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Summary  

 

Aims: The aims of this thesis were to comprehensively investigate the profiles of von 

Willebrand Factor (VWF:Ag), von Willebrand Factor propeptide (VWFpp) and A Disintegrin 

And Metalloprotease with ThromboSpondin type 1 motif number 13 (ADAMTS13) activity in 

patients with asymptomatic and symptomatic carotid artery stenosis and their relationship with 

cerebral micro-embolic signals (MES) detected on Transcranial Doppler ultrasound (TCD).  

Methods: We performed an observational analytical case-case/control study to assess levels 

of VWF:Ag and VWFpp, VWFpp/VWF:Ag ratio and ADAMTS13 activity in patients with 

moderate or severe (≥50-99%) asymptomatic vs. early (≤ 4 weeks) and late phase 

symptomatic (≥ 3 months after TIA or ischaemic stroke) carotid stenosis, with nested 

longitudinal follow-up studies in the symptomatic cohort. VWF:Ag and VWFpp levels were 

quantified with an enzyme-linked immunosorbent assay (ELISA) on thawed, double-spun 

platelet poor plasma. ADATMS13 activity was assessed with a Fluorescence Resonance Energy 

Transfer (FRET) assay in non-double spun platelet poor plasma. One hour, bilateral TCD of the 

middle cerebral arteries was performed in as many patients as possible to classify patients as 

MES+ve or MES-ve.  

Results: Data from 34 asymptomatic patients were compared with 43 symptomatic patients in 

the ‘early phase’ (≤ 4 weeks) and 37 patients in the ‘late phase’ (≥ 3 months) after 

TIA/ischaemic stroke. VWF:Ag levels were significantly higher in early phase symptomatic 

than asymptomatic patients (12.53 vs. 10.57µg/mL; P = 0.049), but were similar in the late 

symptomatic and ‘late symptomatic post-intervention’ groups to those seen in the asymptomatic 

group (P ≥ 0.66). There was no difference in VWFpp expression between groups (P ≥ 0.15). 

However, the VWFpp/VWF:Ag ratio was significantly lower in early symptomatic (0.094 vs. 

0.118; P = 0.006), but not in late symptomatic or late symptomatic post-intervention patients 

compared with the asymptomatic cohort (P ≥ 0.37). After controlling for differences in age and 

the proportion of active smokers at the time of enrolment between groups, VWF:Ag levels were 

still significantly higher (P = 0.018) and the VWFpp/VWF:Ag ratio remained lower (P = 0.015) 

in early symptomatic vs. asymptomatic patients; however, there was still no significant 

difference in VWFpp expression between groups (P = 0.93). There were no significant 

differences in ADAMTS13 activity between early symptomatic (134.71%; P = 0.79) or late 

symptomatic (127.84%; P = 0.33) and asymptomatic patients (132.74%). In symptomatic 

patients followed up longitudinally from the early to the late phase, there was a significant 

reduction in VWF:Ag levels (11.36 → 9.05 µg/mL; P = 0.048), a significant increase in the 

VWFpp/VWF:Ag ratio (0.095 → 0.109; P = 0.032), and a significant reduction in ADAMTS13 

activity (144.1% → 129.1%; P = 0.015), but no differences in VWFpp levels (P = 0.52) over 
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time. There was a significant positive correlation between VWF:Ag and VWFpp levels in the 

early symptomatic (R
2
 = 40.7%; P < 0.0001), late symptomatic (R

2
 = 41.3%; P < 0.001) and 

asymptomatic cohorts (R
2
 = 26.5%; P = 0.002). There were no significant correlations between 

ADAMTS13 activity and VWF:Ag levels in symptomatic or asymptomatic patients (R
2
 ≤ 2.3%; 

P ≥ 0.35). In the overall cohort of early symptomatic and asymptomatic patients, patients with 

blood group O had significantly lower median VWF:Ag  levels (9.59 µg/mL) compared with 

‘non-blood group O patients’ (12.32 µg/mL; P = 0.035). However, there were no significant 

differences in VWFpp levels, the VWF:Ag/VWFpp ratio or ADAMTS13 activity between 

blood-group O and non-blood group O patients (P > 0.05). As reported previously, the 

proportion of patients who were MES+ve was higher in early symptomatic (28.5%, N = 10, P = 

0.049) than in asymptomatic patients (7.1%, N = 2), but had fallen to similar levels to the 

asymptomatic group by the late phase after symptom onset (6.7%, N = 2; P = 0.996). Early 

symptomatic MES-ve patients had significantly higher VWF:Ag levels (12.72 vs. 10.12 µg/mL; 

P = 0.023) and a lower VWFpp/VWF:Ag ratio (0.094 vs. 0.115; P = 0.008) than asymptomatic 

MES-ve patients. There were no differences in VWFpp levels or ADAMTS13 activity in MES-

ve early symptomatic vs. asymptomatic patients (P ≥ 0.05). 

Conclusions: VWF:Ag expression, a marker of endothelial and/or platelet activation, is 

enhanced in recently symptomatic compared with asymptomatic 50-99% carotid stenosis 

patients, including in the subset of MES-ve patients, and decreases along with ADAMTS13 

activity over time following atherosclerotic TIA/ischaemic stroke. VWF:Ag levels and the 

VWFpp/VWF:Ag ratio may represent more sensitive biomarkers of endothelial activation in 

symptomatic carotid stenosis than VWFpp levels alone. MES were more common in early 

symptomatic than asymptomatic carotid stenosis patients and reduced over time with successful 

interventional and optimal medical treatment. Combining clinical, endothelial and platelet 

biomarker data with data on MES status improves our understanding of the pathogenesis of 

cerebrovascular events and could assist in risk-stratification in this important population of 

cerebrovascular disease patients, including in the MES-ve carotid stenosis subgroup. Such 

comprehensive profiling has the potential to target patients who might benefit from earlier, 

more intensive medical or interventional treatment to prevent subsequent TIA or stroke. 
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1. Introduction 

 

1.1 Von Willebrand Factor (VWF) 

1.1.1 Structure and function 

von Willebrand factor (VWF) is a multimeric plasma glycoprotein synthesised in vascular 

endothelial cells and megakaryocytes (Bongers et al. 2006; Nishio et al. 2004). VWF is stored 

as a mixture of multimers in the α-granules of platelets and as ultra-large multimers in Weibel-

Palade bodies of endothelial cells (Dong et al. 2003). After formation, pre-pro VWF undergoes 

extensive post-translational modification and ultimately proteolysis in the trans-Golgi network 

resulting in the mature von Willebrand factor antigen (VWF:Ag) and Von Willebrand Factor 

propeptide (VWFpp) (Giblin et al. 2008). VWF facilitates haemostasis via two separate 

pathways by stabilising coagulation factor VIII and by recruiting platelets to an injured vessel 

wall or thrombus through its interaction with Gp1bα (Hassan et al. 2012). The most important 

role of VWF is to maintain healthy haemostasis in the vasculature under conditions of high 

shear stress, by acting as a mediator of platelet–subendothelium interaction, platelet activation 

and aggregation (Gogia and Neelamegham 2015). 

VWF is secreted into blood both continuously and in response to a range of thrombotic and 

inflammatory stimuli, including adrenaline, adenosine diphosphate, collagen, fibrin, histamine, 

thrombin, and the vasopressin analogue desmopressin (DDAVP) (Gogia and Neelamegham 

2015). The vast majority of circulating plasma VWF is of endothelial origin, with a minority 

derived from platelets (Kanaji et al. 2012). Although this makes quantification of VWF a 

potentially very useful biomarker of endothelial activation, circulating VWF:Ag levels are also 

influenced by several factors, including systemic inflammation, blood type and ADAMTS13 

activity (Bongers et al. 2006; McCabe et al. 2015), somewhat impacting on its value as a 

‘specific biomarker’ of endothelial activation alone in cerebrovascular disease. 

1.1.2 VWF:Ag in Cerebrovascular Disease 

Elevated VWF:Ag levels have been found in both the early (Bath et al. 1998; Bongers et al. 

2006; Catto et al. 1997; Hanson et al. 2011; Kozuka et al. 2002; McCabe et al. 2004; Nadar et 

al. 2005; Tobin et al. 2017; van Schie et al. 2010) and late phases following a TIA or ischaemic 

stroke (Hanson et al. 2011; Kozuka et al. 2002; McCabe et al. 2004; Tobin et al. 2017; van 

Schie et al. 2010) in comparison with controls. 
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However, relatively few studies have assessed plasma VWF levels specifically in patients with 

symptomatic or asymptomatic carotid artery stenosis. The Progetto Lombardo Atero-Trombosi 

(PLAT) Study was an prospective, observational, multicentre study of clinical outcomes 

(documented recurrent atherothrombotic events up to 2 years after inclusion) in patients with 

vascular disease i.e. previous TIA, symptomatic coronary artery disease or peripheral arterial 

disease (Cortellaro et al. 1992). In total, 38% of the TIA patients had carotid stenosis, but the 

precise classification of the aetiology of all TIA subtypes was not provided. There was no 

significant association between plasma VWF:Ag levels and the risk of recurrent vascular events 

over 2 years of follow-up in patients with previous TIA. Another study involving 67 patients 

undergoing carotid artery stenting found increased plasma VWF:Ag levels in the period just 

after stenting compared with just before the procedure (Xia et al. 2011). The authors also 

reported that plasma VWF:Ag levels 24 hours after stenting were higher in patients who 

subsequently developed carotid restenosis than in those who did not have restenosis at 1 year 

follow-up (P < 0.05). A cross-sectional, population-based study by With Noto et al investigated 

the relationship between carotid plaque morphology and echogenicity on carotid ultrasound and 

endothelial dysfunction (With Noto et al. 2006). The authors found significantly higher plasma 

VWF antigen levels in 133 ‘mainly asymptomatic carotid stenosis’ patients (17% had a history 

of any stroke) compared with 138 ‘controls’ from a cardiovascular disease population study 

who did not have carotid stenosis (6% had a history of ‘any stroke’) (P ≤ 0.048). A larger 

prospective, single-centre, cohort study which investigated progression of atherosclerosis in 258 

subjects with carotid plaques, found a small positive association between plaque area on carotid 

ultrasound and VWF levels (Nilsson et al. 2002). Another cross-sectional study assessed plasma 

VWF levels in 53 patients with TIA and ipsilateral or contralateral carotid stenosis on 

ultrasound (mean degree of stenosis = 85%;  range 40–100%, with occlusion confirmed on 

digital subtraction angiography) (Blann et al. 2000). VWF antigen levels were unrelated to the 

degree of carotid artery stenosis (R = 0.11; P = 0.43). Yang et al. quantified VWF:Ag and 

Endothelin-1 levels in 61 patients who underwent carotid artery stenting (CAS) for >50% 

symptomatic carotid stenosis or >70% asymptomatic carotid stenosis (Yang et al. 2012). 

