

having major illnesses including kidney and liver disease and participants were asked to 

stop prescription medication, vitamin and supplement use 1 week prior to the baseline 

visit
141

.  A total of 676 people participated in the study, 673 of whom have available 

platelet aggregation data.   

Data on characteristics including age, sex, height, weight, and self-reported 

medical history (including diabetes mellitus, myocardial infarction, hypertension, history 

of tobacco product use including cigarettes, pipes, and cigars, as well as current smoking 

status) were obtained during a baseline interview.    Levels of total cholesterol, high-

density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides and 
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fibrinogen were assayed by Quest Diagnostics from a blood sample collected after an 

overnight fast. 

b. Platelet Aggregation Measurements 

Platelet aggregation was assessed using impedence aggregometry in both the 

HAPI Heart and PAPI studies.  All blood samples were obtained after an overnight fast.  

In the HAPI Heart Study, maximum percent aggregation in response to four 

concentrations of collagen (½ μg/ml, 1 μg/ml, 2 μg/ml, and 5 μg/ml) and one 

concentration each of arachidonic acid (0.5 mMol) and ADP (10 μM) was measured 

before the administration of aspirin therapy using the Chrono-Log Model 700 Whole 

Blood Lumi-Aggregometer.   In the PAPI Study, maximum percent aggregation in 

response to two concentrations of ADP (5 μg/ml, 20 μg/ml), 0.5 mMol arachidonic acid, 

and 1 μg/ml of collagen was measured.   

In addition, optical aggregometry using the PAP8E Aggregometer was used to 

assess maximum percent aggregation in the PAPI Study.  Platelet rich plasma was 

extracted from whole blood samples and then stimulated with four concentrations of ADP 

(2 μM, 5 μM, 10 μM, 20 μM), four concentrations of collagen (1 μg/ml, 2 μg/ml, 5 

μg/ml, and 10 μg/ml), 10 uM epinephrine and 1.6 mM arachidonic acid prior to the 

administration of antiplatelet therapy.  A more detailed description of the optical 

aggregometry procedures has been described previously
141

.   

c. Covariate Measurements 

 Covariates previously associated with platelet aggregation in the literature were 

selected to test for association with the combined platelet aggregation traits.  In both 

studies self-reported history of hypertension, diabetes mellitus as well as age and sex and 
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were obtained during a baseline interview.  Participants were also asked if they were 

current smokers, with those responding yes if they smoked cigarettes, cigars, pipes or 

other tobacco products.  BMI was calculated from height and weight measurements 

obtained during the interview.  Blood samples were collected after an overnight fast and 

lipid levels (HDL-c, LDL-c, Triglycerides, Total cholesterol) measured using Quest.  In 

the PAPI Study, fibrinogen activity was also measured from the blood samples by the 

Clauss fibrinogen assay.      

d. Statistical Methods 

 Prior to analyses, individuals with incomplete platelet aggregation data were 

excluded.   Non-normally distributed platelet aggregation measures were winsorized and 

triglyceride levels log transformed.  All analyses were performed separately in the HAPI 

Heart and PAPI studies.  Means ± standard deviations (SD) as well as frequencies were 

calculated to summarize characteristics of the Amish study samples.  Correlates of each 

platelet aggregation trait were identified using a linear mixed model implemented in 

SOLAR
147

.  Each covariate was added in separately and a polygenic component was 

included as a random effect in order to account for relatedness among participants.  Using 

the same linear mixed model, heritabilities and standard errors for all platelet aggregation 

measures were calculated, including age and sex as fixed effects.  Heritability was 

defined as the proportion of phenotypic variance due to the additive effect of genes.  

Individual platelet aggregation traits with non-significant heritabilities were excluded 

from further analyses.   

A principal components analysis was then performed on the platelet aggregation 

traits with significant heritabilities in order to identify patterns in the data and to create 
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combined phenotypes that summarized most of the phenotypic co-variance in the 

individual platelet phenotypes.  Traits were z-scored prior to analyses and then used for a 

principal components analysis using SAS v. 9.2.  In the PAPI Study, a varimax rotation 

was implemented in order to create optimal loadings for individual traits onto resulting 

principal components.  A scree plot analysis was performed to determine which principal 

components to retain in both studies and all retained principal components were required 

to have an eigenvalue > 1.  Individual traits with loadings ≥ 0.4 were considered to make 

a significant contribution to the principal component and components were named 

according to those traits.   

In order to characterize the retained components, their associations with 

environmental variables were calculated using the same linear mixed model from the 

previous analyses.  This method was also utilized to partition out the sources of variance 

for the principal components.  Age, sex, BMI, diabetes mellitus (yes or no), hypertension 

(yes/borderline or no), current smoking (yes or no), triglycerides, total cholesterol, LDL 

cholesterol, HDL cholesterol, and fibrinogen levels (PAPI Study only) were included in 

the model.  Genetic correlations (rg) between components in the PAPI Study were also 

calculated using a bivariate analysis implemented in SOLAR
147

.   

 

4. Results 

a. Participant Characteristics 

 A total of 787 participants from the HAPI Heart study and 657 participants from 

the PAPI study were included in the analyses.  Women comprised 44.7% of the 

participants in the HAPI Heart study and 46.5% of the participants in the PAPI study.  
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Women tended to have slightly higher serum lipid levels (HDL cholesterol, LDL 

cholesterol, total cholesterol, triglycerides) and BMI than men in both studies.  Few 

participants had a history of hypertension or diabetes mellitus and around 20% of men 

were current smokers (Table 1).     

 

b. Principal Components Analyses 

 A total of twenty platelet aggregation traits, including aggregation in response to 

varying concentrations of ADP, collagen, epinephrine and aracidonic acid measured in 

whole blood and platelet rich plasma, were available for analysis; fourteen from the PAPI 

study and six from the HAPI Heart study.  Of those, sixteen were significantly heritable 

(eleven from PAPI, five from HAPI Heart) with estimates ranging from 0.15-0.41 (Table 

7).  Comparison of the associated covariates for each platelet aggregation trait did not 

reveal any obvious patterns in the data to help guide our data reduction analysis (Table 8).  

Therefore, a principal components analysis was performed on all heritable traits.  From 

this analysis, three components were retained in the PAPI study and one in the HAPI 

Heart study.  These components explained 74.2% and 65.1% of the total variability in the 

PAPI and HAPI Heart aggregation traits (Tables 2 and 3).     

Upon examination of the loading patterns, it was notable that aggregation 

measurements clustered by method of measurement; optical or impedence aggregometry.  

In the PAPI study, the first principal component (PC1:PRP aggr.), representing platelet 

aggregation measured in platelet rich plasma, accounted for most of the variation in the 

data (41.2%).  The second principal component (PC2:WB aggr) had high loadings for all 

measurements made in whole blood (5 uM and 20 uM ADP, 1 ug/mL Collagen and 0.5 
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uM arachidonic acid).  The third principal component (PC3:high dose ADP/Coll) had 

high loadings for 10 ug/mL collagen, 10 uM ADP and 20 uM ADP measured in platelet 

rich plasma (Table 2).  In the HAPI Heart study, the retained principal component 

(PC1:WB aggr.) represented aggregation measured in whole blood and all individual 

traits loaded heavily on it (Table 3).   

 

c. Correlates of Platelet Aggregation 

 Results from the analyses to identify correlates of each combined trait are shown 

in Tables 4 and 5, with the beta-coefficients for each covariate being presented.  In the 

PAPI Study, PC1:PRP aggr. was inversely associated with male sex and being a current 

smoker, and positively associated with age, total cholesterol levels and fibrinogen levels.  

PC2:WB aggr. was also inversely associated with male sex and being a current smoker, 

and positively associated with fibrinogen levels.  In contrast, PC3:High dose ADP/Coll 

was negatively associated with having hypertension, LDL cholesterol levels and total 

cholesterol levels, and positively associated with male sex.  In the HAPI Heart Study, 

PC1:WB aggr. was positively associated with male sex and BMI, and negatively 

associated with being a current smoker 

 

d. Genetic Contribution to Principal Components 

 All components were heritable with heritability estimates of 43% for PC1:PRP 

aggr., 43% for PC2:WB aggr., 22% for PC3:High dose ADP/Coll in the PAPI Study and 

25% for PC1:WB aggr. in the HAPI Heart Study.  After partitioning the sources of 

variation for each component into genetic, measured covariates and residual variance due 
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to unmeasured environmental variables, the proportion of variance due to genetic factors 

was 33%, 40% and 19% for the principal components in the PAPI study, and 22% for the 

principal component in the HAPI Heart study (Table 6).  The proportion of variance due 

to measured covariates was smaller at 20%, 9% and 4% for the PAPI study principal 

components and 14% for the HAPI Heart study principal component.  Bivariate analyses 

revealed evidence for pleiotropy between PC1:PRP aggr. and PC3:High dose ADP/Coll 

in the PAPI Study (rg=-0.45, p=0.0497).  Remaining genetic correlations were weaker and 

non-significant (PC1,PC2: rg=0.04 p=0.81; PC2,PC3: rg= 0.31 p=0.17).  

 

5. Discussion 

In our study, we reduced the multitude of platelet aggregation into three 

components in the PAPI Study and one component in the HAPI Heart Study.  Based on 

the loading patterns, most of these components represented global platelet aggregation 

phenotypes measured in different blood sources; platelet rich plasma or whole blood.  

The first component in the PAPI Study had high loadings for almost all measurements 

made in platelet rich plasma, regardless of agonist or agonist concentration.  The second 

component in the PAPI Study and the first component in the HAPI Heart Study both had 

high loadings for all measurements made in whole blood, also regardless of agonist or 

agonist concentration.  The third component in the PAPI Study represented a more 

specific platelet aggregation phenotype and overlapped slightly with the first component; 

high loadings were obtained for high doses of ADP (10 uM and 20 uM), which also 

loaded heavily on the first component, and 10 ug/mL collagen measured in platelet rich 

plasma.   



53 

 

In a previous study that performed a principal components analysis on platelet 

function traits, traits measured in whole blood and platelet rich plasma also loaded 

heavily on separate components
120

.  Measurements tended to cluster by agonist as well 

but not by agonist dose, which we observed in the third PAPI component.  However, the 

previous study included fewer platelet aggregation measurements and platelet function 

traits not included in our study (slope, lag time, urinary thromboxane levels) which could 

explain this. 

In order to characterize our retained components, associated covariates for each 

were identified, revealing similarities and differences between the components.  Several 

covariates were associated with multiple components, including sex which was 

associated with all components, although the direction of effect differed.  In addition, 

being a current smoker was negatively associated with the first two components in the 

PAPI Study and the HAPI Heart Study component.  In contrast, hypertension was only 

associated with the third component in the PAPI Study and BMI was only associated with 

the HAPI Heart Study component.  We hypothesized that the differences in associated 

covariates reflected differences in characteristics of the individual traits that loaded 

heavily onto each component.  In some cases this was true.  In the HAPI Heart Study, 

BMI was associated with three of the five individual traits while BMI was associated 

with only one trait in the PAPI Study.  Therefore, this could explain why BMI was 

associated with the HAPI Heart Study component but none of the PAPI Study 

components.  However, hypertension was negatively associated with the third component 

in the PAPI Study but none of the traits that loaded heavily onto it, showing that the 

components did not always reflect the characteristics of the individual traits that comprise 
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them.  This is not completely unexpected however, since the principal components are 

novel phenotypes and therefore may have different characteristics.   

We also performed analyses to determine if there was evidence for a genetic 

contribution to our components.  All components were heritable, with heritability 

estimates between 25% and 43%.  Notably, the heritability estimates for the first two 

components in the PAPI Study were larger than those of the individual traits that 

comprised them.  This suggests that the genetic contribution to our combined traits may 

be larger than any of the individual platelet aggregation traits we measured, motivating 

future genetic analyses involving these traits.  We also partitioned out the sources of 

variance in order to identify the major sources, including variation due to genes, 

measured covariates and residual or unmeasured covariates.  The proportion of variance 

due to genes was between 19% and 40% depending on the component.  In all cases, the 

proportion of variance due to measured covariates was less than that due to genes.  

Together, this provides evidence that genes play a role in these components.  Given that 

there appeared to be evidence for a genetic contribution to all our components, we 

calculated genetic correlations to determine if the PAPI Study components would be 

influenced by different genes or the same genes.  By definition, the components are 

uncorrelated, however since they were derived based on phenotypic correlations which 

may not necessarily reflect the genetic relatedness between traits, it is still possible that 

genes could influence multiple components.  Our analyses revealed that the first and third 

components were genetically correlated (rg=-0.45, p=0.049), whereas none of the other 

components were.  This is not unsurprising because two individual traits loaded heavily 



55 

 

onto both components (10 uM and 20 uM ADP).  Therefore, genetic analyses could 

identify genes associated with both components.          

There are several limitations and strengths to our study which should be noted.  

As a limitation, our study samples consisted of Caucasians only.  It was previously 

suggested in the literature that platelet aggregation may differ by race
92,150

, therefore our 

results may not be generalizable to other races and ethnicities.  However, there are several 

strengths to our study.  First, platelet aggregation was excellently characterized in the 

Amish samples, with measurements in response to multiple concentrations of several 

agonists, as well as measurements made both in whole blood and platelet aggregation 

being available.  Second, utilization of principal components analysis allowed us to use 

this plethora of data in a more succinct way.   

In conclusion, using a principal components analysis we created novel phenotypes 

representing global aspects of platelet aggregation.  We provided evidence that these 

components are genetically controlled, with several having an increased genetic 

component relative to the individual traits which comprised them.  Therefore, genetic 

association analyses to identify platelet aggregation genes using combined traits such as 

ours are warranted.   

 

 

 

 

 

 



56 

 

6. Tables 

 

 
 
 
Table 2: Loadings and Percent Variance Explained from Principal Components 
Analysis of Platelet Aggregation Traits in PAPI  

    

 Principal Component  

Variable PC1:PRP aggr. PC2: WB aggr. PC3: High dose ADP/Coll. 

PRP ADP2 0.819 -0.016 0.016 

PRP ADP5 0.883 0.024 0.270 

PRP ADP10 0.787 0.078 0.514 

PRP ADP20 0.658 0.092 0.658 

PRP Coll1 0.793 -0.035 0.212 

PRP Coll10 0.149 0.037 0.924 

PRP Epi 0.780 0.049 -0.041 

WB ADP5 0.241 0.821 -0.068 

WB ADP20 0.076 0.850 -0.065 

WB Coll1 -0.138 0.761 0.071 

WB AA -0.066 0.774 0.177 

Variance explained (%) 35.0 23.6 15.6 

    

*Components were named according to those traits with loadings > 0.4, shown in bold 

 

 

 

 

 

 

Table 1:  Population characteristics among the Amish, by study and sex

Men Women Men Women

Variable (n=324) (n=333) (n=426) (n=361)

Age (mean ± SD, years) 43.6 ± 12.9 46.5 ± 13.8 41.4 ± 13.1 44.7 ± 13.8

Hypertension (%)

     Yes 1.2 3.0 2.4 5.3

     Borderline 1.5 2.1 1.9 2.0

     No 97.2 94.9 95.7 92.7

Diabetes Mellitus (%) 0 0.6 0.7 0.6

Current smoker (%) 20.1 0.0 20.0 0.0

BMI (kg/m ) 26.0 ± 3.6 28.2 ± 5.4 25.6 ± 3.2 27.7 ± 5.3

Total cholesterol (mg/dl) 206.6 ± 42.9 213.3 ± 49.5 203.4 ± 44.8 214.0 ± 47.5

HDL cholesterol (mg/dl) 55.5 ± 14.8 61.9 ± 15.2 53.1 ± 12.8 59.5 ± 15.4

LDL cholesterol (mg/dl) 137.6 ± 39.9 136.3 ± 45.8 137.8 ± 41.4 140.2 ± 44.7

Triglycerides (mg/dl) 68.1 ± 40.0 75.5 ± 42.3 62.5 ± 34.8 71.6 ± 44.2

Fibrinogen 265.9 ± 59.2 294.7 ± 57.5 NA NA

PAPI HAPI
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Table 3: Loadings and Percent Variance Explained from 

Principal Components Analysis of Platelet Aggregation Traits in HAPI

Principal Component

Variable PC1:WB aggr.

