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Cardiovascular diseases (CVD) are the leading cause of death worldwide. In Europe, every 
minute eight people die as a result of CVD.1,2 In the Netherlands, 37,769 people died from 
CVD in 2018, representing 25% of all deaths.2 Of these, 8,434 deaths were attributed to 
ischemic heart disease and 5,365 to ischemic stroke.2 CVD also causes long-term morbidity 
and disability leading to dependency on others for daily life activities. Altogether, CVD 
imposes a tremendous financial burden on our healthcare system. 

Atherosclerosis
The majority of CVD is caused by atherosclerosis. Atherosclerosis is a chronic lipid and 
inflammation-driven disease resulting in the formation of plaques in arteries leading to 
luminal narrowing (stenosis).3 Plaques originate from the accumulation of lipids (low-
density lipoprotein, LDL), inflammatory cells, smooth muscle cells, collagen and 
calcifications (Figure 1).3,4 Atherosclerosis starts early in life, but symptoms mostly occur 
decades later. Classical risk factors are age, family history of CVD, postmenopausal status, 
smoking, hypertension, abnormal cholesterol levels, obesity, diabetes, unhealthy diet and 
low physical activity.5

Atherosclerotic plaques can remain silent during life but may also give rise to clinical events 
in the affected vascular territory. Transient symptoms caused by stenosis can occur as a 
result of an oxygen-supply-demand mismatch such as during exercise. For example, in the 
coronary arteries this leads to chest pain and in the peripheral arteries of the legs this leads 
to a decreased walking distance. Rupture or erosion of the plaque surface leads to formation 
of thromboembolisms that can suddenly occlude the artery locally or embolize to distal 
vessels.6 This can lead to acute clinical events such as myocardial infarction, acute leg 
ischemia and stroke. Atherosclerotic plaques that are prone to rupture are called “vulnerable” 
or “unstable” plaques. These plaques are hallmarked by a thin-fibrous cap, few smooth 
muscle cells, a large lipid-rich necrotic core, high infiltration of inflammatory cells, neovessel 
formation and intraplaque hemorrhage.6 Vulnerable plaque characteristics have been related 
to preceding and future cardiovascular events.7,8 In particular, intraplaque hemorrhage has 
been associated with a higher risk of systemic cardiovascular events in patients with 
atherosclerotic disease.9

Extracranial carotid artery stenosis: the current state of the art and challenges ahead
The carotid arteries are two of the four main suppliers of oxygen-rich blood to the brain 
and are essential for adequate brain function. Extracranial carotid artery stenosis, due to 
atherosclerotic plaque formation, is an important cause of cerebrovascular events. 
Thromboembolisms may cause transient or permanent cerebral ischemia resulting in loss 
of neurological function. Transient neurological symptoms that last less than 24 hours are 
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defined as a transient ischemic attack (TIA), while neurological symptoms that persist 
longer are defined as a stroke.10 To prevent these devastating events, treatment of carotid 
artery stenosis consists of risk factor control, preventive medications and elimination of 
the atherosclerotic plaque by either surgical removal (carotid endarterectomy, CEA) or 
stenting (carotid artery stenting, CAS). Since these interventions carry a risk of procedural 
stroke, outweighing future stroke risks against procedural risks is essential for decision-
making. 

Carotid intervention
Current guidelines recommend CEA, or CAS as an alternative, for patients with symptomatic 
carotid artery stenosis (ipsilateral cerebrovascular symptoms have occurred in the prior 