Fourteen of these patients went on to develop carotid restenosis following intervention on CT 

angiography (CTA). Bloods were taken at ‘baseline’, and then at 1 hour, 2 weeks, 1 month and 

6 months after stenting. The authors reported that VWF:Ag and endothelin-1 levels were higher 

at 1 hour after CAS than at baseline (P < 0.05). VWF:Ag (P < 0.01) and endothelin-1 levels (P 

< 0.05) were also higher at 6 months, but were not significantly higher at 12 months compared 

with baseline (P > 0.05). There were no significant differences in the baseline levels of 

VWF:Ag or endothelin-1 between the subgroups of patients who did vs. those who did not 

develop restenosis over time (P > 0.05).   
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A recent study by Zadi et al. included 985 patients with acute TIA or ischaemic stroke overall 

who had undergone blood sampling, genotyping and a CTA of the carotid bifurcation to assess 

carotid plaque morphology (Zadi et al. 2019). Both carotid arteries were evaluated for the 

presence of plaque ulceration, defined as extension of contrast material by >1 mm into the 

surrounding atherosclerotic plaque on at least two orthogonal planes, with stenosis severity 

quantified by using the European Carotid Surgery Trial method. VWF:Ag levels were 

quantified approximately 6 days after onset of symptoms (interquartile range: 3 – 14 days). 

Plaque ulceration was observed in 7% (136/1928) of carotid arteries and in 13% (128/964) of 

patients. A significant correlation was initially noted between the presence of plaque ulceration 

and VWF:Ag levels, after correction for age and sex only (β = 0.066 P = 0.04). After additional 

adjustment for blood group, calcification volume and all cardiovascular risk factors with a P 

value < 0.05, the presence of plaque ulceration was no longer significantly associated with 

VWF:Ag levels (β = 0.027; P = 0.4). When the authors confined their analysis to patients who 

were categorised as having had a TIA or ischaemic stroke due to ‘large artery atherosclerosis’ 

according to the TOAST classification (Adams et al. 1993), a patient subgroup most relevant to 

this MSc thesis, they found no association between plaque ulceration and VWF:Ag levels (P > 

0.05). However, the precise number of patients with > 50% symptomatic carotid stenosis who 

were included in this analysis was not specified and the authors simply stated that the ‘most 

severe degree of carotid artery stenosis was 100%, with a median of 0% [0–56].’ Therefore, this 

study did not provide evidence that VWF:Ag levels are affected by the presence of plaque 

ulceration in recently symptomatic patients with moderate-severe carotid stenosis. 

 

1.2 Von Willebrand Factor propeptide (VWFpp) 

1.2.1 Structure and function 

As alluded to above, von Willebrand factor propeptide (VWFpp) is co-synthesised with VWF 

antigen. Both VWFpp and mature VWF:Ag are packaged into secretory granules in endothelial 

cells and megakaryocytes (Marianor et al. 2015). VWFpp and VWF multimers are secreted 

together in 1:1 stoichiometric amounts (Peyvandi et al. 2011). Upon secretion, VWFpp 

dissociates from VWF multimers and circulates independently (Giblin et al. 2008). Unlike 

VWF:Ag, VWFpp is not affected by ABO blood group in either healthy individuals or patient 

groups (Marianor et al. 2015). Because VWFpp has a shorter half-life of 2 to 3 hours compared 

with a half-life of 8 to 10 hours for VWF:Ag, VWFpp has the potential to be a more sensitive 

marker of ‘acute endothelial activation’ than VWF:Ag in patients with ischaemic 

cerebrovascular disease (CVD), including in the patient subgroup with carotid stenosis 
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(Kinsella et al. 2014). Furthermore, platelet aggregation does not consume VWFpp as it does 

VWF:Ag, thus potentially increasing the utility of VWFpp as a biomarker of endothelial 

dysfunction in thrombotic diseases (Habe et al. 2012). However, to date, the precise 

mechanisms responsible for the clearance of VWFpp remain unknown (Casari et al. 2013). 

 

1.2.2 VWFpp in Cerebrovascular Disease 

van Schie et al. analysed plasma VWF:Ag and VWFpp levels in two independent case-control 

studies (van Schie et al. 2010). The ‘COCOS’ study compared data from 101 patients within 7-

14 days of first-ever TIA or ischaemic stroke (10% had ‘large artery atherosclerosis’ according 

to the TOAST classification) with 106 healthy, age-matched controls. Subgroup analysis of the 

‘ATTAC’ study compared data from 171 young patients (males aged 18–45, and females aged 

18–55) who had experienced a first-ever TIA or ischaemic stroke 3 months earlier (7% had 

‘large artery disease’) with 171 age-matched healthy controls. In the COCOS study, VWF:Ag 

levels were significantly higher (1.47 vs. 1.25; P = 0.03), with a non-significant trend towards 

increased VWFpp levels (1.29 vs. 1.20; P = 0.05) and a lower VWFpp:VWFAg ratio (0.99 vs. 

1.07; P = 0.05) in patients vs. controls. In a subgroup of patients from the COCOS study who 

also had blood samples taken 3 months after TIA or stroke onset, there were no significant 

differences in VWF:Ag or VWFpp levels between the early and late phases after symptom 

onset (data not shown, but the P value was assumed to be > 0.05). In the ATTAC study, there 

were also significantly higher VWF:Ag levels in patients vs. controls (1.25 vs. 1.10; P < 0.001), 

but the differences in VWFpp levels (0.96 vs. 0.89; P = 0.08) and VWFpp/VWF:Ag ratio (0.83 

vs. 0.89; P = 0.09) did not reach statistical significance.  

In a pilot longitudinal, observational analytical study by Tobin et al, VWF:Ag and VWFpp 

levels were simultaneously quantified in 91 patients within 4 weeks of TIA or ischaemic stroke 

(baseline), and then 14 days and > 90 days after starting or altering antiplatelet therapy (Tobin 

et al. 2014). In the overall study population, VWF:Ag, VWFpp levels and VWF:Ag/VWFpp 

ratio were unchanged at 14 days and 90 days compared with baseline (P ≥ 0.1). Pre-planned 

subgroup analysis revealed that VWF:Ag and VWFpp levels remained stable at 14 days and 90 

days after starting aspirin (P ≥ 0.054) and after changing from aspirin to clopidogrel (P ≥ 0.2). 

However, the addition of dipyridamole MR to aspirin led to a significant reduction in VWF:Ag 

levels at both 14 days (P = 0.03) and 90 days (P = 0.005), but not in VWFpp levels (P ≥ 0.3). It 

is important to note that only 3% of patients had TIA or ischaemic stroke due to large artery 

atherosclerosis in this study due to the pre-specified inclusion and exclusion criteria. 
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Tobin et al. also performed a case-control study to quantify plasma VWF:Ag and VWFpp 

levels in 164 patients within 4 weeks of TIA or ischaemic stroke (baseline) and then 14 days 

and 90 days later (Tobin et al. 2017). These results were compared with those from 27 healthy 

controls. 'Unadjusted' VWF:Ag and VWFpp levels were higher in patients at baseline, 14 days 

and 90 days compared with controls (P ≤ 0.03). After controlling for differences in age or 

hypertension, ‘adjusted’ VWF:Ag levels remained higher in patients than controls at baseline (P 

≤ 0.03), but not at 14 days or 90 days. VWF:Ag levels were also higher in patients at baseline 

and 90 days after controlling for differences in smoking status between groups (P ≤ 0.04). After 

controlling for age, hypertension or smoking status, 'adjusted VWFpp levels’ were not higher in 

patients compared with controls (P ≥ 0.1). In this study, 28.5% (N = 46) had recently 

symptomatic 50-100% carotid stenosis and these patients with large artery atherosclerosis were 

found to have higher VWF:Ag and VWFpp levels than controls at all time-points (P ≤ 0.002). 

Kinsella et al. performed a multicentre, observational analytical study which quantified both 

plasma VWF:Ag and VWFpp levels in patients with ≥50% asymptomatic carotid stenosis (N = 

31) and compared these data with those from patients with symptomatic ≥50-100% carotid 

stenosis in both the early (N = 46) and late phases (N = 35) after symptom onset (Kinsella et al. 

2014). Twenty-three of the late phase symptomatic patients had undergone successful carotid 

intervention at the time of their follow-up visit. There were no significant differences in 

‘unadjusted VWF:Ag levels’ or in the VWF:Ag/VWFpp ratio between the overall population of 

asymptomatic and symptomatic carotid stenosis patients at any stage after symptom onset or 

intervention (P ≥ 0.056). VWFpp levels were higher in early (12.8 μg/ml; P < 0.001), late (10.6 

μg/ml; P = 0.01) and late post-intervention (10.6 μg/ml; P = 0.038) symptomatic patients than in 

asymptomatic patients (8.9 μg/ml). VWF:Ag levels also significantly decreased in symptomatic 

patients followed up from the early to late phase after symptom onset (P = 0.048). Furthermore, 

VWFpp levels were higher in symptomatic patients without micro-emboli signals (MES) on 

Transcranial Doppler ultrasound (TCD) than in asymptomatic MES-negative patients (13.3 vs. 

9.0 μg/ml; P < 0.001). 

 

1.4 A Disintegrin-like And Metalloprotease with ThromboSpondin type I repeats 13 

(ADAMTS13) 

1.3.1 Structure and function 

A Disintegrin-like And Metalloprotease with ThromboSpondin type I repeats 13 (ADAMTS13) 

is a zinc-containing metalloprotease enzyme primarily synthesised and released from hepatic 

stellate cells (Zhou et al. 2005) and endothelial cells (Turner et al. 2006). It was first identified 
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and cloned in 2001 and deficiency of this enzyme may lead to thrombotic thrombocytopenic 

purpura (TTP). Its role is to bind to and cleave cell-bound ultra-large von Willebrand Factor 

(UL-VWF) strings at the Tyr1605-Met1606 bond, thereby removing UL-VWF from the 

endothelial surface and resulting in fragmentation of VWF strings (Zheng 2013). Once released 

into the blood, UL-VWF rapidly adopts a ‘closed’ globular conformation which becomes highly 

resistant to proteolysis by ADAMTS13 in the absence of shear stress or denaturants (Zheng 

2013). In the presence of high shear stress, as is seen in the microcirculation, at the site of a 

narrowed vessel and in thrombus formation after injury, ADAMTS13 also cleaves large or 

ultra-large VWF in solution (Tsai et al. 1994; Zheng 2013). This arises because the presence of 

high arterial shear stress induces conformational changes in soluble globular multimeric VWF 

leading to its unravelling and exposure of binding sites to enable ADAMTS13-induced 

proteolysis (Crawley and Scully 2013).  

In contrast to other clotting factors which are synthesised as inactive pro-enzymes, ADAMTS13 

is secreted as a constitutively active protease, with no natural inhibitor identified to date (Zheng 

2013). In addition to shear stress, coagulation Factor VIII, which binds VWF with high affinity, 

may alter the domain-domain interaction of the neighbouring A1-A2-A3 domains of VWF and 

regulate proteolytic cleavage of the A2 domain by ADAMTS13; however, this has yet to be 

shown in vivo (Cao et al. 2008). The binding of VWF to platelet glycoprotein 1bα (GP1bα) has 

also been shown to enhance proteolytic cleavage of VWF by ADAMTS13 in vitro under both 

static and high shear stress conditions (Skipwith et al. 2010). To date, the mechanisms 

regulating ADAMTS13 breakdown remain largely unknown, but the serine proteases, thrombin, 

factor Xa and plasmin may play a role (Crawley et al. 2005). 