WB ADP10 0.788

WB COLL 1/2 0.812

WB COLL1 0.870

WB COLL5 0.762

WB AA 0.738

Variance explained (%) 63.3

*Component named according to those traits with loadings > 0.4, shown in bold

Table 4: Associations Between Principal Components and Covariates, PAPI Study

PC1:PRP aggr. PC2:WB aggr. PC3:High dose ADP/Coll

Variable β-coefficient β-coefficient β-coefficient

Hypertension (%) 0.12 -0.08 -0.40*

Diabetes Mellitus (%) 0.22 0.46 -0.78

Current Smoking (%) -0.58*** -0.25* 0.14

Sex (%) M=1, F=0 -0.48*** -0.45*** 0.23**

Age (y) 0.02*** -0.004 -0.004

BMI (kg/m
2
) 0.006 0.01 0.004

HDL cholesterol (mg/dl) 0.003 -0.003 -0.004

LDL cholesterol (mg/dl) 0.002 -0.0005 -0.003**

ln Triglycerides (mg/dl) 0.10 0.05 0.04

Total cholesterol (mg/dl) 0.002* -0.0008 -0.003***

Fibrinogen 0.002** 0.003*** -0.0008

*p<0.05

**p<0.01

***p<0.001
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Table 5: Associations Between Principal Component and Covariates, HAPI Heart Study

PC1:PRP aggr.

Variable β-coefficient

Hypertension (%) -0.12

Diabetes Mellitus (%) 0.40

Current Smoking (%) -0.34**

Sex (%) 0.51***

Age (y) -0.0002

BMI (kg/m
2
) 0.02*

HDL cholesterol (mg/dl) -0.004

LDL cholesterol (mg/dl) -0.0009

ln Triglycerides (mg/dl) 0.02

Total cholesterol (mg/dl) -0.001

*p<0.05

**p<0.01

***p<0.001

Table 6: Components of variance for Principal Components

Principal Component Genetic Measured Covariates* Residual

PAPI PC1:ADP_PRP 0.33 0.20 0.47

PAPI PC2:WB aggr 0.40 0.09 0.51

PAPI PC3:High dose Collagen 0.19 0.04 0.77

HAPI PC1:WB aggr. 0.22 0.14 0.64

*age sex, BMI, diabetes mellitus, hypertension, current smoking, triglycerides, total cholesterol, LDL cholesterol, 

HDL cholesterol and Fibrinogen (PAPI only)
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7. Supplementary Tables 

 
Table 7:  Heritability estimates for individual platelet aggregation traits 

      Trait h
2
 SE p-value 

  PAPI       
  PRP ADP2 0.35 0.08 <0.001 
  PRP ADP5 0.35 0.10 <0.001 
  PRP ADP10 0.24 0.09 0.002 
  PRP ADP20 0.20 0.09 0.005 
  PRP Coll1 0.17 0.09 0.01 
  PRP Coll2 0.06 0.08 0.20 
  PRP Coll5 0.01 0.07 0.43 
  PRP Coll10 0.17 0.09 0.01 
  PRP EPI 0.41 0.10 <0.001 
  PRP AA 0.13 0.09 0.06 
  WB ADP5 0.37 0.10 <0.001 
  WB ADP20 0.33 0.10 <0.001 
  WB Coll1 0.23 0.09 0.003 
  WB AA 0.33 0.09 <0.001 
  HAPI 

     WB ADP10 0.38 0.09 <0.001 
  WB COLL 1/2 0.18 0.09 0.009 
  WB COLL1 0.16 0.08 0.03 
  WB COLL2 0.13 0.09 0.08 
  WB COLL5 0.13 0.07 0.02 
  WB AA 0.28 0.09 <0.001 
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B. Genetic Analyses of Platelet Aggregation Phenotypes in the Amish 

1. Abstract 

Background and Purpose:  Platelet aggregation plays an essential role in thrombus 

formation.  In the case of vascular injury, platelet aggregation prevents uncontrolled 

blood loss.  However, platelet aggregation can also lead to atherothrombotic events 

including ischemic stroke and myocardial infarction.  Several studies have suggested that 

platelet aggregation is genetically controlled and several loci have been identified.  

However, most of the previous studies have been limited to only a few phenotypes which 

may not capture the complexity of platelet aggregation.  Therefore, we performed genetic 

association analyses on principal components derived from platelet aggregation traits in 

order to identify loci influencing platelet aggregation.       

Methods:  Principal components analysis was used to reduce a multitude of platelet 

aggregation traits in two studies conducted in the Amish.  Using a linear mixed model, 

genome-wide association analyses were performed on principal components derived from 

platelet aggregation data in two studies conducted in the Amish.  In addition, candidate 

SNP and gene analyses (PLA2G4A and PLCB2) were performed using the same model.   

Results:  In our genome-wide association analyses, three SNPs were significantly 

associated with a principal component that represented aggregation in response to high 

doses of ADP and collagen measured in platelet rich plasma (rs12618009 p=5.0 x 10
-9 

; 

rs1527075 p=5.9 x 10
-8 

; rs1684918 p=7.0 x 10
-8 

).  In our candidate SNP and gene 

analyses, rs12041331 (PEAR1) was significantly associated with a principal component 

representing platelet aggregation measured in platelet rich plasma (p=0.002).  PLA2G4A 

and PLCB2 were marginally associated in both studies.       
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Conclusions:  We were able to identify associations between several loci and combined 

platelet aggregation phenotypes.  Many of these associations were previously unreported 

providing potentially new insight into the complex process of platelet aggregation. 

 

2. Introduction 

 Platelet aggregation is an integral component of hemostasis.  In the case of 

traumatic vascular injury, platelet aggregation leads to the formation of thrombi that 

prevent uncontrolled blood loss.   However, in various disease states or in the presence of 

endothelial dysfunction, platelet aggregation can play a pathological role through 

formation of thrombi that can lead to atherothrombotic events including stroke and 

myocardial infarction
44

. 

 Platelet aggregation occurs in the presence of shear stress or in response to 

stimulation with agonists including collagen, adenosine diphosphate (ADP), thrombin, 

thromboxane A2 (TXA2), and epinephrine
46

.  Some components of these pathways are 

agonist-specific, but some are common to all agonists, including the activation of 

phospholipase A2 (PLA2), phospholipase C (PLC) and the fibrinogen receptor.  Activation 

of PLC causes the breakdown of phospholipids into diacylglycerol (DAG) and inositol-

1,4,5-triphosphate (IP3).  DAG activates protein kinase C (PKC) which causes platelets to 

secrete granule contents, including pro-aggregatory substances, and IP3 causes an 

increase in calcium concentration.  The increase in calcium activates PLA2 which causes 

arachidonic acid (AA) to be released from the platelet membranes.  AA is then converted 

into TXA2 which is released and acts as a platelet agonist.  The increased calcium levels 

also cause platelets to change shape and convert the fibrinogen receptor (α2bβ3) into an 
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active state.  Once activated, the receptor can bind fibrinogen molecules causing platelet 

aggregation
15, 48-49

.  

 Two major isoforms of PLC are expressed in platelets; PLCβ and PLCγ2.  A study 

in knock-out mice showed that mice lacking two isoforms of PLCβ (PLCβ2 and PLCβ3) 

were unable to form stable aggregates
112

, providing evidence that PLCβ plays a role in 

platelet function.   In addition, a platelet function defect has previously been reported 

where a patient with decreased PLC-β2 isoenzyme had impaired function, including 

decreased platelet aggregation
113

.  PLCβ2 is encoded by the PLCB2 gene and maps to 

chromosome 15q15.1 and spans 20kb.  Platelets are also known to contain two forms of 

PLA2; cytosolic phospholipase A2 (cPLA2α) and secreted phsopholipase A2 (sPLA2)
114

.  

Of the two, cPLA2α is essential for the release of AA
114-115

.  Studies have provided 

suggestive evidence of a role for cPLA2α in platelet function.  A study in mice showed 

that those lacking cPLA2α had impaired thrombus formation
116

 and a patient with a 

cPLA2α deficiency had decreased platelet aggregation
117

.  cPLA2α is encoded by the 

PLA2G4A gene which maps to 1q31.1 and spans 160kb. 

While it is known that factors such as smoking
18, 20, 21, 25, 27, 34

, atherosclerosis and 

sex
40-43

 may influence platelet aggregation, the literature also suggests that platelet 

aggregation may be genetically controlled.  Several studies have shown platelet 

aggregation measures to be heritable
91, 92, 120

 and a number of loci influencing aggregation 

response have been identified through candidate gene studies
94, 96, 97, 102, 106, 107, 111, 161

 and 

a limited number of genome-wide association studies (GWAS)
119-121

.  However, few loci 

have been consistently identified across studies and many have been limited to only a few 
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platelet aggregation phenotypes.  In addition, to our knowledge, no studies have looked at 

genetic variation in the PLA2G4A and PLCB2 genes.     

Previously, we created and characterized composite phenotypes summarizing the 

effect of multiple concentrations of several agonists on aggregation response within two 

healthy Amish populations.  All phenotypes were heritable.  For this study we aimed to:  

1) Perform a GWAS on similar composite traits in order to identify loci influencing 

platelet aggregation among our Amish samples; 2) Test SNPs previously identified 

through candidates gene studies of platelet receptor genes and through genome-wide 

significant SNPs, for association with our composite traits; and 3) Test SNPs within the 

PLA2G4A and PLCB2 genes for association with our composite traits.      

 

3. Methods 

a. Study Populations 

In order to identify loci associated with platelet aggregation, we utilized data from 

two studies conducted in the Amish; the Hereditary and Phenotype Intervention (HAPI) 

Heart Study and the Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study.  For 

replication analyses we utilized data from a study which had similar platelet aggregation 

phenotypes available, the Genetic Study of Atherosclerosis Risk (GeneSTAR). 

The Hereditary and Phenotype Intervention (HAPI) Heart Study was conducted in 

relatively healthy individuals aged twenty and older from the Old Order Amish 

community of Lancaster County, PA.  Cardiovascular response to four short-term 

interventions, including platelet aggregation in response to aspirin therapy, was measured 

in study participants.  A total of 868 people participated in the study, 823 of whom had 
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platelet aggregation measurements.  Exclusion criteria for the study included taking 

medications potentially affecting platelet function (eg. aspirin) and medical conditions for 

which anti-clotting agents would be contra-indicated (e.g., history of a bleeding disorder).  

A more complete description of exclusion criteria for the HAPI Heart Study as a whole as 

well as for the aspirin intervention has been reported elsewhere
140

.   

The Pharmacogenomics of Anti-Platelet Interaction (PAPI) Study was conducted 

in relatively healthy individuals from the Old Order Amish community of Lancaster 

County, PA.  This study was designed to identify genetic determinants of response to 

clopidogrel therapy.  Participants were first treated with clopidogrel and then the 

combination of clopidogrel and aspirin.  Exclusion criteria included having major 

illnesses including kidney and liver disease and participants were asked to stop 

prescription medication, vitamin and supplement use 1 week prior to the baseline visit
141

.  

A total of 676 people participated in the study, 673 of whom have available platelet 

aggregation data.   

The Genetic Study of Atherosclerosis Risk was conducted in individuals at least 21 

years of age with a family history of premature coronary artery disease.  Participants 

were either European or African American.  The study was designed to identify the 

genetic and environmental determinants of platelet function in response to low-dose 

aspirin therapy.  After the baseline study visit, participants were instructed to take 1 

aspirin pill (81 mg) each day for 14 days.  Platelet aggregation measurements were taken 

prior to the start of aspirin therapy and after its completion.  A total of 1231 European 

Americans and 846 African Americans participated in the study.  Exclusion criteria 

included having a history of major illnesses including coronary artery disease, stroke, and 
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autoimmune diseases as well as having a known allergy to aspirin.  A more detailed 

description of exclusion criteria has been previously reported
120

. 

b. Platelet Aggregation Measurements 

 In the Amish studies, blood samples were obtained from all participants after an 

overnight fast at baseline.  All subjects were required to be aspirin free at the time of 

measurement.  In the PAPI Study, impedence aggregometry using the Chrono-Log Model 

700 Whole Blood Lumi-Aggregometer was used to assess maximum percent aggregation 

in whole blood (WB) samples after the addition of two concentrations of ADP (5 μg/ml, 

20 μg/ml), 0.5 mMol arachidonic acid, and 1 μg/ml of collagen.  Platelet rich plasma 

(PRP) was also separated from WB samples and optical aggregometry using the PAP8E 

Aggregometer was performed to measure the maximum percent aggregation in response 

to four concentrations of ADP (2 μM, 5 μM, 10 μM, 20 μM), four concentrations of 

collagen (1 μg/ml, 2 μg/ml, 5 μg/ml, and 10 μg/ml), 10 uM epinephrine and 1.6 mM 

arachidonic acid.  In the HAPI Heart Study, WB impedence aggregometry was used to 

measure maximum percent aggregation after samples had been stimulated with four 

concentrations of collagen (½ μg/ml, 1 μg/ml, 2 μg/ml, and 5 μg/ml) and one 

concentration each of arachidonic acid (0.5 mMol) and ADP (10 μM).  A more detailed 

description of the aggregometry procedures has been described previously
140-141

.    

 In GeneSTAR, blood samples were obtained at the same time of day during 

baseline and post aspirin therapy visits.  Optical aggregometry using the PAP-4 

aggregometer (Horsham, PA) was used to measure maximum % aggregation, slope and 

lag time in response to 1.6 mmol/L  Arachidonic Acid, three concentrations of collagen 

(1,2,5 ug/mL), 2 concentrations of ADP (2,10 mmol/L), and two concentrations of 
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epinephrine (2,10 umol/L).  Whole blood impedence aggregometry using the Chrono-Log 

dual-channel lumiaggregometer (Havertown, PA) was performed  measuring maximum 

% aggregation, slope and lag time in response to 0.5 mmol/L arachidonic acid, 2 

concentrations of collagen (1,5 ug/mL), and 10 umol/L ADP.  In addition, the platelet 

function analyzer (PFA) test (PFA-100, Dade-Behring, Neward, DE) was used to measure 

platelet function under shear stress and urinary excretion of the thromboxane B2 

metabolite 11-dehydrothromboxane B2 (Tx-M) were measured. 

 

c. Genotyping and Imputation 

In the PAPI Study, genotyping was performed on the Affy 500K for some of the 

participants and the Affy 6.0 array for the rest of the participants.  Therefore, the 450K 

overlapping SNPs across both arrays were used in our analyses.  Imputation data was not 

available.  In the HAPI Heart Study, the Affymetrix GeneChip Human Mapping 500K 

array was used to genotype all participants.  Imputation was also performed based on the 

HapMap CEU population.  In GeneSTAR, all participants were genotyped using the 

Human 1Mv1-C array from Illumina, Inc.  The average call rate for all SNPs was 99.65% 

and overall missing data rate was 0.35%.  A total of 23 individuals were removed due to 

Mendelian inconsistencies and gender discrepancies.   