Figure 1. Mechanisms involved in atherosclerotic plaque development and progression
A normal artery contains of three layers: the intima (inner layer), media and adventitia (outer layer). Several 
mechanisms are involved in atherosclerosis. Initials steps include endothelial activation, recruitment of 
inflammatory cells that migrate into the intima. At the same time LDL crosses the endothelium where it 
becomes oxidized. Monocytes differentiate into macrophages. These ingest oxidized-LDL and transform into 
foam cells. During lesion progression, vascular smooth muscle cells (SMCs) migrate from the media layer to 
the intima and proliferate. SMCs produce extracellular matrix molecules such as collagen and proteoglycans 
and form a stabilizing overlying fibrous cap. A lipid-rich necrotic core is formed consisting of death foam cells 
and their debris. In the phase of thrombosis, fibrous cap rupture leads to thromboembolisms and atherosclerotic 
complications. 
Figure copied and adapted from: Libby P, et al. Progress and challenges in translating the biology of atherosclerosis. 
Nature 20114
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six months).10 Asymptomatic patients (no ipsilateral cerebrovascular symptoms in the prior 
six months) are less likely to benefit from CEA or CAS as their risk for future stroke is 
thought to be low under contemporary medical therapy. The ongoing Asymptomatic 
Carotid Surgery Trial-2 (ACST-2) will provide more insight in the optimal treatment 
strategy of asymptomatic patients (clinicaltrials.gov; NCT00883402).

Preventive medical therapy for new cardiovascular events
Although CEA is an effective procedure to reduce the risk of future ipsilateral stroke, 
patients are still at high risk for future cardiovascular events as result of the systemic nature 
of atherosclerosis. About 24% of patients develop a major cardiovascular event within three 
years following CEA.9 This high residual cardiovascular risk remains even after optimal 
control of risk factors and best medical therapy (BMT) consisting of antiplatelet, statins 
and antihypertensive drugs.11 To lower this residual cardiovascular risk, novel medications 
in addition to standard BMT could be beneficial (so-called “add-on therapy”). To date, 
proprotein convertase subtilisin/kexin type-9 (PCSK-9) inhibitors are an established add-
on therapy used for aggressive LDL lowering but these come with high costs.5 Other add-
on therapies such as anti-inflammatory drugs and addition of anticoagulants next to 
antithrombotic therapy are options currently under investigation.12,13 Current European 
guidelines classify all CEA patients in one homogenous group at “very high risk” for 
secondary cardiovascular events and recommend PCSK-9 inhibitors.5 However it is known 
that at individual level the residual cardiovascular risk varies substantially.11 Considering 
that add-on therapies have deleterious side effects and high costs, a “one size fits all“ 
treatment approach seems inappropriate. Therefore, risk stratification tools that discriminate 
CEA patients at high risk for future cardiovascular events qualifying for add-on therapy, 
from those at low risk are of great importance. To date, no risk stratification tools are 
available that accurately identify high risk patients for secondary cardiovascular events.

Biomarkers
Biomarkers have the potential to identify patients with carotid stenosis at higher risk for 
future cerebrovascular or cardiovascular events. The definition of a biomarker is “a 
characteristic that is measured as an indicator of normal biological processes, pathogenic 
processes or responses to an exposure or intervention”.14 This thesis focusses on biomarkers 
of different origins: genetic, radiological and circulating. 

Genetic biomarkers 
CVD originates from the interplay of genetic inheritance (nature) and environmental factors 
(nurture). Studying genes help us understand underlying biological mechanisms but also 
provides information about disease risk. By comparing the genetic makeup of people with 
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a certain disease to those without, genetic variations (single-nucleotide polymorphisms, 
SNPs) contributing to this disease can be discovered. Hundreds of SNPs have been identified 
for coronary artery disease15 and stroke16, emphasizing the polygenic nature of CVD. The 
genetic susceptibility of an individual patient for CVD can be captured by calculating a 
polygenic risk score which summarizes all SNPs with their associated effect sizes. Polygenic 
risk scores may be useful for individual risk estimation of future clinical events.17,18

Radiographic biomarkers
Cerebral lesions detected on brain imaging can provide information about cardiovascular 
prognosis. Periprocedural silent brain lesions detected on diffusion weighted imaging 
(DWI-lesions) are established markers for increased periprocedural and postprocedural 
stroke or TIA.19,20 White matter lesions (WMLs) on brain MRI or CT are surrogate markers 
for cerebral small vessel disease and have been associated with future cerebrovascular events 
and cognitive decline.21–23 DWI-lesions reflect acute moments of brain ischemia (either due 
to thromboembolisms or hypoperfusion) whether WMLs provide more insight in the 
natural course of atherosclerosis and long-term prognosis.24 