 

1.3.2 ADAMTS13 in Cerebrovascular Disease  

Bongers et. al compared VWF:Ag, VWF ristocetin cofactor activity (VWF:RCo), and 

ADAMTS13 activity in 124 first-ever ischaemic stroke patients with 125 age- and sex-matched 

controls (Bongers et al. 2006). The proportion of patients with large artery disease was not 

described. They found no significant differences in ADAMTS13 activity between stroke 

patients and controls (0.96 U/mL vs. 1.03; P = 0.23). In individuals with the lowest levels of 

ADAMTS13 activity, the risk of ischaemic stroke was numerically higher but not ‘statistically 

significantly higher’ (odds ratio (OR) 1.6; 95% CI: 0.7-3.8). They also reported a trend towards 

a weak, inverse correlation between ADAMTS13 activity and VWF:Ag levels (R
2
= −0.14, P = 

0.05). 
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A frequency-matched, case-control study of 1018 women aged 18-49 years who were on the 

oral contraceptive pill, which included 175 patients with ischaemic stroke and 205 patients with 

myocardial infarction (MI), found that increasing levels of VWF and decreasing levels of 

ADAMTS13 antigen were associated with the risks of stroke and MI in a ‘dose-dependent 

manner’ (Andersson et al. 2012). Those with the highest quartile of VWF levels and the lowest 

quartile of ADAMTS13 antigen levels had an OR = 6.9; 95% CI: 2.0-23.0 for ischaemic stroke, 

and an OR = 11.3; 95% CI: 3.6-35.2 for MI. The proportion of patients with stroke due to large 

artery atherosclerosis was not described. It is also important to note that the blood samples in 

this study were drawn after a considerable period following the event in the majority of cases, 

with a median time interval of 69 months between the thrombotic event and study recruitment. 

Another frequency-matched, case-control study by Lambers et. al measured ADAMTS13 

activity in 208 paediatric patients with arterial ischaemic stroke and 125 population-based 

children who acted as controls (Lambers et al. 2013). Seventy-nine patients had stroke of 

‘steno-occlusive arteriopathic origin’. Forty-six of 208 patients (22%) had ADAMTS13 activity 

levels below the 10th percentile, compared with 5 of 125 controls (4%; P < 0.001) even though 

venepuncture was performed 6 – 12 months after the event in the stroke patient population. 

ADAMTS13 activity levels did not significantly differ between stroke subtypes (P = 0.29). The 

authors found weak positive correlations between ADAMTS13 activity levels and blood group 

(ρ = 0.18; P = 0.002) and age (ρ = 0.16; P = 0.004), but not between ADAMTS13 activity and 

VWF:Ag (P value not specified). 

In a previous, prospective, observational analytical, case-control study by our group, 

ADAMTS13 activity and VWF:Ag levels were quantified in platelet poor plasma using a 

collagen binding assay in 53 patients in the early phase (≤ 4 weeks) and 34 of these patients in 

the late phase (≥ 3 months) after TIA or ischaemic stroke on aspirin (McCabe et al. 2015). Only 

11/53 (20.5%) early phase and 6/34 (17.6%) late phase TIA or ischaemic stroke patients had 

large artery atherosclerosis, which was defined in that study population by the presence of 

≥70% ipsilateral carotid stenosis. Median ADAMTS13 activity was significantly reduced in the 

early phase (71.96% vs. 95.5%, P < 0.01) but not in the late phase after TIA or stroke compared 

with controls (86.3% vs. 95.5%, P = 0.19). There was a significant inverse relationship between 

ADAMTS13 activity and VWF:Ag levels in the early phase (r
 
= − 0.31;P = 0.024), but not in 

the late phase after TIA or stroke (P = 0.74). 

A prospective, population-based study by Sonneveld et al. included 5941 individuals older than 

55 years without a history of stroke or transient ischaemic attack (TIA) from the Rotterdam 

Study (Sonneveld et al. 2015). ADAMTS13 activity was measured at study inclusion with the 

FRETS-VWF73 assay, and VWF:Ag levels were quantified by enzyme-linked immunosorbent 
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assay (ELISA). Over a median follow-up period of 10.7 years, 461 participants had a stroke, 

306 of which were ischaemic. The proportion of patients with different stroke sub-types was not 

reported. After adjustment for cardiovascular risk factors, individuals with ADAMTS13 activity 

in the lowest quartile had a higher risk of ischaemic stroke (absolute risk: 7.3%) than did those 

in the ‘reference highest quartile’ (absolute risk: 3.8%; HR 1.65; 95% CI: 1.16 - 2.32). 

However, it must be noted that ‘nearly all’ individuals in the lowest ADAMTS13 quartile still 

had ADAMTS13 activity in the normal range (50%-150%). There was also an extremely weak 

but statistically significant correlation between VWF:Ag levels and ADAMTS13 activity (R
2
 = 

0.01, P < 0.001). 

Denorme et al. compared plasma levels of ADAMTS13 antigen in 85 healthy volunteers with 

104 patients with ‘acute ischaemic stroke’ and 112 patients with ‘chronic cerebrovascular 

disease’ (Denorme et al. 2017). The ‘acute ischaemic stroke’ category combined ‘TIA patients’ 

who had no evidence of infarction on DW-MR imaging and ‘stroke patients’ who did have 

positive DW-MR imaging findings.  Of the acute ischaemic stroke patients, 4 (3.8%) had 

symptomatic large artery stenosis. All of the ‘chronic cerebrovascular disease’ patients had 

intracranial or extracranial stenosis of the large cerebral arteries (severity not defined), 67 of 

whom had a history of TIA or stroke and 45 of whom had asymptomatic stenoses. They found 

that ‘acute stroke patients’ had significantly lower ADAMTS13 antigen levels (82.6%) on the 

day of admission compared with the healthy volunteers (110.6%; P < 0.0001). ‘Chronic 

cerebrovascular disease patients’ also had significantly lower ADAMTS13 antigen levels than 

healthy volunteers (99.6%; P <0.03), but these levels were still higher than those observed in 

the acute stroke patients outlined above (P < 0.0001). There was no correlation between 

ADAMTS13 antigen levels and previously measured VWF:Ag levels in ‘acute ischaemic stroke 

patients’, ‘chronic cerebrovascular disease’ patients or healthy volunteers. It was of interest that 

acute ischaemic stroke patients had a significantly higher VWF:ADAMTS13 ratio on day 0 (2.7 

± 1.9) compared with both healthy volunteers (1.1 ± 0.5;  P < 0.0001) and chronic 

cerebrovascular disease patients (1.7 ± 0.7; P <0.0001). Furthermore, chronic cerebrovascular 

disease patients had a significantly higher VWF:ADAMTS13 ratio compared with healthy 

volunteers (P < 0.0001). After adjustment for age and sex, these results remained significant. 

The time interval to venepuncture following ‘acute ischaemic stroke’ (days 0, 1 and 3) did not 

influence ADAMTS13 antigen levels (P = 0.63) or the VWF:ADAMTS13 ratio (P = 0.99). 
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2. Methods 

 

Much of the general methodology pertaining to clinical screening and assessment of patients for 

the HEIST study has already been described in my prior PhD thesis entitled ‘Markers of 

Platelet Activation and Function and their relationship to Cerebral Micro-Embolic Signals in 

Symptomatic and Asymptomatic Carotid Stenosis’ (Murphy SJX, School of Medicine, Trinity 

College Dublin; 2017). However, I will summarise the clinical methodology and outline all 

relevant laboratory assays used for this thesis below. 

 

2.1 Study subjects 

2.1.1 Inclusion Criteria 

Symptomatic moderate or severe carotid artery stenosis: 

Consecutive, eligible patients > 18 years old were recruited to the ‘symptomatic carotid 

stenosis group’ if they had had a TIA or ischaemic stroke in the vascular territory supplied by a 

moderate (≥ 50-69%) or severe (≥ 70-99%) ipsilateral carotid artery stenosis within the 

preceding 4 weeks (early phase). Most patients had their stenosis initially identified on colour 

Doppler ultrasound using standardised velocity criteria (Grant et al. 2003; Sidhu and Allan 

1997). Patients were classified as having 50-69% internal carotid artery stenosis on colour 

Doppler ultrasound if the peak systolic velocity in the internal carotid artery (PSVICA) was ≥ 

130 cm/s but < 230 cm/s, the end diastolic velocity in the internal carotid artery (EDVICA) was < 

110 cm/s, and the ratio of the PSVICA to the PSV in the common carotid artery (PSVCCA) was < 

4.0. The ICA stenosis severity was considered to be ≥ 70% if the PSVICA was ≥ 230 cm/s, the 

EDVICA was ≥ 110 cm/s, or the PSVICA : PSVCCA ratio was ≥ 4.0 (Sidhu and Allan 1997). The 

degree of stenosis was confirmed on extracranial MRA or CTA as part of routine clinical work-

up in all cases. Symptomatic patients were followed-up and re-assessed in the ‘late phase’ ≥ 3 

months after symptom onset if they were treated with optimal medical therapy alone, or ≥ 3 

months after surgical/endovascular intervention. 

 

Asymptomatic moderate or severe carotid artery stenosis: 

Consecutive, eligible patients > 18 years old with ‘non-occluded’ moderate (≥ 50-69%) or 

severe (≥ 70-99%) asymptomatic carotid artery stenosis, incidentally identified on colour 

Doppler ultrasound using the above standardised velocity criteria (Grant et al. 2003; Sidhu and 

Allan 1997), were recruited to this study. Patients were classified as ‘asymptomatic’ if they had 
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never had symptoms in the vascular territory of the stenosed carotid artery of interest, or had no 

history of TIA or stroke in the preceding 3 years in the carotid or any other cerebrovascular 

territory. Some asymptomatic patients were identified after referral for investigation of an 

incidental carotid bruit, during routine external screening, or e.g. during routine vascular work 

up prior to coronary artery bypass surgery. The degree of carotid stenosis was confirmed on 

extracranial MRA or CTA in 32 out of the 34 (94%) recruited asymptomatic patients. 

 

2.1.2 Exclusion Criteria for patients with asymptomatic or symptomatic carotid 

stenosis: 

• Carotid occlusion 

• Known bleeding or clotting diathesis, including known platelet-related disorders 

• Platelet count < 120 or > 450 x 10
9
/L 

• History of primary intracerebral haemorrhage 

• Major surgery or systematic haemorrhage in the preceding 3 months 

• PE, DVT or MI in the previous 3 months 

• Ongoing unstable angina or unstable symptomatic peripheral vascular disease  

• Active infection 

• Active neoplasia, vasculitis or other inflammatory conditions 

• NSAID intake other than aspirin in the previous 14 days 

• Renal impairment (e.g. urea >10 mmol/l) 

• Prior history of paroxysmal atrial fibrillation 

• Patients were also subsequently excluded from the symptomatic group if they were 

found to  have evidence of a cardio-embolic source for their TIA or stroke that emerged 

in the 3 months  after recruitment e.g. paroxysmal atrial fibrillation on a subsequent ECG or 24 

hour Holter  monitoring. 

 

2.1.3 Ethical Approval 

This study was fully approved by the St. James’s Hospital / AMNCH-Tallaght University 

Hospital Joint Research Ethics Committee (JREC) [Project/REC References: 2011/31/02; 2017-

07 List 25 (12); 2019-07 List 25 (14)]. Written informed consent was obtained from all patients 

(or written ‘proxy consent’ from their relative / next of kin, where appropriate).  Detailed 

information on the purpose and nature of the study, as well as the procedures involved was 

provided to all participants, both verbally and via written information sheets. 
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2.1.4 Recruitment sources 

Patients were recruited from the Rapid Access Stroke Prevention Clinic, Neurology, Age-

Related Health Care or Vascular Surgery clinics, and Acute Stroke Unit and inpatient 

Neurology, Age-Related Health Care or Vascular Surgery services at AMNCH-TUH. Other 

patients were recruited from the Medicine for the Elderly / Stroke Service, and Vascular 

Surgery outpatient and inpatient services at St James’s Hospital. 