 

d. Statistical Methods 

Means ± standard deviations (SD) as well as frequencies were calculated to 

summarize characteristics of the Amish study samples.  Previously, we created principal 

components derived from heritable platelet aggregation traits that were unadjusted for 
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any covariates.  In order to adjust for age and sex in our current study, we obtained 

residuals for each individual platelet aggregation trait using a linear mixed model analysis 

implemented in SOLAR
147

, where age and sex were included as fixed effects and a 

polygenic component accounting for relatedness was included as a random effect.  

Residuals were then z-scored and a principal components analysis performed on the 

standardized residuals.  Three components were retained in the PAPI Study and one in the 

HAPI Heart Study.  The loading patterns were very similar to those previously reported.     

Genome-wide association analyses were performed testing the associations 

between each single nucleotide polymorphism (SNP) and mean principal component 

scores.  The same linear mixed model above was used for these analyses using in-house 

software developed by Jeff O’Connell
153

.  Each SNP genotype was coded additively and 

included as a fixed effect.  A Bonferroni correction was made to account for false 

positives and p-values < 1.6 x 10
-7

 were considered significant in the PAPI Study 

(0.05/315,299 SNPs) and p-values < 5.0 x 10
-8

 were considered significant in the HAPI 

Study.  Prior to association analyses, SNPs with minor allele frequency < 0.05, call rate < 

95% or Hardy Weinberg Equilibrium p-value < 0.0001 were excluded.  This study had 

80% power to detect a SNP which accounted for 5% of the variation in the outcome at 

α=5.0x10
-8 

in the HAPI Heart Study, and 80% power to detect a SNP which accounted for 

6% of the variation in the outcome at α=5.0x10
-8  

in the PAPI Study.   

Candidate SNP and gene analyses were performed using the same linear mixed 

model above, with SNP included as a fixed effect and coded additively.  For the candidate 

SNP analyses, the significance threshold was set at 0.05.  For the candidate gene 
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analyses, a Bonferroni correction was made to establish the significance threshold, with 

p-values < (0.05/the number of SNPs tested) considered significant for each gene.       

e. Replication and Meta Analyses 

To further investigate genome-wide significant findings, an exploratory 

replication analysis was performed utilizing principal components from GeneSTAR that 

were derived in a previous analysis of platelet function.  The previous analysis was 

performed on several measures including maximum % aggregation, slope, lag time, 

platelet function analyzer closure time and urinary thromboxane levels
120

.  Among 

European Americans, 8 components were derived using the baseline platelet function 

data.  Since the loading patterns differed between GeneSTAR and our Amish studies, 

results across relevant components in the GeneSTAR Study were combined in order to 

obtain association results for combined traits similar to ours.  In our study, if we observed 

a genome-wide significant association, we identified the individual traits with high 

loadings for the associated principal component.  Then, the principal components with 

high loadings for similar individual traits in GeneSTAR were identified.  The test 

statistics for the SNP associations with these identified components in GeneSTAR were 

then combined using a method by Mei et al
155

. Briefly, t-statistics for the SNP β-

coefficients were summed across composite traits and a new p-value calculated from the 

combined t-statistic.  Replication was defined as a SNP with the same direction of effect 

in the Amish and GeneSTAR and an association p<0.05.   

Another replication analysis was also performed in order to explore genome-wide 

and marginally significant associations further.  This analysis was performed using the 

individual traits that loaded heavily onto the associated principal component.  In the 
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Amish studies, significant SNPs were tested for association with the individual traits that 

loaded heavily onto the associated principal component.  The same linear mixed model 

mentioned above was used for these analyses, with SNP, age and sex being included as 

fixed effects.  Association results for the same individual traits in GeneSTAR were then 

obtained and examined for evidence of replication.  If the exact trait was not available, an 

aggregation trait in response to a similar concentration of the same agonist was used.  

Replication was defined as a SNP with the same direction of effect in the Amish and 

GeneSTAR and an association p<0.05.  A sample-size weighted meta-analysis using the 

METAL software
156

 was also performed combining results from the appropriate Amish 

Study and GeneSTAR.   

 

4. Results 

a. Participant Characteristics 

 A total of 657 participants in the PAPI Study were included in the analyses and 

787 participants in the HAPI Heart Study.  Mean age for all participants was between 41 

and 47 years.  Few participants had a self-reported history of hypertension or diabetes 

and 20% of men used tobacco products in both studies.  Generally, women had slightly 

higher BMI and cholesterol levels than men and fibrinogen levels were higher in women 

in the PAPI Study (Table 9). 

Loading Patterns 

 In the PAPI Study, the first component (PC1: PRP aggregation) represented 

platelet aggregation measured in platelet rich plasma and explained 32.6% of the total 



71 

 

variability in the data (Table 21).  All measures in platelet rich plasma, except 10 ug/mL 

collagen, loaded heavily on this component.  The second component (PC2: WB 

aggregation) represented platelet aggregation measured in whole blood and had high 

loadings for all measures in whole blood.  High dose collagen measured in platelet rich 

plasma (10 ug/mL collagen) made the largest contribution to the generation of the third 

principal component (PC3: High dose ADP/Collagen, with an eigenvector of 0.9.  High 

doses of ADP (10 uM and 20 uM ADP) also loaded heavily on the third component.  In 

the HAPI Heart Study, the retained principal component explained 61.7% of the total 

variation in the data and represented platelet aggregation measured in whole blood.  All 

measures made large contributions to its development (Table 22).  All retained principal 

components were heritable, with estimates of 42%, 43% and 23% for the three principal 

components in the PAPI Study and 24% for the HAPI Heart Study principal component. 

b. Genome-Wide Association Results 

 A total of 315,299 SNPs were analyzed in the PAPI Study and 2,019,765 SNPs in 

the HAPI Heart Study.  Manhattan plots depicting association results are shown in figures 

3-6.  In all cases there was no evidence for an inflation of tests statistics with λ<1.06 in 

all cases (Figures 7-10).  Three SNPs were significantly associated with PC3: High dose 

ADP/Collagen in the PAPI Study and fell within intergenic regions (Figure 3, Table 10).  

The most strongly associated SNP, rs12618009 (p= 5.0 x 10
-9

), was located on 

chromosome 1 and fell between THSD7B and CXCR4.  The second most significant SNP, 

rs1527075 (p=5.9 x 10
-8

), was located on chromosome 12 and fell between SYT1 and 

NAV3.  The third most significant SNP, rs1684918 (p=7.0 x 10
-8

), was located between 

CCDC6 and ANK3 on chromosome 10.   
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None of these SNPs showed evidence for replication with similar GeneSTAR 

principal components or in analyses of individual traits (Table 11, Table 15).  For the 

replication analysis involving similar GeneSTAR principal components, the first and 

sixth components were used for the analysis.  The first component, Factor1W: Collagen 

had high loadings for slope and aggregation in response to high and low doses of 

collagen measured in platelet rich plasma.  This was the only component that had high 

loadings for aggregation in response to high doses of collagen.  The sixth component, 

Factor6W: ADP/Epinephrine had high loadings for aggregation and slope in response to 

high doses of ADP, aggregation and lag time in response to low doses of ADP, and 

aggregation in response to low and high doses of epinephrine, measured in platelet rich 

plasma.  This was the only component to have high loadings for aggregation in response 

to high doses of ADP.  When the test statistics for the SNP associations with these traits 

were combined, resulting p-values were > 0.05 in all cases (Table 11).  For the replication 

analysis utilizing individual traits that loaded heavily onto PC3: High dose ADP/Collagen 

in PRP (10,20 uM ADP and 10 ug/mL Collagen), none of the SNPs showed evidence for 

replication.  However, in the meta-analysis, all three SNPs were significantly associated 

with high dose collagen and rs1527075 was associated with high dose ADP (Table 15).   

In our analysis of the remaining principal components, no significant associations 

were identified in either the PAPI or HAPI Heart Studies.   However, upon examination 

of our most significantly associated results, several notable associations emerged.  A 

region on chromosome 6 was marginally associated with PC1 with the most significant 

SNPs falling within the ANKS1A gene (Figure 4, Table 10).  PLCD3, located on 

chromosome 17, was also marginally associated (Table 23).  The most significant SNPs 
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associated with PC2: WB aggregation fell within the NPHP4 gene on chromosome 1 and 

within the C16orf45 on chromosome 16 (Figure 5, Table 10).  In addition, PHACTR1, 

located on chromosome 9, was marginally associated.  Two other genes were marginally 

associated with PC3 and fell within candidate genes related to platelet and endothelial 

cell function; EDNRA and GAS6 (Table 23).  In the HAPI Heart Study, our most 

significantly associated region was seen on chromosome 20, with the most significant 

SNPs falling within C20orf133.  Another region on chromosome 3 was moderately 

associated, with the most significant SNPs falling within the FSTL1 gene (Figure 6, Table 

10). 

In order to explore some of these associations further, we examined the SNP 

associations with individual platelet aggregation traits and performed a replication 

analysis using similar traits in GeneSTAR.  In most cases the SNPs were associated with 

at least one individual trait in the Amish studies however no SNPs were associated in 

GeneSTAR (Table 23).  Meta-analyses revealed rs820089 (ANKS1A), rs8069937 

(PLCD3), rs6822565 (EDNRA), rs7399637 (GAS6) and rs939500 (FSTL1) to be 

significantly associated with at least one platelet aggregation trait.                  

 Since all principal components represented an aspect of platelet aggregation, we 

examined whether any of the most significantly associated SNPs (arbitrarily defined as 

the top 200 SNPs with the lowest p-values) were associated with multiple components.  

After examination of the top SNPs in both studies, none were associated with multiple 

components.  However, 11 genes, 2 open reading frames and 62 intergenic regions were 

associated with 2 components, even though the associated SNP differed (Table 16).  A 

secondary analysis examined whether any of the associated SNPs (p<0.05) were 
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associated with multiple components.  At this significance threshold, a total of 155,403 

SNPs were associated with at least one principal component in either PAPI or HAPI.  Of 

those SNPs, 5,123 (3.3%) were associated with two components, 227 (0.2%) were 

associated with three components and 2 (< 0.01%) were associated with all four 

components.  The 2 SNPs associated with all components were rs6782743, located 

between DGKG and CRYGS, and rs7120938 which fell within STIM1 (data not shown).         

c. Candidate SNP and Gene Results 

 Several SNPs were identified in the literature as being previously associated with 

platelet aggregation.  From our analyses on these SNPs, the A allele of rs12041331 

(PEAR1) was significantly associated with decreased PAPI PC1: PRP aggregation score 

(Table 12, Figure 11).  No other SNPs were associated with principal components in 

either study (Tables 12 and 13).  PLA2G4A and PLCB2 were marginally associated with 

PAPI PC3: High dose ADP/Collagen in PRP and HAPI PC1: WB aggregation.  In the 

PAPI Study, a total of 20 SNPs within PLA2G4A and 4 SNPs within PLCB2 were tested 

for association with the principal components.  Within PLA2G4A, the A allele of 

rs7414079 was marginally associated with decreased PC3: High dose ADP/Collagen 

score, p-value=0.008.  Another SNP in moderate linkage disequilibrium (LD) with 

rs7414079 was also marginally associated with PC3: High dose ADP/Collagen, p=0.02 

(Table 12, Table 17, Figure 12).  No other SNPs were associated.  Within PLCB2, only 

rs4924445 was marginally associated with PC3: High dose ADP/Collagen, p=0.03 (Table 

12, Table 18).  The A allele was associated with decreased PC3: High dose ADP/Collagen 

score.  While these SNPs were significant at α=0.05, they were not significant at a more 

stringent Bonferroni correction alpha level (α=0.0025 for PLA2G4A and α=0.01 for 



75 

 

PLCB2) which accounted for multiple associations being performed within the same 

gene.     

In the HAPI Study, a total of 104 SNPs within PLA2G4A and 16 SNPs within 

PLCB2 were tested for association with PC1: WB aggregation.  Within PLA2G4A, the G 

allele of rs7414079 was marginally associated with decreased PC1: WB aggregation 

score, p=0.01 (Table 13).  Several other SNPs were in LD with rs7414079 and marginally 

associated as well, p<0.05 (Table 20, Figure 13).  Within PLCB2, the G allele of 

rs4924445 was marginally associated with decreased PC1: WB aggregation score, p=0.03 

(Table 13).  Another SNP which was in high LD with rs4924445, rs2305648, was also 

marginally associated, p=0.04 (Table 19, Figure 14).  As before, while these SNPs were 

significant at α=0.05, they were not significant once multiple comparisons were 

accounted for (Bonferroni corrected α=0.0005 for PLA2G4A and α=0.003 for PLCB2).  

None of the remaining SNPs were associated with PC1: WB aggregation (Tables 19-20).  

In order to explore our candidate gene results further, we tested the most 

significantly associated SNPs, rs7414079 (PLA2G4A) and rs4924445 (PLCB2) for 

association with the individual traits that loaded heavily onto PAPI PC3 and HAPI PC1.  

Results showed that neither SNP was associated with individual traits in the PAPI Study; 

however, both SNPs were associated with 0.5 ug/mL collagen in the HAPI Heart Study.  

In addition, rs7414079 was also associated with 1 ug/mL collagen and rs4924445 was 

associated with 5 ug/mL collagen (Table 23).   
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5. Discussion 

 Platelet aggregation is a complex process, with different pathways being induced 

in response to stimulation with different agonists
15-48-49

.  Individual traits measuring 

aggregation in response to a specific agonist provide information on that specific 

pathway, but not necessarily the global process of platelet aggregation.  Our study was 

one of the first to create combined phenotypes which summarized variation across 

platelet aggregation measures targeted at different pathways and provided insight into the 

complex relationship between a multitude of platelet aggregation measures.  Using these 

combined phenotypes, we were able to identify several significant SNP associations.   

In the PAPI Study, PC3: High dose ADP/Collagen in PRP was significantly 

associated with three SNPs at the genome-wide level (rs12618009, rs1527075, and 

rs1684918).  The closest genes for these SNPs were THSD7B and CXCR4 for 

rs12618009, SYT1 and NAV3 for rs1527075 and CCDC6 and ANK3 for rs1684918.  Of 

these genes, a few have published relationships with platelet function.  Chemokine (C-X-

C motif) receptor 4, encoded by CXCR4, is expressed in human platelets and has been 

shown to bind stromal cell-derived factor 1 which induces platelet aggregation
162

.  Data 

regarding the association of SYT1, which codes for synaptotagmin-1, with platelet 

function is sparse; however, one study showed that SYT1 was not expressed in 

platelets
163

.  In mice, ANK3 which encodes Ankyrin 3, was shown to be expressed in 

many cells including platelets
164

. 

No other SNPs within these regions were significantly associated with the 

combined trait.  Upon examination of the regional association plots, no SNPs were 

observed to be in high LD with rs12618009 or rs1684918 which could explain the 
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paucity of associations in these regions (Figures 15-16).  However, one SNP was in 

moderate to high LD with rs1527075 and was not associated with the combined trait, 

calling into question the validity of the association.  When compared to the results from 

the SNP associations with the individual traits that loaded heavily onto the component 

(10 ug/mL Collagen, 10 uM ADP and 20 uM ADP), 10 ug/mL appeared to drive the 

associations.  This is not surprising since 10 ug/mL was highly correlated with the PC 

(loading=0.9) while the other traits were less correlated (10 uM ADP loading=0.6, 20 uM 

ADP loading=0.7).  The SNPs were more significantly associated with 10 ug/mL 

Collagen than they were with PC3; however, in both analyses the SNPs were significant. 

None of the SNPs showed evidence for replication in the GeneSTAR sample.  

There are several potential explanations for this.  First, it is very possible that our results 

are false positives or due to chance.  Second, with regard to the analysis using similar 

principal components, the lack of replication could have been due to the fact that the 

GeneSTAR principal components were derived from an analysis using many different 

measures of platelet function, including slope, lag time, PFA closure time and urinary 

thromboxane which were not utilized in our analyses within the Amish.  Therefore, it is 

possible that these SNPs are associated with platelet aggregation but not other measures 

of platelet function and therefore did not replicate in GeneSTAR.   

Third, the replication sample did not have aggregation measured in response to 10 

ug/mL Collagen.  Since the SNPs were most significantly associated with this trait, this 

could also explain the lack of replication.  Fourth, 20 uM ADP and 10 ug/mL Collagen 

were not available for the replication analysis involving individual traits, therefore similar 

measures had to be used.  It is possible that the associations were specific to these agonist 
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concentrations which would explain the lack of replication.  Fifth, the linkage 

disequilibrium structure could vary between both studies causing the SNPs to not 

replicate.  Although, in both studies only those of European Ancestry were used in the 

analysis and for common SNPs (MAF > 5%), the linkage disequilibrium structure in the 

Amish and the CEPH population in HapMap have been shown to be similar
139

.  However, 

rs1684918 had a MAF of 4% therefore linkage disequilibrium could have possibly been 

an issue with this SNP.   

In addition to these SNPs, a platelet endothelial aggregation receptor-1 (PEAR1) 

SNP (rs12041331) was associated with PAPI PC1: PRP aggregation.  This variant was 

previously associated with platelet aggregation in a genome-wide association study
119

.  In 

the previous study, aggregation in response to low doses of ADP and epinephrine 

measured in PRP were associated with the variant.  Our findings corroborate these 

associations since PC1, which was the only principal component having high loadings for 

epinephrine and low-doses of ADP, was associated with this variant while none of the 

other principal components were.   

Marginal associations were also observed between ANKS1A and PAPI PC1: PRP 

aggregation as well as FSTL1 and c20orf133 with HAPI PC1: WB aggregation.  ANKS1A 

encodes Odin, a molecule which undergoes tyrosine phosphorylation upon the addition of 

platelet derived growth factor (PDGF), a protein secreted from platelet granules during 

platelet activation and aggregation
165

.  Follistatin-like protein 1, encoded by FSTL1, is 

known to play a role in arthritis
166

.  In patients with systemic-onset juvenile rheumatoid 

arthritis, increased FSTL-1 concentrations were correlated with increased platelet 

count
167

.  In addition, this protein has been shown to promote endothelial cell function 
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and revascularization in response to ischemic insult in mice
168

.  C20orf133 is located on 

Chromosome 20 and its function within platelet aggregation pathways is currently 

unknown. 

It was also interesting to note that the chromosome 6 region that was associated 

with PAPI PC1: PRP aggregation was quite large and encompassed several genes 

including ANKS1A, the most significantly associated gene.  Because the associated region 

was wide and the Amish are a founder population, we examined the data for evidence of 

a founder effect which happens when alleles found in one, or a few, original founders of a 

population become more frequent over time.  In order to do this, the chromosome 6 SNP 

associations were first sorted according to p-value (lowest first).  Then, genotype data for 

each SNP and its surrounding 50kb region were examined, with only data for those 

homozygous for the risk allele (allele associated with increased PAPI PC1: PRP 

aggregation score) being examined.  Additional surrounding SNP genotypes that were 

also homozygous for all participants were noted.  From this analysis, a region containing 

9 SNPs that fell within and between two genes, ANKS1A and TCP11, was identified as 

containing an extended stretch of homozygosity.  The nine SNPs were rs820069, 

rs820099, rs2140420, rs2762343, rs16871749, rs2057537, rs16871809, rs16871814, 

rs1535815 and rs9380492.  Upon further examination, it was also noted that those 

heterozygous or homozygous for the risk allele did not contain an extended stretch of 

homozygosity and the minor allele frequencies for the associated SNPs were between 7% 

and 31%.  Therefore, the data supports a possible founder effect within this region on 

chromosome 6.   
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PLCD3 was also marginally associated with PAPI PC1: PRP aggregation, a gene 

which encodes another member of the phospholipase C family.  Variants within this gene 

have been previously associated with blood pressure and functional analyses showed the 

phospholipase Cδ3 enzyme to promote neurite extension
169-170

.  A SNP within PHACTR1, 

which encodes phosphatase and actin regulator 1, was marginally associated with PAPI 

PC2: WB aggregation.  Interestingly, this gene has been previously associated with 

coronary artery calcification and myocardial infarction
171

.  In addition to these genes, 

EDNRA and GAS6 were marginally associated with PAPI PC3: High dose ADP/Collagen.  

Endothelin receptor type A, encoded by EDNRA, is the receptor for endothelin-1 which 

plays a role in vasoconstriction.  This gene has been associated with migraine and may 

affect the risk for pulmonary arterial hypertension
172-173

.  GAS6 encodes growth arrest-

specific 6 protein which may play a role in thrombus stabilization after platelet activation.  

Mice deficient in this protein were resistant to venous and arterial thrombosis
174

.  In 

addition, increased GAS6 levels have been previously associated with increased risk for 

venous thromboembolic disease
175

.  

The PLA2G4A and PLCB2 genes, which encode phospholipases involved in 

platelet aggregation induced by multiple agonists, were also marginally associated.  Of 

the 20  PLA2G4A SNPs analyzed in the PAPI Study and the 104  PLA2G4A SNPs 

analyzed in the HAPI Study, 2 SNPs were associated with PC3: High Dose 

ADP/Collagen in PAPI and 20 SNPs were associated with PC: WB aggregation in HAPI.  

The most significantly associated SNP in both studies, rs7414079, is located 1 kb 

upstream of PLA2G4A.  Of the 4  PLCB2 SNPs analyzed in the PAPI Study and the 16  

PLCB2 SNPs analyzed in the HAPI Study, 1 SNP (rs4924445) were associated with PC3: 
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High Dose ADP/Collagen in PAPI and 2 SNPs (rs4924445, rs2305648) were associated 

with PC: WB aggregation in HAPI.  The most significantly associated SNP in both 

studies, rs4924445, is located 7kb downstream of PLCB2 (and 4kb upstream of PAK6) 

and was marginally associated with the odds of breast cancer in a previous study 

(p=0.03)
176

.  

When the most significantly associated SNPs within these marginally associated 

genes were tested for association with relevant individual traits in the Amish, all were 

associated with at least one trait.  Although none of the eight SNPs tested were 

significantly associated in GeneSTAR, four SNPs had the same direction of effect in the 

Amish and GeneSTAR and had significant p-values when results were meta-analyzed 

(rs8069937 (PLCD3), rs6822565 (EDNRA), rs7414079 (PLA2G4A), rs939500 (FSTL1)).        

Comparison of results across the combined phenotypes revealed two SNPs to be 

associated with all principal components (p<0.05); rs6782743, located between DGKG 

and CRYGS, and rs7120938 which fell within STIM1. STIM1 encodes stromal interaction 

molecule 1 which plays an essential role in increasing Ca
2+

 concentrations in platelets 

during activation
177

.  DGKG has been reported to regulate macrophage differentiation in 

leukemic cells
178

 and CRYGS encodes a gamma crystillin protein which is a major 

component of the eye lens, with known mutations causing congenitcal cateracts
179

.  The 

roles DGKG and CRYGS play in platelet aggregation however are unclear.      

There are several limitations to our study which should be noted.  First, due to our 

limited sample size our study had low power to detect genome-wide associations.  In 

addition, since our genetic analyses were performed on combined traits derived from 

principal components analyses, an exact replication was not possible since no other study 
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has our exact measurements.  However, a proxy replication was attempted in order to 

overcome this.  Finally, intraindividual variation in platelet aggregation has been 

previously reported
150-152

 and could have affected our platelet aggregation measurements.  

However, standardized methods for blood collection and aggregation measurement were 

used in order to obtain our data.  In addition to these limitations, there are several 

strengths.  First, platelet aggregation is excellently characterized in our studies, with 

many measures of platelet aggregation in response to several agonists and varying agonist 

concentrations being available.  In addition, the Amish are genetically homogeneous so 

confounding due to population stratification is unlikely.  Finally, light transmission 

aggregometry is the gold standard for measuring platelet aggregation and was used to 

obtain some of the measurements
143-144

.   

 In conclusion, we were able to identify suggestive associations between several 

variants and combined platelet aggregation phenotypes.  Three SNPs were significantly 

associated with PAPI PC3: High dose ADP/Collagen although further analysis is 

warranted to determine if these associations were false positives.  Several marginally 

significant SNPs fell within genes relevant to platelet aggregation and/or thrombosis, 

although none replicated in GeneSTAR.  Interestingly, rs12041331 (PEAR1) has been 

previously associated with platelet aggregation traits measured in platelet rich plasma at 

the genome-wide significance level, and was associated with a component representing 

aggregation measured in platelet rich plasma in our study.  Further analysis into this SNP 

is warranted.   
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6. Tables and Figures 

Table 9:  Population characteristics among the Amish, by study and sex 

 

       PAPI HAPI 

 
Men Women Men Women 

Variable (n=324) (n=333) (n=426) (n=361) 

Age (mean ± SD, years) 43.6 ± 12.9 46.5 ± 13.8 41.4 ± 13.1 44.7 ± 13.8 

Hypertension (%) 
         Yes 1.2 3.0 2.4 5.3 

     Borderline 1.5 2.1 1.9 2.0 

     No 97.2 94.9 95.7 92.7 

Diabetes Mellitus (%) 0 0.6 0.7 0.6 

Current smoker (%) 20.1 0.0 20.0 0.0 

BMI (kg/m2) 26.0 ± 3.6 28.2 ± 5.4 25.6 ± 3.2 27.7 ± 5.3 

Total cholesterol (mg/dl) 206.6 ± 42.9 213.3 ± 49.5 203.4 ± 44.8 214.0 ± 47.5 

HDL cholesterol (mg/dl) 55.5 ± 14.8 61.9 ± 15.2 53.1 ± 12.8 59.5 ± 15.4 

LDL cholesterol (mg/dl) 137.6 ± 39.9 136.3 ± 45.8 137.8 ± 41.4 140.2 ± 44.7 

Triglycerides (mg/dl) 68.1 ± 40.0 75.5 ± 42.3 62.5 ± 34.8 71.6 ± 44.2 

Fibrinogen 265.9 ± 59.2 294.7 ± 57.5 NA NA 
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Figure 3:  Genome-wide association Manhattan plot for PAPI PC3: High dose 

ADP/Collagen in PRP 

 

Figure 4:  Genome-wide association Manhattan plot for PAPI PC1: PRP aggregation 

 

Figure 5: Genome-wide association Manhattan plot for PAPI PC2: WB aggregation 
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Figure 6:  Genome-wide association Manhattan plot for HAPI PC1: WB aggregation 
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Figure 7:  QQ Plot for PAPI PC1: PRP aggregation 

 

Figure 8: QQ Plot for PAPI PC2: WB aggregation 
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Figure 9: QQ Plot for PAPI PC3: High dose ADP/Collagen in PRP 

 

Figure 10: QQ Plot for HAPI PC1: WB aggregation 
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Table 13:  Candidate SNP and Gene Association Results, HAPI 

     a. Candidate SNPs identified from literature 
        PC1 

 Gene SNP Reason p-value 
 ITGB3 rs5918 Receptor gene variant 0.81 
 ITGA2 rs1126643 Receptor gene variant 0.51 
 GPIBA rs6065 Receptor gene variant 0.51 
 P2RY12 rs1472122 Receptor gene variant 0.38 
 P2RY12 rs10935839 Receptor gene variant 0.06 
 SHH rs6943029 GWAS significant* 0.91 
 JMJD1C rs2893923 GWAS significant* 0.98 
 PEAR1 rs12041331 GWAS significant* 0.39 
 MRVI1 rs1874445 GWAS significant* 0.36 
 ADRA2A rs869244 GWAS significant* 0.73 
 *Johnson et al. Nat Genet. 2010 vol 42 

   

b. Candidate Genes 
        PC1 

Gene # SNPs Tested 
SNP with lowest p-

value p-value 

PLA2G4A 104 rs7414079 0.01 

PLCB2 16 rs4924445 0.03 
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Figure 11:  PAPI PC1:PRP Aggregation Means by rs12041331 (PEAR1) Genotype 
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Figure 12: SNAP
180

 regional plot of PLA2G4A associations with PAPI PC3: High dose 

ADP/Collagen in PRP 
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Figure 13: SNAP
180

 regional plot PLAG4A associations with HAPI PC1: WB aggregation 
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Figure 14:  SNAP
180

 regional plot of PLCB2 associations with HAPI PC1: WB 

aggregation 
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7. Supplementary Tables and Figures 

Table 14: Association of significant SNPs within the Amish with GeneSTAR Principal 
Components 

                    Direction 
 SNP Effect Allele Ref. Allele EAF n p-value of Effect* 
 Factor 1W: Collagen 

       rs12618009 G A 0.91 712 0.04 - 
 rs1527075 A C 0.94 712 0.45 - 
 rs1684918 G A 0.96 712 0.29 - 
 Factor 6W: ADP/Epinephrine 

      rs12618009 G A 0.91 712 0.58 + 
 rs1527075 A C 0.94 712 0.34 - 
 rs1684918 G A 0.96 712 0.44 - 
 

        *Decreased platelet aggregation=(-); Increased platelet 
aggregation=(+) 
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rs1569479 185140327 G T 0.4088 0.407430814

rs1977064 185140937 A G 0.4812 0.236276257

rs1569480 185141084 A G 0.5918 0.411406036

rs10798068 185141631 A G 0.5142 0.231976271

rs10798069 185142082 G T 0.5142 0.231944346

rs12720557 185144553 A T 0.2576 0.118086988

rs4650705 185144606 A G 0.8938 0.53939499

rs6683515 185145666 A G 0.7842 0.217241271

rs6662687 185146514 A G 0.4081 0.41293553

rs6686848 185153730 A C 0.0563 0.214229231

rs6682481 185157649 A G 0.4081 0.410024642

rs4336803 185161025 G T 0.8508 0.392029767

rs7555326 185163725 A G 0.1492 0.392053422

rs12726519 185164688 C T 0.8507 0.392051135

rs1160719 185167090 A G 0.1493 0.392107046

rs6666834 185172444 C T 0.8507 0.392201133

rs12128551 185173669 A G 0.1859 0.1074405

rs3736741 185175474 A G 0.7538 0.049223388

rs4650708 185176740 A C 0.7537 0.048868676

rs6697145 185177214 C T 0.6044 0.253145256

rs10911963 185178610 C T 0.1492 0.392221874

rs2207209 185179886 A G 0.4855 0.222212016

rs6683416 185180450 A C 0.2682 0.547337369

rs11587539 185181800 A T 0.5595 0.238847041

rs7555140 185184143 A C 0.6353 0.059108675

rs7522213 185184195 C T 0.8821 0.918043722

rs4651343 185184610 A C 0.2464 0.047568801

rs969357 185186616 A G 0.8827 0.96607068

rs10489409 185186737 C T 0.0969 0.843515134

rs10737276 185187618 C G 0.8833 0.985262624

rs1555202 185190837 C G 0.8836 0.961455978

rs6683363 185193992 C T 0.8838 0.935178517

rs12125857 185196174 C T 0.7949 0.08913611

rs4272579 185196224 A G 0.8843 0.881407896

rs11576330 185198071 C T 0.102 0.846642356

rs10798075 185198834 C G 0.5175 0.310764442

rs6685195 185198846 A G 0.885 0.799650531

rs932476 185200178 A G 0.7011 0.187587862

rs12720662 185200715 C T 0.7571 0.048792549

rs12144159 185200810 C T 0.2424 0.044923376

rs2383556 185202264 C T 0.0552 0.194542579

rs12720684 185212992 C T 0.9438 0.191947291

rs2076675 185213009 G T 0.5108 0.265964331

rs10157410 185213847 C G 0.0958 0.022367106
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rs10737277 185214352 C G 0.4885 0.285512077

rs10737278 185214650 C T 0.5117 0.29264901

rs2273169 185215485 A G 0.4917 0.263553259

rs12720699 185216452 C T 0.0665 0.749286852

rs7545121 185218052 A G 0.5048 0.236891156

rs12062681 185218911 G T 0.5031 0.224552422

rs4402086 185219032 A G 0.6633 0.479821961

rs7526089 185219254 C T 0.9127 0.012679516

rs17601344 185219344 C T 0.9217 0.805739428

rs12564966 185220144 A G 0.8817 0.011686272

rs10489410 185220818 G T 0.0762 0.7791588

rs10752989 185222053 G T 0.5608 0.072529988

rs12720702 185222405 A G 0.9484 0.255066208

rs2891264 185222555 C G 0.0512 0.265903557

rs7414079 185225768 A G 0.0829 0.010646554

rs761517 185228010 A G 0.842 0.165904401

rs12746284 185232037 C T 0.4285 0.0657454

rs4651345 185232816 C T 0.0541 0.275581747

rs1474797 185233816 A G 0.7442 0.645941073

rs2144000 185233865 A G 0.4146 0.157458789

rs10798078 185234325 A G 0.4734 0.119986754
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Table 22: Loadings and Percent Variance Explained from Principal 