 

2.1.5 Clinical Assessment 

Prior to study inclusion, all other potential ‘non-carotid sources’ of TIA and ischaemic stroke 

were excluded by comprehensive neurovascular work-up, which was coordinated by the 

patients’ treating physician according to ESO guidelines (European Stroke Organisation 

Executive Committee 2008). As described previously, all participants also underwent a specific 

research study assessment by one of three examiners before study recruitment [Dr Stephen 

Murphy (SJM), Dr Soon-Tjin Lim (STL) and/or Prof Dominick J H McCabe (DJHM)] using a 

standardised study proforma. Information regarding vascular risk factors, including 

hypertension, prior TIA or stroke, ischaemic heart disease, atrial fibrillation, valvular heart 

disease, diabetes mellitus, hyperlipidaemia, peripheral vascular disease, migraine, family 

history of stroke, smoking status, alcohol intake, illicit substance intake, and the method of 

detection of carotid stenosis was collected prospectively. Details regarding medication intake, 

including anti-thrombotic therapy regimens, dose and duration of therapy were recorded. If 

antiplatelet therapy was altered by their treating physician in the early phase after presentation, 

patients were invited to undergo repeat blood testing approximately 14 days later if they had not 

undergone carotid intervention by that stage. Results of available routine haematological (FBC, 

ESR, B12 and serum folate), coagulation (PT/APTT) and biochemical profiles (renal and liver 

profiles, fasting blood glucose and lipid profile testing, HbA1C, TFTs) were collected 

prospectively. Homocysteine levels were checked in all symptomatic patients in the latter part 

of the study. CT of brain and/or MRI of brain (with FLAIR, T2-weighted, T1-weighted, DWI, 

and T2* sequences, unless MRI was contra-indicated), colour Doppler ultrasound of carotid and 

vertebral arteries, and extracranial CTA or MRA, chest radiograph, electrocardiograph (ECG), 

24 hour ECG/Holter monitoring, transthoracic echocardiography (TTE) or trans-oesophageal 

echocardiography (TOE) with bubble and Valsalva were performed in all symptomatic patients, 

as deemed appropriate by the treating physician. All patients met diagnostic criteria for 

inclusion in the ‘large artery atherosclerotic’ TIA and ischaemic stroke TOAST subgroup, as 

confirmed in all cases by me as an experienced Research SpR in Vascular Neurology and/or by 

an experienced Consultant Vascular Neurologist (DJHM). Any patients in whom there was any 
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initial concern about the precise underlying TIA or stroke subtyping were discussed and finally 

subtyped with Prof. McCabe; these patients were only included in the study if they fulfilled all 

criteria for classification as a large artery atherosclerotic TIA or ischaemic stroke in association 

with ipsilateral 50-99% carotid stenosis. 

 

2.1.6 Venepuncture and sample collection 

After resting for at least 20 minutes to minimise platelet activation in vivo, careful venepuncture 

was performed in all patients using a standardised protocol, as described previously. Blood was 

taken from a free-flowing vein using a sterile 21G Butterfly
®
 needle (Venisystems

™
, Abbott, 

Ireland) and a Vacutainer
®
 system with a luer adaptor (Becton Dickinson Vacutainer

® 
Systems, 

U.K.). A tourniquet was applied to the arm and was released during collection of the first 3 ml 

of blood that was drawn into a 3 ml sterile Vacutainer
®
 tube containing 0.105M (3.2%) buffered 

sodium citrate and subsequently discarded. Three 3.2% citrate-anticoagulated samples which 

were drawn during the venepuncture procedure were used for preparation of platelet-poor-

plasma (PPP), and two 6 ml tubes containing K2-EDTA were drawn to prepare serum for 

storage and for ABO blood grouping. 

 

2.2.1 Sample separation and freezing 

Platelet Poor Plasma (PPP) 

PPP was prepared from the three 3.2% buffered sodium citrate-anticoagulated blood samples 

within one hour of venepuncture. The samples were centrifuged at 2250 x G for 15 minutes at 

room temperature. A plastic Pasteur pipette was used to carefully aspirate the upper two-thirds 

of each sample into 12 x 75 mm polypropylene sample tubes. These were then centrifuged 

again at 2250 x G for 15 minutes.  The ‘double-spun PPP' was recovered from the upper two-

thirds of these samples and aliquoted into three polypropylene tubes (Sarstedt
®
, Germany) 

which were immediately frozen at -70 to -80°C for pre-planned VWF:Ag and VWFpp ELISA 

analysis. The bottom third of each of these centrifuged samples, which was considered to be 

‘non-double spun PPP’, was also immediately frozen and stored at -70 to -80°C for subsequent 

assessment of ADAMTS13 activity with a FRET assay (see below). Samples were subsequently 

thawed for re-aliquoting, then refrozen and later thawed once more at 37°C for 20 minutes 

before analysis in the VWF:Ag and VWFpp ELISA assays. As VWF:Ag may be endothelium- 

or platelet-derived (Kinsella et al. 2014), measurement of soluble E-selectin levels had been 
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prospectively planned in our laboratory as an additional specific marker of endothelial 

activation, but had not been performed at the time of data analysis for this thesis. 
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2.2.2 Enzyme Linked Immunosorbant Assay (ELISA) 

Reagents 

• Polyclonal rabbit Anti-Human VWF antibody (DAKO, Denmark)  

• Polyclonal rabbit Anti-Human VWF/HRP antibody (DAKO, Denmark)  

• Anti-human VWF propeptide (MW1939 Clone CLB-Pro 35 coating antibody, and 

clone CLB-Pro 14.3 detection antibody) [Sanquin Reagents, Amsterdam, The 

Netherlands]. 

• Phosphate buffered saline with 0.1% Tween
®
 (PBS-T):  Phosphate Buffered Saline 

tablets Tween-20 (Polyoxyethylenesorbitan Monolaurate *Tween) containing 10 mM 

phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4 + 

0.1% Tween-20 [Sigma-Aldrich Ireland Ltd (Merck), Arklow, Co Wicklow] 

• 3,3’,5,5’-tetramethylbenzidine (TMB): 1-Step Ultra TMB-ELISA Substrate [Fisher 

Scientific, Ballycoolin, Dublin 15] 

• Coagulation Reference [LanganBach Services, Bray, Co Wicklow] 

• 3% Bovine Serum Albumin (BSA) [Sigma-Aldrich Ireland Ltd (Merck), Arklow, Co 

Wicklow] 

 

Methods 

The concentration of VWF:Ag and VWFpp in each PPP sample was quantified, as previously 

described (Kinsella et al. 2014; O'Donnell et al. 2005; Preston et al. 2009).  

For the VWF:Ag ELISA, polyclonal rabbit anti-human VWF antibody (DAKO) was diluted 

1:1000 in a carbonate buffer (50mM sodium carbonate diluted in distilled water) at pH 9.6, and 

100µl was pipetted into each well of a 96-well flat bottomed MaxiSorb plate (BioSciences, Dun 

Laoghaire, Co Dublin) to act as a capture antibody. The plate was covered with an air-tight 

plastic film and incubated overnight at 4⁰C. The following morning, the plate was washed three 

times with 200µl of PBS-T per well. The reaction was blocked by the addition of 150µl of 3% 

(w/v) bovine serum albumin in PBS-T to each well and incubated for 1 hour at 37⁰C. The plate 

was then washed again three times with 200µl of PBS-T per well. Coagulation reference plasma 

(VWF:Ag concentration 10µg/ml) was serially diluted with buffer and added to the plate in 

duplicate. Double-spun PPP samples, which had been collected and prepared as outlined above, 
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were warmed to 37
o
C and diluted 1:400 and 1:800 with PBS-T. 100µl of each of these diluted 

samples was added to the plate in duplicate and incubated at 37⁰C for 2 hours. The plate was 

washed again three times with 200µl of PBS-T per well. 100µl of polyclonal rabbit anti-human 

VWF:Ag/HRP antibody (DAKO), diluted 1:1000 in a 50mM carbonate buffer at pH 9.6 , was 

pipetted into each well and incubated for 1 hour at 37⁰C to act as a detection antibody for the 

VWF:Ag ELISA. The plate was again washed with 200µl of PBS-T per well three times. 

Finally, 100µl of TMB was added to each well and the reaction was subsequently stopped by 

the addition of 50 µl of 2N H2SO4 to each well at the same pipetting rate as the previous step. 

The VWF:Ag ELISA data were quantified by spectrophotometry at 450nm using a VERSA 

Max Tuneable Microplate Reader. 

The VWFpp ELISA was performed in a similar manner, but anti-human VWF propeptide 

MW1939 Clone CLB-Pro 35 was used as the capture antibody (Plesmanlaan 125) after being 

diluted 1:100 in 50mM carbonate buffer at pH 9.6. 100µl of this 1:100 diluted capture antibody 

was added to each well, covered and incubated overnight at 4⁰C. The following morning, the 

plate was washed three times with 200µl of PBS-T per well, and the reaction was blocked by 

the addition of 150µl of 3% (w/v) bovine serum albumin in PBS-T to each well. The plate was 

covered and incubated at 37⁰C for 2 hours and was then washed three times with 200µl of PBS-

T per well. Coagulation reference plasma (VWFpp concentration 1µg/ml) was serially diluted 

with PBS-T and added to the plate in duplicate. Double-spun PPP samples from patients were 

also warmed to 37
o
C and diluted 1:20 and 1:40 with PBS-T; 100µl of each of these diluted 

samples was added to the plate in duplicate and the plate was covered and incubated for 2 hours 

at 37⁰C. The plate was then washed with 200µl of PBS-T per well three times. 100µl of Clone 

CLB-Pro 14.3 detection antibody (Plesmanlaan 125) was diluted 1:100 in PBS-T, added to each 

well, covered and incubated at 37⁰C for 2 hours for VWFpp quantification. The plate was then 

washed again with 200µl of PBS-T per well three times. Finally, 100µl of TMB was added to 

each well and the reaction was subsequently stopped by the addition of 50 µl of 2N H2SO4 per 

well at the same pipetting rate as the previous step. The VWFpp ELISA data were also 

quantified by spectrophotometry at 450nm using a VERSA Max Tuneable Microplate Reader.  