Components Analysis of Platelet Aggregation Traits in HAPI 

      Principal Component 
  Variable PC1:WB aggr. 
  WB ADP10 0.774 
  WB Coll 1/2 0.801 
  WB Coll1 0.865 
  WB Coll5 0.763 
  WB AA 0.718 
  Variance explained (%) 61.7 
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Figure 15: SNAP
180

 regional plot of the associations within the intergenic region 

containing rs12618009 with P API PC3: High dose ADP/Collagen in PRP 
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Figure 16: SNAP
180

 regional plot of the associations within the intergenic region 

containing rs1684918 with P API PC3: High dose ADP/Collagen in PRP 
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Figure 17: SNAP
180

 regional plot of the associations within the intergenic region 

containing rs1527075 with P API PC3: High dose ADP/Collagen in PRP 
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C. Genetic Variation in Platelet Aggregation and the Risk of Ischemic Stroke 

1. Abstract 

Background and Purpose:  Stroke is a leading cause of disability and mortality in the US, 

with about 87% of all strokes being ischemic in nature.  Studies in families and twins 

implicate that ischemic stroke may be genetically controlled; however, the genetic 

determinants of ischemic stroke remain largely unknown.  Clinical trials of antiplatelet 

medications have shown platelet aggregation to affect the risk of ischemic stroke and 

several studies have shown evidence for a genetic contribution to platelet aggregation.  

We therefore tested the hypothesis that loci influencing platelet aggregation also affect 

the risk for ischemic stroke.           

Methods:  Using a population-based case control study in young adults (15-50 years old) 

we tested whether 13 SNPs previously associated with platelet aggregation were 

associated with the odds of ischemic stroke.  Analyses were performed in the total 

population and also stratified by race and stroke subtype.    

Results:  One SNP (rs12041331), located within PEAR1, was significantly associated 

with the odds of large artery ischemic stroke (OR=0.49, 95% CI=0.31-0.78).  Two other 

SNPs were marginally associated with ischemic stroke among those of African Ancestry 

(rs7120938 OR=1.30, 95% CI=1.02-1.64) and small vessel ischemic stroke (rs7120938 

OR=1.41 95% CI=1.05-1.89 and rs4924445 OR=1.36 95% CI=1.03-1.81).   

Conclusions:  In our study we identified rs12041331 to be significantly associated with 

large artery ischemic stroke.  Two SNPs were also marginally associated with ischemic 

stroke, rs7120938 and rs4924445, and these associations were race and stroke subtype 

specific.   
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2. Introduction  

Ischemic stroke is a disease caused by the interruption of blood flow to a region 

of the brain secondary to an occlusion of a blood vessel, primarily due to a thrombus.  It 

is the 4
th

 leading cause of death in the US and the leading cause of disability, making it a 

substantial health burden
1
.  Medical conditions including hypertension, diabetes and 

coronary artery disease, as well as behavioral factors including smoking and oral 

contraceptive use, are known to increase the risk of ischemic stroke
1
.  In addition to 

having known environmental risk factors, studies in twins and families have suggested 

that ischemic stroke is genetically controlled
3, 6-11, 13-14

. 

While many genes have been reported to be associated with ischemic stroke in the 

literature, few have been replicated and results are generally conflicting.  One strategy for 

identifying stroke susceptibility genes is to study intermediate phenotypes.  Platelet 

aggregation plays a central role in thrombosis through the formation of a hemostatic plug 

and several studies have shown evidence for an association between platelet aggregation 

and ischemic stroke
14-15, 70, 72, 77, 83, 84

, making it a promising phenotype to study in relation 

to ischemic stroke risk.  The literature also suggests that platelet aggregation is 

genetically controlled and several candidate gene
93, 94, 96-110, 161

 and a few genome-wide 

association studies
119-121

 have identified loci influencing platelet aggregation. 

Previously, we performed genome-wide association and candidate gene studies of 

platelet aggregation traits, identifying several new loci affecting platelet aggregation and 

confirming associations with previously reported loci.  The aim of this study was to 

determine if loci influencing platelet aggregation, identified from our previous analyses 

and the literature, were associated with ischemic stroke.    
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3. Methods 

a. Study Populations 

The Genetics of Early Onset Stroke (GEOS) Study is a population-based case-

control study designed to identify the genetic determinants of early-onset ischemic stroke, 

including genetic interactions with environmental risk factors.   Participants were 

recruited from the greater Baltimore-Washington area in four different time periods: 

Stroke Prevention in Young Women-1 (SPYW-1) conducted from 1992-1996, Stroke 

Prevention in Young Women-2 (SPYW-2) conducted from 2001-2003, Stroke Prevention 

in Young Men (SPYM) conducted from 2003-2007, and Stroke Prevention in Young 

Adults (SPYA) conducted in 2008.  Participants were young adults, 15-50 and were 

primarily of either European or African ancestry.  Participants in the SPYW-1 Study were 

slightly younger than participants of the other studies.   

Case participants were identified through discharge surveillance or physician 

referral and had to be hospitalized with an incident ischemic stroke.  At the time of their 

stroke, cases had to be 15-49 years old.  Ischemic stroke cases occurring as a 

consequence of trauma, subarachnoid hemorrhage, medical procedures or IV drug abuse 

or cases due to known single gene disorders (e.g. sickle cell anemia) were excluded.  

Abstracted medical records were reviewed and adjudicated for ischemic stroke subtype 

by two neurologists, with discrepancies resolved by a third neurologist.  Subtypes were 

classified according to the Baltimore Washington classification181 and TOAST systems2.  

Control participants were population-based and identified through random digit dialing.  

Controls were frequency matched to cases on sex, age (within 5 years), and geographic 

location (4 regions based on city/county of residence).  In SPYW-1 2:1 matching was 
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performed (2 controls for every case) and in all other studies 1:1 matching was 

performed.  All case and control participants were required to participate in an interview 

during which genetic information was obtained through collection of a blood sample, and 

risk factor information was obtained through the administration of a standardized 

questionnaire.  Risk factor data collected included self-reported history of smoking, 

alcohol use, exercise, vitamin use, medical conditions as well as education level and 

household income.   

Replication look-ups were performed using meta-stroke.  Meta-stroke is a 

resource established within the International Stroke Genetics Consortium.  It includes 

GWA results of ischemic stroke and its subtypes submitted from multiple groups.  Meta-

analyses of these results have been performed and results are available to test SNPs for 

replication. 

 

b. Platelet Aggregation SNP Selection 

 Platelet aggregation SNPs selected for analyses are shown in Table 2.  A total of 

thirteen SNPs were selected based on statistical and biological evidence for a role in 

platelet aggregation.  Five SNPs were chosen because they were previously associated 

with platelet aggregation at the genome-wide significance level and have evidence for 

replication (rs12041331 (PEAR1), rs6943029 (SHH), rs1874445 (MRVI1), rs869244 

(ADRA2A), rs2893923 (JMJD1C))
119

.  Although these SNPs were not associated with the 

combined platelet aggregation traits in the Amish, they were still selected for this analysis 

because sample sizes were larger in the discovery and replication cohorts in which these 
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SNPs were first studied than in our Amish studies.  In addition, since these SNPs have 

evidence for replication, they are less likely to be false positive results.   

In addition, eight SNPs were chosen from our previous genetic analyses of 

platelet aggregation in the Amish.  Three SNPs were associated with platelet aggregation 

in the Amish at the genome-wide significance level and were therefore selected for this 

study (rs12618009, rs1527075, rs1684918).  We did not have evidence for replication in 

our previous analyses and no other SNPs within these regions were associated with our 

combined traits, therefore it is possible that these associations were false positives.  

However, our replication analyses were not exact replications which could explain the 

lack of replication and for two of the three SNPs, no SNPs were in linkage disequilibrium 

with them which could explain why our identified SNPs were the only ones associated in 

those regions.  Therefore, these SNPs were still selected to test for association with 

ischemic stroke due to their highly significant associations with platelet aggregation.   

Seven other SNPs were marginally associated with platelet aggregation but also 

fell within genes having biological relevance to platelet aggregation and were therefore 

selected as well (rs820089 (ANKS1A), rs7120938 (STIM1), rs7414079 (PLA2G4A), 

rs4924445 (PLCB2), rs1259293 (FSTL1), rs7399637 (GAS6) and rs6918053 

(PHACTR1)).  ANKS1A was our most significantly associated gene in the genome-wide 

association analysis of PAPI PC1: PRP Aggregation, with rs820089 being the most 

significant SNP within the gene.  This gene is known to encode a molecule Odin, which 

undergoes tyrosine phosphorylation upon addition of platelet derived growth factor 

(PDGF), which is secreted from activated platelets
165

.  Therefore it is possible this gene 

could play a role in platelet aggregation.  STIM1 encodes a molecule which is essential 
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for increasing Ca
2+

 concentrations in platelets during activation eventually causes platelet 

aggregation to occur
177

.  One SNP within this gene, rs7120938, was associated with all 

combined traits in the Amish.  Because of this and the fact that this gene is known to play 

a role in platelet aggregation, this SNP was selected for this study. 

Another SNP we chose, rs1259293 falls within FSTL1, a gene which codes for 

follistatin-like protein 1.  This protein has been previously correlated with platelet count 

and in mice has been shown to promote endothelial cell function and revascularization in 

response to ischemic insult
167-168

.  Therefore, this gene has evidence for a role in both 

platelet function and ischemic injury making it a great candidate to test for association 

with ischemic stroke.  Also, rs7399637 was chosen because it falls within the GAS6 gene.  

This gene encodes growth arrest-specific 6 protein which may play a role in thrombus 

stabilization after platelet activation
174

.  Therefore, since this protein may play a role in 

platelet aggregation, it was chosen for this analysis.  Another SNP, rs6918053 was chosen 

because it falls within PHACTR1.    SNPs within this gene have been previously 

associated with myocardial infarction which is an atherothrombotic disease platelet 

aggregation plays a role in.  In addition, this gene has been associated with coronary 

artery calcification which platelets may play a role in as well
171

.  Therefore, this SNP was 

chosen for analysis.  Finally, rs7414079 and rs4924445 fell within genes known to play a 

role in platelet aggregation
112, 114-117

 and were marginally associated with PAPI PC3: High 

dose ADP/Collagen in PRP.  Therefore, these SNPs were selected for this study as well. 
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d. Genotyping and Imputation 

The Illumina Omni 1-Quad 1M beadchip (Illumina, San Diego, CA, USA), based 

on NCBI Build 36, was used to genotype all study participants.  DNA was obtained 

through cell lines (55.2%), whole blood samples (43.1%), mouth wash (0.4%) and buccal 

swabs (0.05%).  Whole genome amplification (Qiagen REPLI-g kit, Valencia, CA, USA) 

was used to obtain sufficient SNA for genotyping in 1.3% of samples.  Genotyping was 

performed at the Johns Hopkins Center for Inherited Disease Research (CIDR).  

Complete genotyping data was obtained on a total of 929 cases and 936 controls who 

participated in the study.  Of those individuals, eleven were excluded from analysis due to 

unexpected duplicates, gender discrepancy and unexpected relatedness, leaving a total of 

1,816 individuals (889 cases and 927 controls) in the final analysis.  All individuals had a 

genotype call rate > 98%. 

Imputation was performed separately for our genetically-defined European 

Ancestry (EA) and African Ancestry (AA).  EA individuals were those who self-reported 

their race as “white” and were within 2 standard deviations of the mean of the first and 

second principal components.  AA individuals were those who self-reported their race as 

“African American” and were within 2 standard deviations of the mean of the first and 

second principal components.  BEAGLE v3.3 software was used to impute 532,595 SNPs 

based on the HapMap Phase 3 CEU and Tuscans of Italy (TSI) reference panel for the EA 

individuals and 582,186 SNPs based on the HapMap Phase 3 CEU, TSI, YRI and Luhya 

in Webuye, Kenya (LWK), and African ancestry in Southwest USA (ASW) reference 

panels for the AA individuals.  A more detailed description of imputation procedures has 

been described previously
182

.  
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e. Statistical Methods 

 Means ± standard deviations (SD) as well as frequencies were calculated to 

compare characteristics between cases and controls.  Means were compared with t-tests 

and proportions by chi-square tests using two-sided p-values.  Allele frequencies for 

selected SNPs were compared between cases and controls using logistic regression 

implemented in PLINK
158

 and SAS v. 9.2.  The additive effect of SNP (for genotyped 

SNPs), age, sex and the first multidimensional scaling component accounting for 

population substructure were included in the model.  For imputed SNPs, estimated allelic 

dosage was included.  In all cases, the effect allele was the allele associated with 

increased platelet aggregation in previous studies.  Odds ratios and 95% CI’s were 

reported.   Secondary analyses were performed separately in EA and AA individuals, 

including age and sex as covariates in the models.  Analyses stratified by stroke subtype 

(large artery, small vessel, cardioembolic, other determined etiology and other 

undetermined etiology) were also performed, adjusting for age, sex, and the first 

multidimensional scaling component.  For SNPs significantly associated with ischemic 

stroke, odds ratios and 95% CI’s stratified by SNP genotype were also reported.  If the 

genotype stratified results suggested a different genetic model of association (recessive or 

dominant), the SNP was tested for association with ischemic stroke under that genetic 

model.   

All included SNPs were required to have minor allele frequencies ≥ 5%, be in 

Hardy Weinberg equilibrium (HWE p>0.01) and have call rates > 95% for genotyped 

SNPs, and have dosage r2 values > 0.8 for imputed SNPs.  In order to account for 

multiple comparisons, a Bonferroni correction was made to establish the significance 
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threshold, with p-values < 0.004 (0.05/13) considered significant.  This study had 80% 

power to detect genotype ORs between 1.32 and 1.66 for allele frequencies ranging from 

0.05-0.50 in the combined sample, 1.50-1.99 among those of European Ancestry and 

1.61-2.15 among those of African Ancestry.   

           

4. Results 

a. Participant Characteristics 

 A total of 889 cases and 927 controls were included in the analyses.  Cases were 

slightly older than controls and were more likely to have a self-reported history of known 

stroke risk factors including hypertension, diabetes mellitus, angina/MI, and to be current 

smokers (Table 24).  A majority of participants were of European or African Ancestry and 

approximately 40% of cases and controls were female.   

 

b. Association of Platelet Aggregation SNPs with Ischemic Stroke 

 Of the fifteen SNPs tested, none were associated with ischemic stroke in the total 

population (Table 26).  However, three SNPs were associated with ischemic stroke in 

race and stroke subtype stratified analyses.  Among those of African Ancestry, rs7120938 

(STIM1) was marginally associated with increased odds of ischemic stroke.  Each 

additional T allele was associated with 1.30 times higher odds of ischemic stroke 

(OR=1.30, 95% CI=1.02-1.64), although this finding did not remain significant after 

adjusting for multiple comparisons (p=0.03).  In stroke subtype analyses, the same SNP, 

rs7120938 (STIM1), was marginally associated with increased odds of small vessel stroke 
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(OR=1.41, 95% CI=1.05-1.89), with the T allele having a harmful effect (Tables 3 and 4).  

This association also was not significant after adjusting for multiple comparisons.   

In addition, rs12041331 (PEAR1) was significantly associated with large artery 

stroke.  The G allele had decreased odds of large artery stroke (OR=0.49, 95% CI=0.31-

0.78) compared to the A allele. (Table 26)  This association remained significant after 

adjustment for multiple corrections (p=0.003).  When stratified by genotype, those 

heterozygous for the G allele had 0.67 times decreased odds of ischemic stroke compared 

to those homozygous for the A allele and those homozygous for the G allele had 0.76 

times decreased odds of ischemic stroke compared to those homozygous for the A allele 

(Table 27).   Because the odds ratios for association with ischemic stroke were similar 

between those heterozygous and homozygous for the G allele, we believed this may be 

consistent with a dominant SNP effect.  Therefore, analyses were re-run coding 

rs12041331 dominantly.  Under this genetic model, the association between rs12041331 

and large artery ischemic stroke became even stronger (OR=0.37 (95% CI: 0.21-0.67)  

(Table 28).     In addition, under this model carriers of the G allele had 2.34 times higher 

odds of ischemic stroke due to other determined causes, compared to those homozygous 

for the A allele (OR=2.34 95% CI: 1.17-4.70).   

In addition to these SNPs, rs4924445 (PLCB2) was associated with small vessel 

stroke (OR=1.36, 95% CI=1.03-1.81) with the A allele being associated with increased 

odds of stroke (Tables 26 and 27).  Genotype stratified odds ratios suggested this SNP 

may act recessively; therefore analyses were re-run including the recessive effect of 

rs4924445.  Under this model, the association between rs4924445 and ischemic stroke 

became more significant (OR=1.66, 95% CI=1.12-2.47) although it did not meet our 
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Bonferroni significance threshold.  No SNPs were associated with ischemic stroke among 

those of European Ancestry, or with stroke of cardioembolic, or other undetermined 

etiology.       

Because rs12041331 (PEAR1) and rs7120938 (STIM1) fell within promising 

candidate genes with biological plausibility for a role in platelet aggregation and were 

associated with ischemic stroke, they were tested for replication within Meta-stroke.  

Look-up of association results revealed rs12041331 was not significantly associated with 

total ischemic stroke (p=0.50) or large-artery ischemic stroke (p=0.72) and rs7120938 

was not associated with total ischemic stroke (p=0.25) or small-vessel ischemic stroke 

(p=0.18). 

 

5. Discussion 

 Clinical trials of antiplatelet medications, including aspirin and clopidogrel, have 

shown platelet aggregation to influence the risk of ischemic stroke 
15, 72, 77, 83-85

.  Since 

evidence suggests that platelet aggregation is genetically controlled, it is hypothesized 

that loci associated with platelet aggregation may affect ischemic stroke risk.  Several 

studies have identified loci influencing platelet aggregation, however, few have been 

tested for association with ischemic stroke.  Our study was the first to test our selected 

loci influencing platelet aggregation for association with ischemic stroke.   

In our study, we observed an association between ischemic stroke and three SNPs 

(rs12041331, rs7120938, and rs4924445) previously identified as influencing platelet 

aggregation.  Of those three SNPs, rs12041331 was significantly associated with large 

artery ischemic stroke with carriers of the G allele having decreased odds of stroke 
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(OR=0.49, 95% CI=0.31-0.78) compared those homozygous for the A allele. When tested 

under a dominant model, this association became even more pronounced (OR=0.37, 95% 

CI: 0.21-0.67).  Interestingly, under a dominant model the SNP was also associated with 

ischemic stroke of undetermined etiology, with the G allele being associated with 

increased odds of stroke.  The biologic mechanism behind this association is unclear.  It 

should also be noted however that there were only 58 strokes classified as other 

determined etiology.  In addition, this SNP failed to replicate in a larger cohort (Meta-

stroke) indicating the possibility that our finding was a false positive.  However, it is also 

possible that this association is specific to young adults, which would explain the lack of 

replication since Meta-stroke contains mostly older adults.    

This SNP falls within intron 1 of PEAR1 which encodes platelet endothelial 

aggregation receptor 1.  This receptor becomes tyrosine-phosphorylated upon 

aggregation
183

.  Previously, this SNP was associated with ADP and epinephrine induced 

platelet aggregation in a genome-wide association study
119

.  Paradoxically, the G allele 

was associated with increased aggregation.  In our previous analyses of combined platelet 

aggregation phenotypes, we also observed the G allele to be associated with increased 

platelet aggregation.  The finding that this SNP was associated with the large artery 

subtype of ischemic stroke makes biological sense due to the fact that this type of stroke 

is caused by platelet emboli from atherosclerotic plaques
2
.   However, the mechanism 

behind the G allele decreasing the odds of stroke, when it is known to increase platelet 

aggregation, is unclear.  PEAR1 is expressed in several cells, including endothelial cells 

and platelets
183

, therefore one explanation for this finding is that the association is due to 
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the SNPs effects on endothelial cells which could possibly decrease the risk of ischemic 

stroke.  Functional analysis into PEAR1 is warranted.   

In addition to rs12041331, we also observed marginally significant associations 

between rs7120938 and ischemic stroke among those of African Ancestry as well as with 

small vessel stroke.  Among those of African Ancestry, those carrying the T allele had 

increased odds of ischemic stroke compared to those homozygous for the C allele 

(OR=1.30, 95% CI=1.02-1.64).  This SNP was not associated with ischemic stroke 

among those of European Ancestry, although the odds ratio for that association was 1.06 

which our study was underpowered to detect.  This SNP falls within an intron in STIM1 

which encodes stromal interaction molecule 1.  This molecule is known to play an 

essential role in increasing Ca
2+

 concentrations in platelets during activation
177

.  It was 

interesting that in stroke subtype analyses, rs7120938 was only associated with small 

vessel stroke.  The mechanism for this association is unclear.  In addition, this SNP failed 

to replicate in a larger cohort (Meta-stroke) indicating the possibility that our finding was 

a false positive.  However, it is possible that this SNP is only associated with ischemic 

stroke among young adults, which would explain the lack of replication within Meta-

stroke since it contains mostly older adults.     

A third SNP, rs4924445, was also only associated with small vessel stroke.  This 

SNP is located 7kb downstream of PLCB2 which encodes the PLCβ2 isoform of 

phospholipase C, a protein known to play a role in platelet aggregation.  Carriers of the A 

allele had 1.36 times higher odds of small vessel stroke compared to those homozygous 

for the G allele.  This association appeared to be driven by a small number of individuals 

who were homozygous for the A allele.  When tested under a recessive model, this SNP’s 
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effect on the odds of ischemic stroke was more pronounced (OR=1.66, 95% CI=1.12-

2.47), although it still was not significant after correcting for multiple comparisons.  The 

mechanism behind this association is currently unclear.   

This study had several limitations.  First, we were underpowered to detect odds 

ratios less than 1.32.  The literature suggests that common SNPs influencing complex 

diseases may have odds ratios less than this
184

.  In addition, several SNPs were tested for 

association with ischemic stroke causing an issue of multiple comparisons.  However, in 

order to address this we applied a conservative Bonferroni correction to adjust our alpha 

level.  There are also several strengths to our study.  First, we performed our analyses in a 

young-onset stroke population.  Young-onset stroke has been suggested to have an 

increased genetic component making it an ideal population for stroke genetic analyses
9
.  

Also, our study is the first we are aware of to test our selected platelet aggregation SNPs 

for association with ischemic stroke.            

In conclusion, we identified rs12041331 (PEAR1) to be significantly associated 

with large artery ischemic stroke.  Two SNPs were also marginally associated with 

ischemic stroke, rs7120938 (STIM1) and rs4924445 (PLCB2), and these associations 

were race and stroke subtype specific.  Replication analyses within other young-onset 

stroke populations are needed as well as functional analyses for these SNPs.       
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6. Tables  

Table 24:  Characteristics of study participants in GEOS. 
 

      Cases Controls p-value* 

Characteristic (n=889) (n=927)   

Age (mean ± SD), y 
41.3 ± 

6.9 
39.6 ± 

6.8 <0.001 

Female (%) 41.5 43.6 0.37 

Self-Reported Race (%) 
  

0.22 

     European Ancestry (EA) 52.4 56.4 
      African Ancestry (AA) 42.4 38.5 
      Other 5.2 5.1 
 Hypertension (%) 42.7 19.2 <0.001 

Diabetes mellitus (%) 16.7 5.1 <0.001 

Current smokers (%) 42.5 28.6 <0.001 

Angina/MI (%) 5.3 0.7 <0.001 

Stroke Subtype (%) 
        Large Artery 7.1 NA 

      Small Vessel 16.1 NA 
      Cardioembolic 20.0 NA 
      Cryptogenic 56.8 NA 
 

    *t-test for continuous traits, chi-square for dichotomous traits 
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Table 28:  Associations Between Significant SNPs and Ischemic Stroke Under Different Genetic 
Models 

                 
  Gene SNP Genetic Model OR (95% CI) p-value 
  PEAR1 rs12041331 

     

 
     Total sample Recessive 1.07 (0.86-1.33) 0.54 

  

 
     African Ancestry Recessive 1.09 (0.80-1.47) 0.60 

  

 
     European Ancestry Recessive 1.10 (0.77-1.56) 0.60 

  

 
     Large Artery Stroke Recessive 0.37 (0.21-0.67) 0.0009 

  

 
     Small Vessel Stroke Recessive 1.27 (0.83-1.97) 0.27 

  

 
     Cardioembolic Stroke Recessive 1.22 (0.84-1.79) 0.30 

  

 
     Other Determined Recessive 2.34 (1.17-4.70) 0.02 

  

 
     Other Undetermined Recessive 1.02 (0.78-1.34) 0.89 

  PLCB2 rs4924445 
     

 
     Total sample Recessive 1.19 (0.89-1.61) 0.24 

  

 
     African Ancestry Recessive 1.25 (0.60-2.62) 0.55 

  

 
     European Ancestry Recessive 1.11 (0.78-1.58) 0.56 

  

 
     Large Artery Stroke Recessive 1.23 (0.78-1.93) 0.38 

  

 
     Small Vessel Stroke Recessive 1.66 (1.12-2.47) 0.01 

  

 
     Cardioembolic Stroke Recessive 1.31 (0.80-2.15) 0.29 

  

 
     Other Determined Recessive 1.27 (0.72-2.23) 0.41 

  

 
     Other Undetermined Recessive 1.21 (0.95-1.53) 0.12 
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V. SUMMARY AND CONCLUSIONS 

Stroke is a leading cause of death and disability in the United States with 

approximately 700,000 strokes occurring each year resulting in an estimated 150,000 

deaths
1
.  Ischemic stroke, the more common type of stroke, is caused by an interruption 

of blood flow to the brain due to a blood vessel occlusion, primarily due to a thrombus
1
.  

Clinical trials of antiplatelet medications have shown platelet aggregation to affect the 

risk of ischemic stroke
49, 72, 87

.  In addition, studies in twins and families have implicated 

that ischemic stroke is genetically controlled
9, 13

, particularly early-onset ischemic stroke.  

One method to identify genetic variants influencing ischemic stroke is through the study 

intermediate phenotypes.  Since platelet aggregation has been implicated to play a role in 

the development of ischemic stroke, genetic variants affecting platelet aggregation may 

also affect the risk of ischemic stroke.  Therefore, our study hypothesized that single 

nucleotide polymorphisms (SNPs) affection variation in platelet aggregation are also 

associated with susceptibility to ischemic stroke.  In order to address this hypothesis, our 

specific aims were three-fold; 1. Characterize platelet aggregation traits in two studies in 

the Amish and identify the traits most suitable for genetic analyses, 2. Perform genetic 

association analyses on the traits identified in aim 1 and 3. Perform a genetic association 

study to test loci identified in aim 2 for association with early-onset ischemic stroke.       

With regard to our first aim, we reduced the dimensionality of our platelet 

aggregation data into three components in the PAPI Study and one component in the 

HAPI Heart Study using principal components analysis.  Resulting components were 

heritable, with the proportion of variance due to genetic factors ranging from 19%-40%.  

The principal components were also correlated with known covariates identified in the 
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literature.  In our study, platelet aggregation measures tended to cluster by method of 

platelet aggregation measurement (impedence or optical aggregometry).  This was also 

seen in a previous study that performed a principal components analysis on several 

platelet function traits, including measures of platelet aggregation
120

.  We also observed 

traits to cluster by agonist concentration which was not seen in the previous study, 

although fewer platelet aggregation traits were included in the previous study.   

Using our resulting principal components, we performed genetic association 

analyses and identified several SNP associations.  In the PAPI Study, three SNPs were 

significantly associated with the third principal component (PC3: High dose 

ADP/Collagen in PRP) at the genome-wide level.  These SNPs were located in intergenic 

regions previously unreported to be associated with platelet aggregation.  No other SNPs 

within these regions were associated with the principal components, however no SNPs 

were in high linkage disequilibrium with two of these SNPs which could explain the 

paucity of associations in these regions.  One SNP however was in moderate linkage 

disequilibrium with one of the genome-wide significant SNPs but was not associated with 

the principal component, calling into question the validity of this finding.   

In order to explore these associations further, two exploratory replication analyses 

were performed.  The first replication analysis utilized principal components derived 

from a study which had similar platelet aggregation traits
120

.  One component in the 

replication sample had a high loading for high-dose collagen induced aggregation in PRP 

and a second component had a high loading for high-dose ADP induced aggregation in 

PRP.  The p-values for the SNP associations with each component were examined for 

evidence of an association.  Factor1W:Collagen had a p-value of 0.04 for association with 
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rs12618009 and the direction of effect was the same in both the PAPI Study and 

GeneSTAR.  No other associations were significant.  In addition, the test-statistics for the 

SNP associations with these components were combined in order to create a proxy 

principal component that was similar to ours
155

.  In this analysis, none of the three SNPs 

were significantly associated with the resulting trait.  However, the principal components 

used for the replication analysis were derived from different measures of platelet 

function, many of which were not platelet aggregation traits.  Therefore, it is possible that 

these SNPs are associated with platelet aggregation but not other measures of platelet 

function which would explain the lack of replication.  In addition, the replication sample 

did not have aggregation measured in response to 10 ug/mL Collagen.  Since the SNPs 

were most significantly associated with this trait, this could also explain the lack of 

replication.  It is also possible that our findings were false positives or due to chance 

which would cause them to not replicate.   Although, we did implement a conservative 

Bonferroni correction to adjust the alpha level in order to decrease the probability of an 

association being due to chance. 