VWF:Ag and VWFpp levels were recorded as µg/ml. All results were interpreted via linear 

regression of fluorescence with a second order quadratic polynomial curve to enable precise 

quantification of the data with PRISM
®
 2018 software.   
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Figure 2.1: Example of a reference curve from a VWF:Ag assay
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2.2.3 Fluorescence Resonance Energy Transfer (FRET) assay to quantify ADAMTS13 

activity 

Reagents 

 FRETS-VWF73 probe [Peptides International, Louisville, USA]  

 Pooled normal reference plasma 

 Dimethyl Sulfoxide (DMSO) [Sigma-Aldrich Ireland Ltd (Merck), Arklow, Co 

Wicklow] 

 

Reaction Buffer at pH 6.0 

 5 mM Bis-Tris (Trizma: 2-Amino-2-(hydroxymethyl)-1,3-propanediol) [Sigma-Aldrich 

Ireland Ltd (Merck), Arklow, Co Wicklow] 

 25 mM CaCl2 (Calcium Chloride Anhydrous) [Sigma-Aldrich Ireland Ltd (Merck), 

Arklow, Co Wicklow] 

 0.005% Tween-20
®
 (Polyoxyethylenesorbitan Monolaurate *Tween) [Sigma-Aldrich 

Ireland Ltd (Merck), Arklow, Co Wicklow] 

 

Method 

ADAMTS13 activity in our patient samples was quantified with a Fluorescence Resonance 

Energy Transfer (FRET) assay (Kokame et al. 2005). Non double-spun platelet poor plasma, 

which had been collected and prepared as outlined above, was warmed to 37
o
C. Pooled normal 

reference plasma was added to the first 4 wells of a 96-well plate at volumes of 1µl, 2µl, 4µl 

and 6µl. Each patient sample was tested in duplicate at 2µl and 4µl volumes only. Reaction 

buffer was added to each well to reach a total volume of 100µl in each well. 35 µl of DMSO 

was added to the lyophilised FRETS-VWF73 probe to give a stock concentration of 100 µl, and 

then diluted 1:25 with reaction buffer to reach a final concentration of 4µM. Finally, 100µl of 

diluted FRETS-VWF73 substrate was added to each well to give a total volume of 200µl in 

each well and a final substrate concentration of 2µM. The plate was analysed on a Varioskan 

Lux Plate Reader with a λex = 340nm and λem = 450nm, with measurements performed every 

5 minutes between 0 and 60 minutes. The reaction rate was calculated by linear regression of 

fluorescence and expressed as a percentage ADAMTS13 activity relative to pooled normal 

plasma.  
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Figure 2.2A: Example of a graph of fluorescence versus time obtained from different 

concentrations of pooled normal reference plasma which were used to produce a standard 

curve for the ADAMTS13 assay  

 

 

Figure 2.2B: The standard curve was created by combining the slopes of the reference 

curves produced in figure 2.2A. The high R
2
 value indicates that this line is very close to 

being perfectly linear; any curves with R
2
 values < 0.95 were rejected 
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Figure 2.2C: Similar to figure 2.2A, a graph of fluorescence versus time was plotted for 

both volumes (2µl and 4µl) of patient plasma. The slope of each line was interpolated from 

the standard curve (figure 2.2B) in order to quantify ADAMTS13 activity as a percentage 

of 1µl of pooled normal reference plasma 

 

 

 

 

2.3.1 Transcranial Doppler Ultrasound (TCD) 

All TCD recordings were performed on site with a single machine (Viassys Pioneer TC8080) 

using the same operational settings and emboli-detection thresholds for the entire duration of 

the study. One-hour bilateral, simultaneous TCD recordings of the middle cerebral arteries 

(MCAs) were planned to detect high intensity transient signals (HITS) indicative of micro-

emboli (Kaczynski et al. 2018; Molloy and Markus 1999). The arteries were insonated through 

the temporal windows at 45-60mm, as per published criteria (Bernd Ringelstein et al, 1998). 

The 2 MHz probes were coated with conducting gel and fixed in place using a 3-axis clamp 

with the patient in a supine position. A standardised sample volume range of 5-12 mm was 

used, with a constant sweep speed of 5.1 seconds. An automated 128-point fast-Fourier 

transform (FFT) spectral analysis was performed, giving an overlap of > 50%. One full hour of 

simultaneous recordings were planned and performed in most cases. However, patient 

discomfort from the Viassys headband necessitated the termination of two recordings after 

approximately 45 minutes, but these data were still included in the analyses of the 1 hour 

recordings in this study. The spectral waveform and MES data were recorded on the system’s 

hard drive. The full recordings were analysed offline at AMNCH-TUH by me after I was fully 

trained to perform and analyse TCD data by our research group, with external validation of my 

findings (see below).  
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2.3.2 Definition of MES+ve and MES–ve patients and inter-operator standardisation  

HITS were classified according to standardised international criteria by their:  

1. Typical visual appearance and orientation within the spectral waveform display; 

2. Characteristic high pitched ‘chirping’ sound; 

3. Signal intensity threshold of ≥ 7 decibels (Markus et al. 2005; Ringelstein et al. 1998; 

Yeo and Sharma 2010)  

 

Symptomatic patients were described as being MES+ve if they had ≥ 1 signal fulfilling all of 

these criteria for HITS on the side ipsilateral to a clinically symptomatic 50-99% carotid 

stenosis (Figure 2.3). Patients with bilateral HITS were also considered to be MES+ve for the 

purpose of this analysis because they also had ipsilateral HITS by definition. Contralateral 

HITS were also recorded prospectively for descriptive purposes in all patients, using the same 

internationally-accepted criteria for HITS outlined above. However, in accordance with 

established methodology by our research group (Kinsella et al. 2014), patients who only had 

contralateral HITS were designated as MES-ve for this analysis. Asymptomatic patients were 

considered to be MES+ve if they had ≥ 1 signal fulfilling all of the criteria for HITS ipsilateral 

to a 50-99% clinically asymptomatic carotid artery stenosis. All other patients were designated 

as MES -ve.  

Inter-observer agreement regarding the presence of MES versus artefact between me and an 

experienced independent observer (Dr Justin Kinsella), blinded to clinical details, symptomatic 

status and recorded MES status of the study subjects, was found to be ‘excellent’ (97.4% 

concordance; Cohen’s unweighted kappa statistic 0.95). Therefore, all remaining TCD data 

analysis was performed locally at AMNCH-TUH by me as first author. 

 

2.4.1 Statistical Methods 

The primary analysis focused on unmatched comparisons between asymptomatic and early and 

late phase symptomatic carotid stenosis patients. Subgroup analyses were pre-planned for 

patients on aspirin monotherapy, for patients with severe (≥70-99%) carotid stenosis and 

stratified according to MES status. We also performed paired, longitudinal comparisons in 

symptomatic patients followed up from the early to late phase after symptom onset or carotid 
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intervention.  Paired or unpaired t-tests were used for comparison of parametric variables. The 

Wilcoxon signed rank and Wilcoxon rank sum tests were used for comparison of paired and 

unpaired non-parametric variables, and the Kruskal-Wallis rank sum test for comparison of 

multiple non-parametric variables, where appropriate. Chi-squared or Fisher exact tests were 

used to compare proportions between groups. Multiple linear regression analysis was performed 

to examine the potential influence of relevant independent variables on any observed 

differences between groups or associations between variables. Binary logistic regression was 

used to examine the relationship between MES status and endothelial activation markers. P < 

0.05 was considered statistically significant. All calculations were performed with Minitab 

version 16
®
 (Minitab

®
, 2015). 

 

Figure 2.3 Example of a HITS within the visual spectrum (indicated by white arrow). The 

embolus is unidirectional, < 300 ms in duration, and accompanied by a high-pitched 

‘chirp’. 
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3. Results 

 

3.1 Demographic and Vascular Risk Factor Profiles of Study Patients 

Figure 3.1 outlines details of patients who were initially recruited and subsequently included or 

excluded in our final analyses (Murphy et al. 2018). In total, data from 34 asymptomatic, 43 

early phase symptomatic patients, and from 37 of these symptomatic patients who were 

followed-up to the late phase after symptom onset or intervention were analysed. As described 

previously, 33/43 symptomatic patients (77%) underwent successful carotid endarterectomy, 1 

was deemed ‘anatomically unsuitable’ for endarterectomy at exploration due to a very high 

carotid bifurcation and proceeded to subsequent uncomplicated endovascular treatment and 

stenting (2%); the remaining 9 (21%) chose optimal medical management based on advice from 

their treating physician (Murphy et al. 2018; Murphy et al. 2019).  

Early and late phase symptomatic patients were significantly younger than the asymptomatic 

patients (table 3.1). Nine (26.5%) asymptomatic patients had a remote history of a TIA or 

ischaemic stroke, but none had experienced any cerebrovascular symptoms in the carotid or any 

other cerebrovascular territory in the 3 years prior to recruitment. There was a higher 

prevalence of current smokers and a lower prevalence of diagnosed hyperlipidaemia amongst 

symptomatic than asymptomatic patients (Murphy et al. 2018). There were no other significant 

differences between symptomatic and asymptomatic groups (tables 3.1 & 3.2).  

VWF:Ag levels may be influenced by blood group (Franchini et al. 2007), but there were no 

significant inter-group differences in the proportions of patients who had blood group O (Table 

3.1; see below). The mean duration of follow up in symptomatic patients was 101 +/-15.5 days 

(range: 87 - 155 days). Only one medically-treated patient experienced a further dysphasic TIA 

during follow up. No other patients experienced recurrent cerebrovascular, cardiovascular or 

venous thrombotic outcome events during the peri-procedural period or during follow up 

(Murphy et al. 2018).  
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Figure 3.1: Flow chart of symptomatic and asymptomatic carotid stenosis patients 

screened and subsequently included in or excluded from the study. AF = Atrial 

Fibrillation, NSAIDs = Non-steroidal anti-inflammatory drugs, DWI = Diffusion-weighted 

imaging, ICA = Internal carotid artery.  
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3.2 Results of Laboratory Assays 

For each of the biomarker profiles outlined below, ‘case - case/control’ comparisons between 

symptomatic and asymptomatic patients are presented first, followed by data analysis from 

‘nested longitudinal studies’ in symptomatic patients who had data available at both baseline 

and at their follow-up visit. 

 

3.2.1 VWF:Ag Levels 

Case-Case/Control Data: VWF:Ag levels were significantly higher in early phase symptomatic 

than asymptomatic patients (12.53 vs. 10.57μg/mL, P = 0.049), but were similar in the late 

symptomatic and ‘late symptomatic post-intervention’ groups to those seen in the asymptomatic 

group (table 3.3). Nested Longitudinal Study in Symptomatic Patients:  

During follow-up in our nested longitudinal study, there was a significant reduction in VWF:Ag 

levels in ‘matched samples’ obtained from early symptomatic patients who were followed up to 

the late phase after TIA/ischaemic stroke (11.36 vs. 9.05 µg/mL, P = 0.048; table 3.4). In the 

subgroup of symptomatic patients who underwent carotid endarterectomy or stenting, there 

were no statistically significant reductions in ‘matched’ VWF:Ag levels over time (P = 0.055; 

table 3.5). 

 

3.2.2 VWFpp Levels 

Case-Case/Control Data: There were no significant differences in VWFpp levels between early 

symptomatic (1.09 vs. 1.17μg/mL, P = 0.59) or late symptomatic (1.04 vs. 1.17μg/mL, P = 0.15) 

compared with asymptomatic carotid stenosis patients (table 3.3).  

Nested Longitudinal Study in Symptomatic Patients: There was no significant change in 

VWFpp levels in matched symptomatic patients over time (P = 0.52; table 3.4), including in the 

subgroup who underwent carotid intervention (P = 0.4; table 3.5).  