Our second exploratory replication involved the individual traits that loaded 

heavily onto the principal component.  For this analysis, we extracted the results from the 

associations between the SNPs and the individual traits that loaded heavily onto the 

principal component.  Then, we obtained association results for the SNPs with similar 

traits in our replication sample.   Of the three traits that loaded heavily onto the 

component (10 uM ADP, 20 uM ADP, 10 ug/mL Collagen), the replication sample had 

one trait in common (10 uM ADP).  Therefore agonist measures with the closest 

concentrations to ours were used as proxy replication traits (10 uM ADP in replication 
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sample as a proxy for 20 uM ADP in our sample; 5 ug/mL Collagen in replication sample 

as a proxy for 10 ug/mL Collagen in our sample).  In all cases, the SNPs did not replicate 

with any of the individual traits.   

A meta-analysis was also performed on these traits, resulting in significant 

associations for all three SNPs with high dose collagen and a significant association for 

rs1527075 with high-dose ADP.  It is notable however that the high-dose collagen 

associations were all driven by the PAPI Study results.  The betas for these associations in 

the replication sample were all very close to zero.  However, rs1527075 was marginally 

associated with high-dose ADP in the replication sample and the association was in the 

same direction of effect as seen in the Amish (p=0.06).  There are several potential 

explanations for the lack of replication in our analyses; 1. In the replication sample, 20 

uM ADP and 10 ug/mL Collagen were not available and therefore similar measures had 

to be used for the analysis.  It is possible that the associations were specific to these 

agonist concentrations.  2.  Our association results could be false positives or due to 

chance, although a Bonferroni correction was applied to adjust the alpha level in order to 

decrease the probability of an association being due to chance.  3.  The linkage 

disequilibrium structure could vary between both studies causing the SNPs to not 

replicate.  Although, in both studies only those of European Ancestry were used in the 

analysis and for common SNPs (MAF > 5%), the linkage disequilibrium structure in the 

Amish and the CEPH population in HapMap have been shown to be similar
139

.  However, 

rs1684918 had a MAF of 4% therefore linkage disequilibrium could have possibly been 

an issue with this SNP.   
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In addition to our genome-wide significant findings, a SNP previously associated 

with platelet aggregation in a genome-wide association study (rs12041331 (PEAR1))
119

 

was also associated with the first principal component (PAPI PC1: PRP aggregation) in 

the PAPI Study (p=0.0002).  In the previous study rs12041331 was associated with low-

dose ADP and epinephrine induced platelet aggregation in platelet rich plasma
119

.  This 

agrees with our findings since our first principal component was the only one to have 

high loadings for low-dose ADP and epinephrine induced platelet aggregation.  In both 

our study and the previous study, the A allele was associated with decreased aggregation.  

This effect appeared to be additive.  We also found SNPs within two candidate genes 

(PLA2G4A and PLCB2) to be marginally associated with platelet aggregation in both the 

PAPI and HAPI Heart Studies.  PLA2G4A plays a role in the conversion of arachidonic 

acid to thromboxane A2 and PLCB2 ultimately results in the release of granule contents 

upon platelet activation
15,48-49,114-115

.  Both genes are involved in platelet aggregation 

induced by multiple agonists.   

Several other genes were marginally associated with principal components, 

including ANKS1A and FSTL1.  Odin, the molecule encoded by ANKS1A, undergoes 

tyrosine phosphorylation upon the addition of platelet derived growth factor (PDGF), a 

protein secreted from platelet granules during platelet activation and aggregation
165

.  

FSTL1 encodes follistatin-like protein 1 which is known to platelet a role in arthritis and 

has been correlated with platelet count in patients with systemic-onset juvenile 

rheumatoid arthritis
166

.  Finally, two SNPs were associated with all principal components 

in both the PAPI and HAPI Heart Studies (p<0.05); rs6782749 located in an intergenic 

region and rs7120938 located in STIM1 which encodes stromal interaction molecule 1, a 
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molecule that plays an essential role in increasing Ca
2+

 concentrations in platelets during 

activation
177

.  

Using results from our genetic association analyses of platelet aggregation traits, 

we selected ten SNPs to test for association with ischemic stroke.  Three SNPs were 

associated with platelet aggregation at the genome-wide significance level and five were 

marginally associated with platelet aggregation but also fell within genes having 

biological relevance to platelet aggregation.  We also selected five SNPs from the 

literature that were significantly associated with platelet aggregation at the genome-wide 

level and had evidence for replication
119

.   

Our association analyses revealed three SNPs to be associated with ischemic 

stroke in race and stroke subtype stratified analyses.  We found carriers of the G allele for 

rs12041331 (PEAR1) to have significantly decreased odds of large artery ischemic stroke 

compared to those homozygous for the G allele (OR=0.49, 95% CI=0.31-0.78 p=0.003).  

This association was even stronger when the SNP was coded dominantly (OR=0.37, 95% 

CI=0.21-0.67, p=0.0009).  Paradoxically, in previous analyses the A allele was associated 

with decreased platelet aggregation.  The mechanism behind the A alleles’ increased odds 

of ischemic stroke are unclear.  However, PEAR1 is expressed in several cells, including 

endothelial cells and platelets
183

.  Therefore, it is possible this association is due to the 

genes effect on other cell types which could increase the risk of ischemic stroke.  It is 

unsurprising that this SNP was associated with large artery ischemic stroke because this 

stroke subtype is caused by platelet emboli from atherosclerotic plaques
2
.      

Among those of African Ancestry, the T allele for rs7120938 (STIM1) was 

associated with increased odds of ischemic stroke compared to the C allele (OR=1.30, 
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95% CI=1.02-1.64), although this finding did not remain significant after accounting for 

multiple comparisons.  The same SNP was also marginally associated with increased 

odds of small vessel stroke (OR=1.41, 95% CI=1.05-1.89) with the T allele having a 

harmful effect.  We also found the A allele of rs4924445 (PLCB2) to be marginally 

associated with a higher odds of small vessel stroke compared to the G allele (OR=1.36, 

95% CI=1.03-1.81).  The mechanisms behind these associations are unclear. 

There are several limitations to our study which should be mentioned.  First, our 

platelet aggregation analyses were performed in samples consisting of Caucasians only.  

This could possibly be an issue for three reasons; 1. The literature has suggested that 

platelet aggregation measures may differ by race
92

, therefore our descriptive analysis 

results from aim 1 may not be generalizable to other races and ethnicities.  2.  Linkage 

disequilibrium structure differs between Caucasians and other races therefore it is 

possible that the SNPs we found to be associated with platelet aggregation in our study 

may not be associated with platelet aggregation in studies with participants of other races.  

This is because in our study, our identified SNPs may be correlated with the causal SNP 

that is unmeasured; however, the same SNP may not be correlated with the causal SNP in 

another race because the correlation structure (linkage disequilibrium) differs.  3.  

Extending the second point further, our ischemic stroke study consisted of primarily 

Caucasians and African Americans.  Since African Americans were included in this 

analysis, it is possible that the observed platelet aggregation SNPs in the Amish were not 

associated with ischemic stroke due to differing linkage disequilibrium structures.  

However, we performed race stratified analyses and in no instance was a SNP associated 
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with ischemic stroke among those of European Ancestry only, which would suggest this 

effect.   

A second limitation was that we were underpowered to detect genome-wide 

associations in the Amish due to our limited sample size.  Third, since we performed 

genetic association analyses on combined platelet aggregation traits, an exact replication 

was not possible.  However, two proxy replications were performed in order to overcome 

this.  Fourth, intraindividual variation in platelet aggregation has been previously 

reported and could have affected our platelet aggregation measurements
150-152, 161

.  

However, standardized methods for blood collection and aggregation measurement were 

used in order to obtain our data to help minimize this to the best of our ability.  Fifth, 

multiple SNPs were tested for association with platelet aggregation traits and ischemic 

stroke causing an issue of multiple comparisons.  However, a Bonferroni correction was 

applied in order to adjust the alpha level to address this.  Sixth, our stroke study consisted 

of participants of multiple races and ethnicities, therefore confounding due to population 

stratification was possible.  However, we adjusted for the first multidimensional scaling 

component in order to account for this.          

There are also several strengths to our study.  First, platelet aggregation was 

excellently characterized in the Amish, with measurements in response to multiple 

concentrations of several agonists, as well as measurements made in whole blood and 

platelet rich plasma being available.  Second, our principal components analysis allowed 

us to create combined traits which summarized the complexity of the platelet aggregation 

process and reduced our multitude of platelet aggregation traits into a few summary 

measures.   Third, the Amish are genetically homogeneous so confounding due to 
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population stratification is unlikely.  Fourth, light transmission aggregometry is the gold 

standard for measuring platelet aggregation and was used to obtain some of our 

measurements
143-144

.  Fifth, we performed our ischemic stroke association analyses in a 

young-onset stroke population.  Young-onset ischemic stroke has been suggested to have 

an increased genetic component making it an ideal population for stroke genetic 

analyses
9
.  Sixth, our study was the first to our knowledge to test our selected platelet 

aggregation SNPs for association with ischemic stroke.   

In summary, we reduced the dimensionality of our platelet aggregation data into 

three principal components in the PAPI Study and one in the HAPI Heart Study.  Our 

resulting components were heritable and several SNPs were found to be associated with 

them.  Selected platelet aggregation SNPs were then tested for association with ischemic 

stroke and the G allele of rs12041331 (PEAR1) was found to significantly decrease the 

odds of large artery ischemic stroke.  Two other SNPs were found to marginally increase 

the risk of small vessel ischemic stroke (rs7120938, rs4924445) and ischemic stroke 

among those of African Ancestry (rs7120938).  As previously mentioned, our study was 

the first to test selected platelet aggregation SNPs for association with ischemic stroke.  

Replication analyses for these SNPs are needed as well as additional studies with 

increased sample sizes.  Functional analysis of PEAR1 is also warranted.    
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APPENDIX 1: RESULTS FROM COMBINED PHENOTYPE GENERATION 

Descriptive analysis results 

In order to address aim 1, several analyses were run in order to determine the best 

method to generate combined platelet aggregation phenotypes.  Prior to performing 

analyses, individuals missing data on platelet aggregation variables were removed (n=19 

for PAPI, n=81 for HAPI).  Excluded individuals constituted 2.8% of the total PAPI 

dataset and 9.3% of the total HAPI dataset.  In the PAPI Study, individuals with missing 

data had a higher prevalence of current smokers and slightly higher total cholesterol and 

LDL cholesterol levels than those with complete data.  Those with incomplete data also 

had slightly lower fibrinogen levels and triglyceride levels than those with complete data 

(Table 29).  In the HAPI Heart Study, those with incomplete data were slightly older, had 

a higher prevalence of females and self-reported history of hypertension, and had higher 

triglyceride levels compared to those with complete data (Table 29).    In addition, 

platelet variable distributions were examined and winsorized if non-normally distributed 

(PAPI: 10 uM and 20 uM ADP, 10 ug/mL Collagen).  All subsequent analyses were 

performed using only platelet aggregation variables with significant heritabilities (n=14 

for PAPI, n=5 for HAPI) (Table 30).   
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Table 30:  Platelet aggregation phenotypes used in analyses 

Study Trait Mean ± SD Heritability ± SE 

PAPI Platelet Rich Plasma   

      2.0 uM ADP 40.3 ± 21.8 0.35 ± 0.09* 

      5.0 uM ADP 60.9 ± 16.9 0.35 ± 0.10* 

      10 uM ADP 68.3 ± 12.6 0.25 ± 0.09* 

      20 uM ADP 72.1 ± 11.0 0.20 ± 0.09* 

      1.0 ug/mL Collagen 58.0 ± 19.0 0.18 ± 0.08* 

      10.0 ug/mL Collagen 83.6 ± 9.1 0.17 ± 0.08* 

      10 uM Epinephrine 61.5 ± 25.7 0.41 ± 0.10* 

 Whole Blood   

      5.0 uM ADP 7.1 ± 2.5 0.38 ± 0.10* 

      20 uM ADP 11.2 ± 3.1 0.33 ± 0.10* 

      1.0 ug/mL Collagen 16.7 ± 3.9 0.23 ± 0.09* 

      0.5 mM Arachidonic Acid 8.4 ± 2.2 0.33 ± 0.09* 

HAPI Whole Blood   

      10 uM ADP 9.6 ± 2.8 0.28 ± 0.09* 

      0.5 ug/mL Collagen 11.1 ± 2.9 0.20 ± 0.08* 

      1.0 ug/mL Collagen 12.1 ± 2.6 0.15 ± 0.08* 

      2.0 ug/mL Collagen 13.4 ± 2.5 0.16 ± 0.08* 

      0.5mM Arachidonic Acid 9.4 ± 3.1 0.21 ± 0.09* 

*p<0.05 

 In order to identify any possible patterns in the data, or natural groupings of 

variables that would help guide the analyses to create combined phenotypes, each platelet 

trait was tested for association with several covariates identified in the literature as 
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potentially affecting platelet aggregation; age, sex, history of hypertension, history of 

diabetes mellitus, current smoking status, BMI, LDL cholesterol, HDL cholesterol, 

triglycerides, and total cholesterol (Table 31).  In PAPI, generally most platelet traits were 

associated with age and sex and many were associated with current smoking status.  Only 

three traits were associated with lipid traits; 2 uM ADP and 10 ug/mL Collagen measured 

in platelet rich plasma and 1ug/mL Collagen measured in whole blood.    Only 5 uM ADP 

was associated with BMI.  In HAPI, all platelet traits were associated with sex and most 

were associated with current smoking status.  None of the platelet traits were associated 

with age however.  Three platelet traits were associated with lipid traits (0.5mM 

Arachidonic Acid, 1 ug/mL Collagen, 2 ug/mL Collagen) and two platelet traits were 

associated with BMI (10 uM ADP, 0.5 ug/mL Collagen).     

It is also interesting to note that the covariates associated with the two traits found 

in both studies, 1 ug/mL Collagen and 0.5mM Arachidonic Acid measured in whole 

blood, differed by study.  In PAPI, 1 ug/mL Collagen was associated with age, HDL 

cholesterol, and total cholesterol.  In HAPI, it was associated with LDL cholesterol, sex 

and current smoking.  In addition, 0.5mM Arachidonic Acid was associated with sex in 

the PAPI study.  However, in HAPI, it was associated with LDL cholesterol, total 

cholesterol, sex and current smoking status. 

All pair-wise phenotypic correlations were also calculated for all platelet traits 

(Tables 32-33).  These matrices were used in subsequent data reduction analyses.  Pair-

wise genetic correlations were also calculated to see if any patterns emerged (Tables 34-

35).  None did.  
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Table 32:  Phenotypic correlations between platelet traits in HAPI 
 

      
  Collagen 0.5 

Collagen 
1 

Collagen 
2 

ADP 
10 AA 

Collagen 0.5 1.00 
    Collagen 1 0.66* 1.00 

   Collagen 2 0.63* 0.74* 1.00 
  ADP 10 0.53* 0.52* 0.46* 1.00 

 AA 0.45* 0.46* 0.43* 0.66* 1.00 

      *p<0.0001 
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Table 34:  Genetic correlations between platelet traits in HAPI 
 

      
  Collagen 0.5 Collagen 1 Collagen 2 

ADP 
10 AA 

Collagen 0.5 1.00. 
    Collagen 1 0.83* 1.00. 

   Collagen 2 0.89* 1.00* 1.00. 
  ADP 10 0.87* 0.82** 0.68** 1.00. 

 AA 0.96** 0.95** 0.68** 0.96** 1.00. 

      *p<0.0001 
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Combined phenotype generation using phenotypic correlation data: PAPI results 

Since the descriptive analyses did not show any consistent groupings of platelet 

traits, several principal components analyses (PCAs) were performed, and results 

compared, in order to determine the best analysis for combined phenotype generation.  A 

total of six PCAs were performed on the PAPI platelet aggregation data;  

 

1. PCA on all traits 

2. PCA on PRP only traits 

3. PCA on WB only traits 

4. PCA on ADP only traits 

5. PCA on Collagen only traits 

6. PCA on all traits, excluding the highest concentration of ADP and Collagen 

 

A PCA on all traits as well as a PCA on all traits with a varimax rotation were 

performed and results compared.  The varimax rotation produced a better loading pattern, 

with some traits having high loadings while the others had loadings closer to zero, which 

eased interpretation.  Therefore, the PCA implementing a varimax rotation was used for 

further study.  From this analysis, three components were retained which explained 

72.6% of the total variability in the platelet aggregation traits.  Upon examination of the 

loading patterns, it was notable that aggregation measurements clustered by method of 

measurement; optical or impedence aggregometry. A few clustered by agonist dose as 

well.  The first principal component (PC1:PRP aggr), representing aggregation measured 

in platelet rich plasma, accounted for most of the variation in the data (39.9%).   The 
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second principal component (PC2:WB aggr) loaded heavily on all measurements made in 

whole blood (5 uM and 20 uM ADP, 1 ug/mL Collagen and 0.5 uM arachidonic acid).  

The third principal component (PC3:high dose ADP/Coll) had high loadings for 10 

ug/mL collagen, 10 uM ADP and 20 uM ADP measured in platelet rich plasma (Table 

36).  Therefore, this component represented aggregation in response to high doses of 

collagen and ADP in platelet rich plasma.  All principal components were normally 

distributed (Figures 18-20) and heritable (Table 37). 

 

Table 36:  Loading pattern and % variance explained from PCA on all traits in PAPI 

Trait PC1:PRP aggr PC2:WB aggr PC3:high dose ADP/Coll 
PRP adp2 0.784 -0.048 0.053 

PRP adp5 0.856 0.017 0.314 

PRP adp10 0.757 0.071 0.553 

PRP adp20 0.625 0.083 0.688 

PRP coll1 0.784 -0.023 0.216 

PRP coll10 0.146 0.046 0.913 

PRP epi 0.759 0.040 -0.043 

WB adp5 0.169 0.828 -0.031 

WB adp20 0.085 0.848 -0.073 

WB coll1 -0.096 0.765 0.038 

WB aa -0.117 0.750 0.229 

% var. expl. 32.6 23.4 16.6 

  *percent variance explained 

 

 

Table 37:  Heritabilities of principal components from PCA on all traits in PAPI  

Trait Heritability ± SE 

PC1:PRP aggr 0.42 ± 0.09* 

PC2:WB aggr 0.43 ± 0.1* 

PC3:High dose ADP/Coll 0.23 ± 0.09* 

*p<0.05 
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Figure 18: Distribution of PC1:PRP aggr. 

 
 

 

 

 

Figure 19:  Distribution of PC2:WB aggr 
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Figure 20:  Distribution of PC3:high dose coll_PRP 
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Collagen and 5 uM, 10 uM, and 20 uM ADP measured in platelet rich plasma(Table 39).  

Therefore, the second component represented aggregation in response to high dose 

collagen and ADP in platelet rich plasma.  The resulting principal components from the 

platlet rich plasma analysis were highly correlated with the principal components from 

the analysis on all traits (Correlation for the 1
st
 components=0.96; Correlation for the 3

rd
 

PC on all traits and 2
nd

 PC on PRP only traits=0.86).  These results were very similar to 

the results from the PCA performed on all traits.   

 

Table 38: Loading pattern and % variance explained from PCA on WB only traits, PAPI 

Trait PC1:WB aggr 

WB Coll1 0.764 

WB AA 0.764 

WB ADP20 0.842 

WB ADP5 0.827 

% variance explained 64 

Heritability ± SE 0.44 ± 0.10* 

*p<0.05 

 

Table 39:  Loading pattern from PCA on PRP only traits in PAPI 

Trait PC1:ADP_PRP PC2:high dose coll/epi_PRP 

PRP ADP2 0.788 0.128 

PRADP5 0.813 0.418 

PRP ADP10 0.671 0.659 

PRP ADP20 0.518 0.782 

PRP Coll1 0.762 0.301 

PRP Coll10 0.023 0.930 

PRP Epi 0.753 0.070 

% variance explained 61.9 14.5 

Heritability ± SE 0.25 ± 0.09* 0.38 ± 0.09* 

*p<0.05 

 

  

In order to take biology into account when performing the analyses, PCAs by 

agonist (ADP and collagen) were performed.  A varimax rotation was also applied to 

these analyses.  For both analyses, two principal components were retained which 

explained most of the variation in the data; the first principal component had high 
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loadings for the platelet rich plasma traits and the second principal component had high 

loadings for the whole blood traits (Tables 40 and 41).  These results were consistent with 

results from the PCA performed on all traits.  In addition, the correlations between the 

principal components generated from the agonist stratified analyses and the analysis on 

all traits were strong (Table 42).  The 1
st
 components from the agonist stratified analyses 

were moderately to strongly correlated with the 1
st
 and 3

rd
 components from the PCA on 

all traits.  The 2
nd

 components from the agonist stratified analyses were strongly 

correlated with the 2
nd

 component from the PCA on all traits.   

 

Table 40:  Loading pattern from PCA on ADP traits in PAPI 

Trait PC1:ADP_PRP PC2:ADP_WB 

PRP ADP2 0.765 -0.039 

PRP ADP5 0.932 -0.046 

PRP ADP10 0.937 -0.108 

PRP ADP20 0.880 0.117 

WB ADP5 0.108 0.895 

WB ADP20 0.001 0.905 

% variance explained 53.0 26.4 

Heritability ± SE 0.33 ± 0.09* 0.37 ± 0.10* 

*p<0.05 

 

Table 41:  Loading pattern from PCA on Collagen traits in PAPI 

Trait PC1:Coll_PRP PC2:Coll_WB 

PRP Coll1 0.817 -0.142 

PRP Coll10 0.808 0.161 

WB Coll1 0.009 0.985 

% variance explained 44.1 33.8 

Heritability ± SE 0.07 ± 0.08 0.27 ± 0.10* 

*p<0.05 
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Table 42:  Correlations between principal components from analysis on all traits and 

ADP-only and Collagen-only analyses in PAPI 

 PC1:ADP_PRP PC2:ADP_WB PC1:Coll_PRP PC2:Coll_WB 

PC1_all 0.85 0.08 0.58 -0.19 

PC2_all 0.03 0.93 0.007 0.75 

PC3_all 0.47 -0.05 0.69 0.14 

*PC_all variables represent principal components from analysis on all traits. 

 

As suggested by a platelet expert, another analysis was performed removing the 

highest concentrations of each agonist since they had less variation in the aggregation 

response.  Therefore, a PCA was repeated, excluding the highest concentration of ADP in 

WB and PRP as well as the highest concentration of collagen in PRP.  A varimax rotation 

was also performed.  The results from this analysis were similar to the results from the 

PCA performed on all traits.  Two principal components were retained which explained 

67.5% of the variation in the data.  The first principal component (PC1:PRP aggr.) had 

high loadings for the platelet rich plasma ADP measures (2 uM, 5 uM, 10 uM) as well as 

1 ug/mL Collagen and 10 uM Epinephrine measured in platelet rich plasma.  The second 

principal component (PC2:WB aggr) had high loadings for the whole blood measures 

(Table 43).  The correlations between principal components generated from the analysis 

on all traits and the analysis excluding the highest concentrations were also very high 

(>0.97).  Since the results from both analyses were similar, and the literature has shown 

genetic variants to be significantly associated with the high agonist concentrations, these 

measures were retained in the analysis.   

 

 



157 

 

Table 43:  Loading pattern from PCA on all traits in PAPI, excluding the highest 

concentrations of ADP and Collagen 

Trait PC1: PRP aggr. PC2:WB aggr. 

PRP ADP2 0.776 -0.058 

PRP ADP5 0.918 0.027 

PRP ADP10 0.880 0.102 

PRP COLL1 0.823 -0.017 

PRP EPI 0.705 0.004 

WB ADP5 0.146 0.823 

WB ADP20 -0.081 0.775 

WB AA -0.027 0.828 

% variance explained 42.9 24.6 

Heritability ± SE 0.33 ± 0.09* 0.38 ± 0.10* 

*p<0.05 

 

In addition to the PCAs, an EFA was also performed on all traits to see if the 

results were similar; they were.  A varimax rotation was also performed in order to obtain 

an optimal loading pattern.  Three factors were retained from the analysis which 

explained 100% of the variation in the data; the first (F1:PRP aggr) had high positive 

loadings for platelet rich plasma measures, the second (F2:WB aggr) had high positive 

loadings for all whole blood measures and the third (F3:High dose Coll/ADP_PRP) had  

high positive loadings for 10 ug/mL Collagen, 10 uM ADP and 20 uM ADP measured in 

platelet rich plasma (Table 44).  The third factor therefore represented aggregation in 

response to high doses of collagen and ADP, measured in platelet rich plasma.  The 

correlations between the principal components and factors were high (0.95 for 

PC1:ADP_PRP and F1:PRP aggr, 0.99 for PC2:WB aggr and F2:WB aggr, 0.91 for 

PC3:High dose Coll/ADP_PRP and F3:High dose Coll/ADP_PRP). 
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Table 44:  Loading pattern from EFA on all traits in PAPI 

Trait F1:PRP aggr F2:WB aggr F3:High dose Coll/ADP_PRP 

PRP ADP2 0.747 -0.044 0.026 

PRP ADP5 0.903 0.017 0.258 

PRP ADP10 0.769 0.075 0.554 

PRP ADP20 0.614 0.089 0.729 

PRP Coll1 0.688 -0.022 0.231 

PRP Coll10 0.196 0.053 0.714 

PRP Epi 0.575 0.035 0.111 

WB ADP5 0.138 0.775 0.025 

WB ADP20 0.057 0.803 -0.026 

WB Coll1 -0.085 0.660 0.022 

WB AA -0.049 0.650 0.110 

% variance explained 79.6 13.5 7.0 

Heritability ± SE 0.25 ± 0.09* 0.44 ± 0.10* 0.42 ± 0.09* 

*p<0.05 

 

 In conclusion, several principal components analyses and exploratory factor 

analyses were performed in order to identify the traits to use in subsequent genetic 

analyses.  Since all resulting factors from the exploratory factor analyses were highly 

correlated with resulting principal components, and we were not sure there was an 

underlying construct to the platelet aggregation data, principal components were chosen 

for subsequent analyses.  In addition, principal components from the analysis on all traits 

were chosen since they were highly correlated with principal components in agonist 

specific analyses and this allowed us to identify patterns among all our platelet 

aggregation phenotypes.  

 It was interesting to note that in the PCA on all traits, the traits clustered by 

method of measurement.  One possible explanation for this differentiation is that it 

reflected the underlying biology since the measurement methods were different and did 

not capture the exact same aspect of platelet aggregation.  With light transmission 
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aggregometry, platelet rich plasma is first extracted from whole blood and agonists added 

to the plasma.  Therefore, interactions between platelets and monocytes are not captured.  

Monocytes are known to interact with platelets via binding wit P-selectin and could 

therefore affect platelet aggregation
185-186

.  In contrast, impedence aggregometry works 

by adding agonists directly to whole blood.  Therefore, platelet interactions with 

monocytes and other molecules not contained in plasma are captured.  It is also possible 

however that the resulting differentiation did not pertain to biology and instead reflected 

an artifact related to measurement method (example: blood source type).  If this were the 

case, it would be expected that the loading pattern for the principal components would be 

different if analyses were performed separately for measurements derived from 

impedence aggregometry and light transmission aggregometry.  However, when these 

analyses were performed, similar loading patterns were obtained.  For example, in the 

analysis of platelet rich plasma traits only, two principal components were retained, the 

first which had loadings for all measures except 10 ug/mL Collagen and the second 

which had high loadings for high doses of ADP and 10 ug/mL Collagen (Table 39).  This 

was also seen in the analysis performed on all traits (Table 36).   

 Combined phenotype generation using phenotypic correlation data: PAPI results 

After a PCA was performed on all traits, one component (PC1:WB aggr) was 

retained which explained 63.4% of the total variability in the platelet aggregation traits 

and had high loadings for all measures (Table 45).   PC1:WB aggr was normally 

distributed (Figure 21) and heritable (h2=0.29, SE=0.09, p<0.05).  An EFA was also 

performed on all traits which resulted in one factor (F1:WB aggr) that had high loadings 

for all the variables.  The correlation between PC1:WB aggr and F1:WB aggr was 1.0.   
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Table 45:  Eigenvectors from PCA on all traits in HAPI 

Trait PC1:WB aggr 

Coll5 0.763 

Coll1 0.865 

Coll0.5 0.801 

ADP10 0.774 

AA 0.718 

% variance explained 61.7 

Heritability ± SD 0.24 ± 0.09 

 

 

Figure 21:  Distribution of PC1:WB aggr from PCA on all traits in HAPI 
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APPENDIX 2: INTRA-INDIVIDUAL VARIATION IN PLATELET AGGREGATION 

PHENOTYPES 

 

Two hundred ninety three Amish participants are enrolled in both the HAPI 

Heart and PAPI studies, and aggregation in response to 1 μg/ml collagen and 0.5 mM AA 

in whole blood was measured in both.  Responses to these agonists in both studies were 

compared among these participants in order to determine the intra-individual variation in 

this phenotype.  The correlation between the 1 μg/ml collagen response in the HAPI 

Heart Study and the 1 μg/ml collagen response in the PAPI study was 0.23.  The 

correlation between 0.5 mM AA response in the HAPI Heart Study and 0.5 mM AA 

response in the PAPI study was 0.27.  Since these correlations were low, the association 

between aggregation response and a SNP associated with clopidogrel response 

(rs4244285) and a platelet function SNP known to be associated with ischemic stroke 

(rs6065) was measured.  A mixed linear model was run including the additive effect of 

genotype, the covariates age and sex, and a polygenic component to account for 

phenotypic correlation caused by relatedness.  Since the PAPI Study phenotype was non-

normally distributed, an inverse normal transformation was applied to the trait in both 

studies prior to performing the regression analysis.  The rs4244285 SNP was found to be 

negatively associated with aggregation in response to 1 μg/ml collagen in the HAPI Heart 

Study (aggregation decreased with each minor allele copy; β=-0.20 p=0.02).  Conversely, 

the direction of effect was opposite in the PAPI Study, although non-significant (β=0.10 

p=0.4).  Median % maximum aggregations stratified by genotype for this SNP is shown 

in table 44.   
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These results show that there is substantial intra-individual variation in this 

platelet aggregation phenotype, however, other studies have found high levels of intra-

individual variation as well
150-152

.  In addition, the measurement of platelet aggregation is 

notoriously difficult, with many factors known to affect measurements.   These factors 

include time of blood draw, time between blood draw and processing, temperature, 

phlebotomy techniques, smoking, alcohol, sex hormones, medications including heparin, 

among others
15

.  In the Amish studies, blood processing procedures were standardized to 

help minimize technical sources of variation in measurements.  All blood draws were 

performed in the morning after an overnight fast, and were processed within 1 hour of 

blood draw, which is within the recommended time range.  Two lab personnel performed 

all measurements and each sample was run in duplicate, with results discarded and re-run 

if there was a >10% difference between results.   Because of this, variability in the 

measurement of platelet aggregation is likely due to intrinsic properties of the 

participants.   

 

Table 46: Median % maximum aggregation and IQR in response to 1 μg/ml collagen, 

stratified by rs4244285 genotype, located in CYP2C19, and study 

 HAPI PAPI 

rs4244285 Genotype Median, IQR Median, IQR 

0 minor alleles (n=182) 12, 4 16, 5 

1 minor allele (n=92) 11, 4 16, 4 

2 minor alleles (n=9) 10, 2 16, 5 
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