 

3.2.3 VWFpp/VWF:Ag Ratio 

Case-Case/Control Data: The VWFpp/VWF:Ag ratio was significantly lower in early 

symptomatic (0.094 vs. 0.118, P = 0.006), but not in late symptomatic (0.109 vs. 0.118, P = 

0.66) or late symptomatic post-intervention patients (0.107 vs. 0.118; P = 0.37) compared with 

the asymptomatic cohort (table 3.3).   
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Nested Longitudinal Study in Symptomatic Patients: The VWFpp/VWF:Ag ratio significantly 

increased during follow-up in matched symptomatic patients overall (0.095 vs. 0.109, P = 

0.032; table 3.4), but did not significantly increase in the subgroup of symptomatic patients who 

underwent carotid endarterectomy or stenting (0.094 vs. 0.107, P = 0.059; table 3.5). 

 

3.2.4 ADAMTS13 Activity 

Case-Case/Control Data: There were no significant differences in ADAMTS13 activity 

between early symptomatic (134.71% vs. 132.74%, P = 0.79) or late symptomatic (127.84% vs. 

132.74%, P = 0.33) compared with asymptomatic patients (table 3.3).  

Nested Longitudinal Study in Symptomatic Patients: ADAMTS13 activity significantly 

decreased during follow-up in symptomatic patients overall (143.7% vs. 130.12%, P = 0.02; 

table 3.4), and in those symptomatic patients who underwent carotid intervention (144.1% vs. 

129.1%, P = 0.015; table 3.5). 

 

3.2.5 VWF:Ag/ADAMTS13 Activity Ratio 

Case-Case/Control Data: There were no significant differences in the ratio of 

VWF:Ag:ADAMTS13 activity in early symptomatic (0.089 vs. 0.068, P = 0.7), late 

symptomatic (0.072 vs. 0.068, P = 0.62) or late symptomatic post-intervention (0.072 vs. 0.068, 

P = 0.86) compared with asymptomatic patients with complete data on each biomarker (table 

3.3).  

Nested Longitudinal Study in Symptomatic Patients: Similarly, there were no differences in 

this ratio between early and late symptomatic patients overall (0.089 vs. 0.072, P = 0.143; table 

3.4), or between early and late symptomatic patients who underwent intervention (0.091 vs. 

0.075, P = 0.133; table 3.5). 

 

3.2.6 Combined analysis of the impact of blood group O status on measured biomarkers 

Analysis of combined data from early symptomatic and asymptomatic patients overall 

revealed that patients with blood group O had significantly lower median VWF:Ag levels 

(9.585 µg/ml) than non-blood group O patients (12.32 µg/ml, P = 0.035). However, there were 

no significant differences in VWFpp levels, the VWF:Ag/VWFpp ratio or ADAMTS13 activity 

between blood-group O and non-blood group O patients (P > 0.05). 
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3.2.7 Regression Analysis 

There was a significant positive correlation between VWF:Ag and VWFpp levels in the early 

symptomatic (R
2
 = 40.7%, P < 0.0001, Figure 3.2), late symptomatic (R

2
 = 41.3%, P < 0.001) 

and asymptomatic cohorts (R
2
 = 26.5%, P = 0.002). There were no significant correlations 

between ADAMTS13 activity and VWF:Ag levels in symptomatic or asymptomatic patients 

(R
2
 ≤ 2.3%, P ≥ 0.35; figure 3.3).   

After controlling for differences in age and the proportion of active smokers at the time of 

enrolment between groups with multiple linear regression, VWF:Ag levels were still 

significantly higher (P = 0.018) and the VWFpp/VWF:Ag ratio remained lower (P = 0.015) in 

early symptomatic vs. asymptomatic patients; however, there were still no significant difference 

in VWFpp levels between groups (P = 0.93). There were no significant differences in VWF:Ag 

or VWFpp levels, or the VWFpp/VWF:Ag ratio between late symptomatic and asymptomatic 

groups after controlling for differences in age, hyperlipidemia and smoking status between 

groups (P ≥ 0.13). 

There was no significant association between VWF:Ag (P = 0.454), VWFpp (P = 0.937), the 

VWFpp/VWF:Ag ratio (P = 0.938) or ADAMTS13 activity (P = 0.684) and MES signal 

positivity using binary logistic regression in a ‘combined cohort’ of early symptomatic and 

asymptomatic patients. 

 

3.3 Pre-planned Subgroup Analyses 

3.3.1 Severe (≥ 70-99%) Carotid Stenosis:  

There was no significant increase in VWF:Ag levels (13.26 vs. 10.51 µg/mL; P = 0.058), but 

there was a significantly lower VWFpp/VWF:Ag ratio in early symptomatic compared with 

asymptomatic severe (70–99%) carotid stenosis patients (0.085 vs. 0.134, P = 0.003; table 3.6). 

Furthermore, VWFpp levels were lower in late symptomatic than asymptomatic severe carotid 

stenosis patients (1.02 vs. 1.30μg/mL, P = 0.032), at which stage the vast majority (92%) of 

severe symptomatic patients had undergone successful carotid intervention; however, the 
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differences in the VWFpp/VWF:Ag ratio between these subgroups was not significant (P = 

0.097).  

 

 

3.3.2 Moderate (≥ 50-69%) vs. Severe (≥ 70-99%) Carotid Stenosis Subgroups 

There were no significant differences in mean VWF:Ag levels (13.26 vs. 11.93 µg/ml, P = 

0.43), median VWFpp levels (1.07 vs. 1.01 µg/ml, P = 0.51), the median VWFpp/VWF:Ag 

ratio (0.095 vs. 0.097, P = 0.48) or median ADAMTS13 activity (140.43 vs. 132.94 %, P = 

0.65) between moderate and severe early symptomatic carotid stenosis subgroups. Within 

the asymptomatic cohort, there were no differences in mean VWF:Ag levels (10.21 vs. 10.73 

µg/ml, P = 0.66), the median VWFpp/VWF:Ag ratio (0.114 vs. 0.134, P = 0.11) or mean 

ADAMTS13 activity (126.3 vs. 127.1%, P = 0.67), but there were lower median VWFpp levels 

in patients with moderate vs. severe asymptomatic carotid stenosis (1.04 vs. 1.32 µg/ml, P = 

0.047). 

 

3.3.3 MES-Positive and MES-Negative Subgroups: 

As previously reported, 28 of 34 asymptomatic patients, 35 of 44 early phase symptomatic and 

30 of 37 late phase symptomatic patients had TCD data available for analysis (Murphy et al. 

2018; Murphy et al. 2019). The proportion of patients who were MES+ve was higher in early 

symptomatic (28.5%, N = 10, P = 0.049) than asymptomatic patients (7.1%, N = 2), but had 

fallen to similar levels to the asymptomatic group by the late phase after symptom onset (6.7%, 

N = 2; P = 0.996) (Murphy et al. 2018; Murphy et al. 2019). There were no significant 

differences in any of these biomarkers between early symptomatic and asymptomatic MES+ve 

patients, but the number of patients included in this analysis was very limited (table 3.7A). 

However, MES-ve early symptomatic patients had significantly higher VWF:Ag levels (12.72 
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vs. 10.12 µg/mL, P = 0.023) and a lower VWFpp/VWF:Ag ratio (0.094 vs. 0.115, P = 0.008) 

than MES-ve asymptomatic patients (table 3.7B). There were no differences in VWFpp levels 

or ADAMTS13 activity between MES-ve early symptomatic vs. asymptomatic patients (P ≥ 

0.05; table 3.7B). 
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Table 3.1: Demographic and vascular risk factor profiles of patient groups at the time of 

initial study recruitment. Values are means (±SD), percentages with absolute values in 

parentheses, or medians [25th- 75th percentile], unless otherwise specified. P values refer 

to comparisons between early and late symptomatic vs. asymptomatic carotid stenosis 

groups with chi-squared or Fisher exact tests. * Refers to the characteristic at the time of 

initial recruitment to the study. Significant P values highlighted in bold. 

Characteristic 

 

Early Symptomatic 

(N = 43) 

P Value 

 

Late Symptomatic 

(N=37) 

P Value Asymptomatic 

(N=34) 

Mean Age (years) 65 (± 8.51) 0.004 65.4 (±9) 0.017 71.9 (± 7.85) 

Sex (% Female) 27.9% (12) 0.85 21.6% (8) 0.59 29.4% (10) 

Stroke at Presentation  51.2% (22) N/A 48.6% (18) N/A N/A 

Median Interval from  

Symptom Onset  

(days [range]) 

5 [1 – 28] N/A 96 [84 – 179] N/A N/A 

Prior TIA/Ischaemic Stroke  16.3% (7) 0.39 16.2% (6) 0.39 26.5% (9) 

Ischaemic Heart Disease 27.9% (12) 0.89 32.4% (12) 0.80 29.4% (10) 

Hypertension 74.4% (32) 0.27 70.3% (26) 0.16 85.3 (29) 

Diabetes Mellitus 18.6% (8) 0.83 18.9% (7) 0.86 20.6% (7) 

Prior CEA (any side) 6.97% (3) 0.45 5.4% (2) 0.25 14.7% (5) 

Prior DVT/PE 4.7% (2) 0.69 5.4% (2) 0.60 2.9% (1) 

Peripheral Vascular Disease 4.7% (2) 0.50 5.4% (2) 0.49 0% (0) 

Hyperlipidaemia* 76.7% (33) 0.056 82.4% (28) 0.048 94.1% (32) 

Migraine 6.97% (3) 0.69 5.4% (2) 0.42 11.8% (4) 

Smoking at Enrolment 39.5% (17) 0.009 35.3% (20) < 0.001 11.8% (4) 

Ex-Smoker 46.5% (20) 0.25 54.1% (20) 0.63 61.8% (21) 

Never Smoker 13.95% (6) 0.25 10.8% (4) 0.13 26.5% (9) 

Statin Therapy 90.7% (39) 0.94 86.5% (32) 0.71 91.2% (31) 

Family History of Stroke 39.5% (17) 0.64 37.8% (14) 0.80 32.4 (11) 

Index Event on Antiplatelet 

Therapy* 

37.2% (16) N/A 43.2% (16) N/A N/A 

Blood Group O 58.1% (25) 0.48 54% (20) 0.33 67.6% (23) 
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Table 3.2: Degree of stenosis and prescribed anti-platelet regimens in patients. P values 

refer to chi-squared or Fisher exact testing between asymptomatic and early and late 

symptomatic carotid stenosis groups. Values are percentages (absolute values) or absolute 

values. * Refers to severity of baseline carotid stenosis at time of initial recruitment in late 

symptomatic groups, and not to the distribution of stenosis severity during follow up. 

Characteristic 

 

Early 

Symptomatic 

(N = 43) 

P Value 

 

Late 

Symptomatic 

(N=37) 

P Value Asymptomatic 

 

(N=34) 

Moderate stenosis (50-69%) 34.9% (15) 0.25 29.7% (11) * 0.095 50% (17) 

Severe stenosis (70-99%) 65.1% (28) 0.25 70.3% (26) * 0.095 50% (17) 

Aspirin Monotherapy 55.8% (24) 0.49 48.7% (18) 0.23 64.7% (22) 

Aspirin-Dipyridamole 

Combination Therapy 

30.2% (13) 0.44 35.1% (13) 0.197 20.6% (7) 

Clopidogrel Monotherapy 2.3% (1) 0.58 2.7% (1) 0.60 5.9% (2) 

Aspirin-Clopidogrel 

Combination Therapy 

11.6% (5) 0.46 13.5% (5) 0.43 5.9% (2) 

No Antiplatelet Therapy 0% (0) 0.44 0% (0) 0.48 2.9% (1) 

Median Daily 

Aspirin Dose (mg) 

225 < 0.001 75 0.62 75 

Median Daily Dipyridamole 

Dose (mg) in Patients on 

Aspirin-Dipyridamole 

Combination therapy 

200 BD N/A 200 BD N/A 200 BD 

Median Daily Clopidogrel 

Dose (mg) in Patients on 

Clopidogrel Monotherapy 

or Combination therapy 

75  N/A 75  N/A 75  
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Table 3.3: Comparison of VWF:Ag and VWFpp levels, VWFpp/VWF:Ag ratios, 

ADAMTS13 activity and VWF:Ag/ADAMTS13 activity ratios in asymptomatic versus 

early symptomatic, late phase symptomatic, and late symptomatic post-intervention 

patients. Values are means ±SD (range) or medians [25th - 75th percentiles] or absolute 

values. Significant P values in bold. 

Marker Early 

Symptomatic 

(N = 43) 

Late 

Symptomatic 

(N = 37) 

Late Symptomatic 

post-intervention 

(N = 34) 

Asymptomatic 

 

 

(N=34) 

VWF:Ag (μg/ml) 12.53 ± 5.56 

(3.79 – 29.6) 

10.02 ± 5.01 

(3.48 – 18.38) 

10.71 ± 6.09 

(3.48 – 18.28) 

10.47 ± 3.38 

(5.8 – 18.8) 

P 0.049 0.66 0.84  

 

VWFpp (μg/ml) 

 

1.09 

[0.87 – 1.44] 

 

1.04 

[0.82 – 1.3] 

 

1.02 

[0.82 – 1.33] 

 

1.17 

[0.87 – 1.43] 

P 0.59 0.15 0.14  

 

VWFpp/VWF:Ag 

Ratio 

 

0.094 

[0.075 – 0.117] 

 

0.109 

[0.08 – 0.145] 

 

0.107 

[0.084 – 0.147] 

 

0.118 

[0.103 – 0.138] 

P 0.006 0.66 0.37  

 

ADAMTS13 (%) 

 

134.71 

[117.3 – 161.1] 

 

127.84 

[110.19 – 148.04] 

 

126.6 

[108.44 – 148.34] 

 

132.74 

[119.66 – 163.85] 

P 0.79 0.33 0.29  

 

VWF:Ag/ADAMTS13 

Activity Ratio 

 

0.089 

 

0.072 

 

0.072 

 

0.068 

P 0.7 0.62 0.86  
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Table 3.4: Comparison of VWF:Ag and VWFpp levels, VWFpp/VWF:Ag ratios, 

ADAMTS13 activity and VWF:Ag/ADAMTS13 activity ratios in the same symptomatic 

carotid stenosis patients followed up from the early to late phases after TIA / ischaemic 

stroke. Values are means ± SD (range) or medians [25th - 75th percentiles. Significant P 

values in bold. 

Marker Early Symptomatic 

(N = 37) 

Late Symptomatic 

(N = 37) 

P 

VWF:Ag (μg/ml) 11.36 

[8.62 – 15.44] 

9.045 

[6.03 – 13.62] 

0.048 

 

VWFpp (μg/ml) 

 

1.07 

[0.87 – 1.36] 

 

1.04 

[0.82 – 1.30] 

 

0.52 

 

VWFpp/VWF:Ag 

Ratio 

 

0.095 

[0.074 – 0.12] 

 

0.109 

[0.085 – 0.143] 

 

0.032 

 

ADAMTS13 (%) 

 

143.7 ±4.89 

(93 – 206) 

 

130.12 ±5.14 

(76 – 200.47) 

 

0.02 

 

VWF:Ag/ADAMTS13 

Activity Ratio 

 

0.089 

[0.058 – 0.108] 

 

0.072 

[0.047 – 0.115] 

 

0.143 
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Table 3.5: Comparison of VWF:Ag and VWFpp levels, VWFpp/VWF:Ag ratios, 

ADAMTS13 activity and VWF:Ag/ADAMTS13 activity ratios in early versus late 

symptomatic carotid stenosis patients who underwent carotid intervention. Values are 

either means ± SD (range),  medians [25th - 75th percentile] or absolute values. Significant 

P values in bold. 

Marker Early Symptomatic 

Pre-intervention 

(N = 34) 

Late Symptomatic 

Post-intervention 

(N = 34) 

P 

VWF:Ag (μg/ml) 11.41 

[8.9 – 15.72] 

9.27 

[6.04 – 14.19] 

0.055 

 

VWFpp(μg/ml) 

 

1.12 

[0.87 – 1.42] 

 

1.01 

[0.82 – 1.31] 

 

0.40 

 

VWFpp/VWF:Ag 

Ratio 

 

0.094 

[0.074 – 0.12] 

 

0.107 

[0.084 – 0.138] 

 

0.059 

 

ADAMTS13 (%) 

 

144.15 ± 5.08 

(93 – 206.2) 

 

129.11 ± 5.60 

(76 – 200.47) 

 

0.015 

 

VWF:Ag/ADAMTS13 

Activity Ratio 

 

0.091 

[0.62 – 0.107] 

 

0.075 

[0.551 – 0.116] 

 

0.133 
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Table 3.6: Comparison of VWF:Ag and VWFpp levels, VWFpp/VWF:Ag ratios, 

ADAMTS13 activity and VWF:Ag/ADAMTS13 activity ratios in asymptomatic versus 

early symptomatic and late phase symptomatic patients with ≥70% carotid stenosis. 

Values are means ±SD (range), medians [25th - 75th percentile] or absolute values. 

Significant P values in bold. 

Marker Early Symptomatic 

70-99% stenosis 

(N = 28) 

Late Symptomatic 

70-99% stenosis 

(N = 26) 

Asymptomatic 

70-99% stenosis 

(N = 17) 

VWF:Ag (μg/ml) 13.26 ± 5.88 

(4.87 – 24.7) 

9.88  ± 4.40 

(3.75 – 20.25) 

10.51 ± 3.59 

(5.8 – 18.37) 

P 0.058 0.61  

 

VWFpp (μg/ml) 

 

1.04 

[0.83 – 1.28] 

 

1.02 

[0.83 – 1.22] 

 

1.30 

[1.05  – 1.90] 

P 0.094 0.032  

 

VWFpp/VWF:Ag 

Ratio 

 

0.085 

[0.064 – 0.124] 

 

0.107 

[0.083  – 0.130] 

 

0.134 

[0.104 – 0.153] 

P 0.003 0.097  

 

ADAMTS13 (%) 

 

132.94 

[112.1 – 168.3] 

 

125.36 

[106.8 – 140.7] 

 

127.16 

[119.9 – 154.81] 

P 0.59 0.57  

 

VWF:Ag/ADAMTS13 

Activity Ratio 

 

0.091 

[0.05 – 0.12] 

 

0.067 

[0.04 – 0.12] 

 

0.076 

[0.06 – 0.13] 

P 0.99 0.27  
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Table 3.7: VWF:Ag and VWFpp levels, VWFpp/VWF:Ag ratios, ADAMTS13 activity and 

VWF:Ag/ADAMTS13 activity ratios in early symptomatic versus asymptomatic (A) 

MES+ve and (B) MES-ve patients. Values are means ±SD (range) or medians [25th - 75th 

percentile]. Significant P values in bold. 

3.7A 

Marker 

Early Symptomatic MES+ve 

(N = 10) 

Asymptomatic MES +ve 

(N = 2) 

P value 

VWF:Ag (µg/ml) 10.3 [5.8 – 16.4] 13.42 0.74 

VWFpp (µg/ml) 0.94 [0.82 – 1.32] 1.75 0.33 

VWFpp/VWF:Ag Ratio 0.102 [0.073 – 0.153] 0.126 0.75 

ADAMTS13 Activity (%) 148.6 [132 – 175] 133.7 0.59 

VWF:Ag/ADAMTS13 Activity Ratio 0.06 [0.04 – 0.12] 0.10 0.34 

3.7 B 

Marker 

Early Symptomatic 

MES-ve (N = 25) 

Asymptomatic 

MES-ve (N = 26) 

P value 

VWF:Ag (µg/ml) 12.72 ± 0.94 (6.2 – 24.4) 10.12 ± 0.57 (5.8 – 16.1) 0.023 

VWFpp (µg/ml) 1.06 [ 0.82 – 1.27]  1.125 [0.86 – 1.32] 0.45 

VWFpp/VWF:Ag Ratio 0.094 [0.073 – 0.113] 0.115 [0.098 – 0.128] 0.008 

ADAMTS13 Activity (%) 122.41 [112 – 165.5] 142.43 [119.6 – 171.6] 0.42 

VWF:Ag/ADAMTS13 Ratio 0.09 [0.07 – 0.11] 0.067 [ 0.05 – 0.10] 0.12 
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Figure 3.2: Significant positive relationship between VWF:Ag levels (μg/ml) and VWFpp 

(μg/ml) levels in early symptomatic patients (P < 0.0001) 

 

Figure 3.3: No significant relationship between VWF:Ag levels (μg/ml) and ADAMTS13 

(%) in early symptomatic patients (P = 0.352) 
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4. Discussion 

 

This prospective case-case/control and nested longitudinal study, in a very carefully clinically-

phenotyped cohort of carotid stenosis patients, has revealed elevated VWF:Ag levels and a 

reduced VWFpp/VWF:Ag ratio in early symptomatic compared with asymptomatic carotid 

stenosis. The findings are robust and persisted after controlling for the potential influence of 

age, prevalence of hyperlipidemia or smoking status on our results. This study is in keeping 

with data from a prior pilot study which showed that ‘adjusted VWF:Ag levels’ were higher in 

early symptomatic than asymptomatic patients, thus confirming that there is evidence of 

increased endothelial activation in recently symptomatic compared with asymptomatic 

moderate-severe carotid stenosis patients (Kinsella et al. 2014).  

In contrast to the prior data, we did not confirm a significant increase in VWFpp levels in early 

or late symptomatic vs. asymptomatic carotid stenosis patients (Kinsella et al. 2014). Therefore, 

we cannot confirm the prior suggestion by our group that VWFpp may be a more sensitive 

marker of acute endothelial activation than VWF:Ag in patients with carotid stenosis. In an 

attempt to explore reasons for differences in VWFpp findings between the Platelets And 

Carotid Stenosis (PACS) study and this study, we investigated whether there were any potential 

differences in study design or patient profiles between the two studies. Although the main 

design of both the PACS and HEIST studies was very similar, we did not include patients with 

carotid occlusion in HEIST, and there was a higher proportion of early symptomatic patients 

treated with statins in HEIST than in PACS (91% vs. 72%; chi square test: P = 0.018). Statins 

have been reported to decrease plasma VWF:Ag levels (Sahebkar et al. 2016), but to our 

knowledge, the effects of statins on VWFpp expression in patients with carotid stenosis is not 

known. Therefore, one cannot comment on whether or not differences in statin use may have 

influenced the observed difference in results between the PACS and HEIST studies.  
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In keeping with one of our a priori hypotheses, there was a significant reduction in VWF:Ag 

levels and an increase in the VWFpp/VWF:Ag ratio over time in symptomatic patients who 

were followed up from the early to the late phases after TIA/ischaemic stroke. The non-

significant reduction in VWF:Ag levels in the symptomatic subgroup who underwent 

intervention may well reflect a type II error because the P value of 0.055 was approaching the 

pre-specified level for statistical significance. VWFpp levels in the subgroup of late 

symptomatic severe carotid stenosis patients actually fell to below those seen in patients with 

asymptomatic severe stenosis. This may partly reflect resolution of the acute phase response, 

successful surgical/endovascular interventional treatment of the majority (92%) of symptomatic 

patients, but could also reflect a type I error due to the smaller number of patients involved in 

this subgroup analysis. Further work is required to readdress this issue. 

We found no significant differences in endothelial activation biomarkers between subgroups of 

early symptomatic patients with moderate vs. severe stenosis. There were lower median VWFpp 

levels in patients with moderate vs. severe asymptomatic carotid stenosis, with no other 

differences in biomarker profiles between these asymptomatic subgroups, so this finding may 

also reflect a type I error. Studies in much larger patient populations with symptomatic and 

asymptomatic carotid stenosis would be needed to formally assess the associations or 

relationships between stenosis severity and these biomarkers; this thesis was not designed to 

address this issue.  

In keeping with prior data, analysis of combined data from our early symptomatic and 

asymptomatic patients overall revealed that patients with blood group O had significantly lower 

VWF:Ag levels than non-group O patients (Franchini et al. 2007; Gill et al. 1987), with no 

differences in VWFpp levels (Albanez et al. 2016) or ADAMTS13 activity between patients 

with different blood groups. One study which analysed blood groups, VWF:Ag levels and 

ADAMTS13 antigen levels in patients on hemodialysis and healthy controls found lower 

VWF:Ag levels, but no differences in ADAMTS13 antigen levels in hemodialysis patients with 

blood group O compared with non-group O patients (Rios et al. 2012). In their healthy control 
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group, blood group O carriers also had lower VWF:Ag levels, but had increased ADAMTS13 

antigen levels compared with non-blood group O carriers. Another study in a mixed group of 55 

pregnant women with pre-eclampsia, 35 normotensive pregnant women and 50 non-pregnant 

women found no differences in ADAMTS13 antigen levels between blood group O and non-

group O carriers (Alpoim et al. 2011). Because there were no significant differences in the 

proportions of symptomatic and asymptomatic patients who had blood group O in this study, 

our case-case/control comparative findings are not explained by differences in blood groups 

between symptomatic and asymptomatic patients. However, these findings do emphasise the 

importance of also simultaneously assessing blood groups in future case-control studies 

comparing VWF:Ag levels and probably ADAMTS13 activity to control for any potential 

confounding influences on the results obtained.   

There were no significant differences in expression of these biomarkers between early 

symptomatic and asymptomatic MES+ve patients, but the number of patients included in this 

subgroup analysis was far too small to make any definitive conclusions. The lack of association 

between any of our measured endothelial activation markers and MES positivity on binary 

logistic regression could be interpreted as suggesting that these biomarkers may not play a 

significant role in the pathogenesis of micro-embolisation in carotid stenosis. However, given 

the small numbers of MES+ve patients included in the HEIST study, these results must be 

interpreted with extreme caution and much larger studies are warranted to readdress this issue. 

However, in the subgroup of MES-ve patients, early symptomatic patients had higher VWF:Ag 

levels and a lower VWFpp/VWF:Ag ratio than asymptomatic patients. The findings of 

increased endothelial activation in this subgroup of recently symptomatic MES-ve patients, in 

conjunction with our prior platelet biomarker data (Murphy et al. 2018; Murphy et al. 2019), 

may partly explain the pathogenesis of first or recurrent TIA/stroke in this patient subgroup. 

However, as stated above, because the majority of our symptomatic patients underwent 

successful carotid intervention and optimisation of secondary preventive therapy, this study 

does not enable us to comment on whether these findings are reflective of an acute phase 
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response to recent cerebral or ocular ischaemia or infarction, or whether they were present 

before symptom onset. There is limited peer-reviewed literature on the relationship between 

VWF levels and MES on TCD. Markus et al. showed that the ARC1779 aptamer, which 

inhibits the pro-thrombotic function of von Willebrand factor by binding to its A1 domain, was 

associated with significantly reduced VWF activity and reduced MES compared with placebo in 

patients undergoing carotid endarterectomy (Markus et al. 2011). The PACS study did not find 

any significant differences in VWF:Ag levels, but VWFpp levels were higher in recently 

symptomatic versus asymptomatic MES-ve patients (Kinsella et al. 2014), a finding not 

replicated in this study.  

In contrast to our a priori hypothesis, we did not find any significant differences in 

ADAMTS13 activity between early or late symptomatic and asymptomatic patients. However, 

ADAMTS13 activity levels fell in matched symptomatic patients between the early and late 

phases after TIA or stroke. The reduction in circulating VWF:Ag levels, which may also have 

arisen due to resolution of the acute phase response or more intense medical, surgical or 

endovascular intervention during follow-up, may have led to a secondary reduction in 

ADAMTS13 activity; however, information on ADAMTS13 activity regulation is limited 

(Zheng 2013). One of the limitations of this study is that we did not simultaneously assess 

ADAMTS13 antigen or antibody levels, but we do not think that it is likely that an ‘acquired 

deficiency’ of ADAMTS13 antigen developed in this ‘non-TTP related’ large artery 

atherosclerotic TIA/ischaemic stroke patient population over time (McCabe et al. 2015).  

 

In agreement with other studies in patients with ‘vascular disease’ (Blann et al. 1998; de Jong et 

al. 1997; Vischer et al. 1998), there was a significant positive correlation between VWF:Ag and 

VWFpp levels in all patient groups, thus adding to the literature on this topic in early and late 

symptomatic and asymptomatic carotid stenosis patients. Based on these data, if one is 

examining profiles of endothelial and/or platelet activation status in larger cohorts of patients 

with symptomatic and asymptomatic carotid stenosis, we advise examining all of these 
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parameters, including the VWFpp/VWF:Ag ratio, because one or all of these biomarkers may 

be informative. We found no relationship between ADAMTS13 activity on the FRET assay and 

VWF:Ag levels which were quantified by ELISA. One prior study found evidence of reduced 

ADAMTS13 activity in the early but not late phase after TIA/ischaemic stroke overall versus 

healthy controls (McCabe et al. 2015). There was also a significant inverse relationship between 

ADAMTS13 activity on a collagen-binding assay and VWF:Ag levels measured with an 

automated latex agglutination assay in the early phase after TIA or ischaemic stroke; however, 

only 21% of patients had large artery atherosclerotic disease in that study (McCabe et al. 2015). 

Because collagen-binding ADAMTS13 activity assays utilise large VWF multimers which may 

be more commonly observed under conditions of higher shear stress (Gogia and Neelamegham 

2015), a collagen-binding assay might be more sensitive than the FRET assay at detecting 

differences between asymptomatic and symptomatic moderate-severe carotid stenosis cohorts. 

Further studies with simultaneous assessment of ADAMTS13 activity using both 

methodologies would be needed to clarify this issue, and may be clinically relevant given the 

predictive role of ADAMTS13 in tPA-induced recanalisation after stroke (Bustamante et al. 

2018). 

Although VWF:Ag levels were higher in patients with recently symptomatic than asymptomatic 

carotid stenosis, there were no significant differences in the ratio of VWF:Ag / ADAMTS13 

activity between groups. This suggests that the ratio of VWF:Ag / ADAMTS13 activity may be 

maintained via homeostasis to a similar degree in symptomatic and asymptomatic patients. 

Therefore, this study does not provide any evidence that assessment of this ratio is likely to be 

useful in identifying asymptomatic carotid stenosis patients who are at higher risk of developing 

symptoms of TIA or stroke in future. However, prospective follow up studies in asymptomatic 

patients with simultaneous assessment of these biomarkers and ratios would be needed to 

formally this hypothesis, because, as described in the introduction, the precise factors regulating 

ADAMTS13 activity are not fully understood. 
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This study had some limitations. The HEIST study was not designed to assess the immediate 

‘peri-procedural profile’ of these biomarkers in symptomatic patients undergoing urgent carotid 

intervention, because we prospectively planned to reassess symptomatic patients at least 3 

months after symptom onset or intervention when the acute phase response from surgery or 

intervention had settled. Due to our relatively limited sample size and the fact that only one 

patient had a recurrent TIA during our dedicated, robust study follow-up period, we cannot 

comment on the value of endothelial activation markers in predicting the risk of recurrent 

events in this study population at present. However, the predicative value of VWF:Ag has been 

shown by others (De Meyer et al. 2012; Sonneveld et al. 2013). Because VWF:Ag may be 

endothelium- or platelet-derived (Gragnano et al. 2017), we cannot comment on the relative 

contribution of these cell types to circulating levels of VWF:Ag in our study population, but 

prior data indicate that VWF:Ag is predominantly a marker of endothelial activation 

(Hollestelle et al. 2006).  
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5. Conclusions and overview of future work 

 

VWF:Ag levels were significantly higher in early phase symptomatic than asymptomatic 

patients, but fell in the late symptomatic and late symptomatic post-intervention groups to levels 

similar to those seen in the asymptomatic group. Whilst there were no differences in VWFpp 

expression between groups, the VWFpp/VWF:Ag ratio was also significantly lower in early 

symptomatic but not late symptomatic or late symptomatic post-intervention patients compared 

with the asymptomatic cohort. In early symptomatic patients with severe stenosis, the 

VWFpp/VWF:Ag ratio was significantly reduced, but VWF:Ag levels were not significantly 

higher in the early symptomatic compared with the asymptomatic severe stenosis subgroup. 

There were no significant differences in ADAMTS13 activity between early or late 

symptomatic and asymptomatic patients. However, ADAMTS13 activity fell in both the overall 

cohort of early symptomatic patients followed up into the late phase and in those who 

underwent carotid intervention.  

These data enhance our understanding of the profiles of VWF:Ag, VWFpp and ADAMTS13 

activity, and the relationship between these biomarkers in patients with carotid stenosis. Taken 

together, these and prior data illustrate that there is consistent evidence of excessive endothelial 

and/or platelet activation in patients with recently symptomatic compared with asymptomatic 

carotid stenosis despite treatment with modern secondary preventive therapy. Because these 

endothelial biomarkers decrease over time following symptom onset, it is difficult to be certain 

whether the longitudinal findings mainly represent resolution of an acute phase response to 

TIA, stroke or plaque rupture, a response to medical or surgical/endovascular intervention, or 

are pre-existing and ‘inherent’ in a high risk subgroup of patients with carotid stenosis who go 

on to develop symptoms. Further data needs to be gathered on the relationship between 

VWF:Ag and ADAMTS13 activity, the mechanisms by which ADAMTS13 activity is 

regulated and its role in large artery atherosclerotic TIA and ischaemic stroke.  

Combining clinical, endothelial and platelet biomarker data with data on MES status improves 

our understanding of the pathogenesis of cerebrovascular events and could clearly assist in risk-

stratification in this important population of CVD patients, including in the MES-ve carotid 

stenosis subgroup. The next phase of our study will aim to develop a model to determine 

whether these and other biomarkers may enhance our ability to predict the occurrence of HITS 

on TCD as a surrogate marker of future cerebrovascular events. Such comprehensive profiling 

has the potential to aid clinical decision marking to target patients who might benefit from 

earlier, more intensive medical or interventional treatment to prevent subsequent TIA or stroke.  
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