Circulating biomarkers in plasma and plasma extracellular vesicles (EVs)
The composition of our blood plasma reflects ongoing physiological processes and can be 
considered a “liquid biopsy”. Most studies in carotid artery stenosis patients have focused 
on biomarkers in plasma but biomarker discovery in extracellular vesicles (EVs), especially 
on EV content, is relatively unexplored.25 EVs are small lipid-bilayer membrane particles 
– a nanometer in size– and are secreted by almost all cell types into body fluids such as 
plasma, saliva, tears and urine.25 Extracellular vesicles contain bioactive material of their 
parent cell including nucleic acids, lipids and proteins. EVs are vehicles for intercellular 
communication, and are involved in various (patho)physiological processes such as 
apoptosis, coagulation and inflammation.25 The content of EVs reflects the state of the 
parent cell, hereby providing a close look on ongoing pathophysiological processes. 
Therefore, we hypothesized that EV content may potentially hold accurate prognostic 
information for risk estimation. Most markers in this thesis are therefore studied in EVs, 
and few markers in plasma. 

Aim of this thesis 
The overall aim of this thesis is to investigate biomarkers that identify patients at high risk 
for future cardiovascular events after CEA. Since clinical factors have poor predictive value 
for future cardiovascular events26,27, biomarkers could improve risk stratification and 
ultimately help physicians select appropriate patients for specific treatments. All studies in 
this thesis are conducted in the ongoing Athero-Express biobank study; the world’s largest 
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atherosclerotic plaque biobank to date.28 This biobank collects preoperative blood samples 
and surgically removed atherosclerotic plaque tissue and follows patients during the 
postoperative three years for cardiovascular events (Figure 2). 

Thesis Outline

This thesis consists of five parts. Part I focusses on clinical characteristics and genetics as 
biomarkers. In Chapter 2, we examined the association between preoperative blood 
pressure and histological carotid plaque characteristics, as both hypertension and 
histological plaque characteristics (mainly intraplaque hemorrhage) are established markers 
for future cardiovascular events.7,29 In Chapter 3, we investigated whether a polygenic risk 
score for first-ever coronary events was related to secondary cardiovascular events following 
CEA. Since a positive family history of CVD is an established proxy for genetic heritability 
in daily practice, we also explored the relation between family history and secondary 
cardiovascular events. Part II focusses on cerebral imaging biomarkers. In Chapter 4, we 
explored the association between recurrent (silent) brain ischemia, detected on MRI-DWI, 
in the waiting period before CEA and histological carotid intraplaque hemorrhage. We 
hypothesized that intraplaque hemorrhage may be a potential source of silent brain ischemia 
and might be a useful marker to prioritize patients for the timing of CEA. In Chapter 5 we 
described the relevance of preoperative cerebral small vessel disease documented in routine 
brain imaging reports (including WMLs and lacunar infarction) for the prediction of long-
term postoperative outcome following CEA. Part III focusses on different types of 
circulating biomarkers; extracellular vesicle proteins (CD14, Cystatin C, Serpin F2, Serpin 
G1 and Serpin C1, Chapter 6), a lipoprotein (Lipoprotein(a), Chapter 7), an extracellular 
vesicle matrix glycoprotein (Tenascin-C, Chapter 8) and extracellular vesicle lipids 
(ceramides and phosphatidylcholines, Chapter 9). We studied whether preoperative levels 
of these biomarkers could be useful to predict postoperative cardiovascular events in CEA 
patients. Part IV describes risk stratification tools that combine multiple biomarkers. Our 
hypothesis was that different biomarkers may reflect different pathophysiological pathways 
and therefore hold complementary prognostic information. Combining biomarkers may 
be the holy grail in risk prediction for carotid artery stenosis patients. In Chapter 10, 
promising circulating biomarkers resulting from Chapters 6, 7, 8 and 9 were combined into 
a risk stratification model for secondary cardiovascular events after CEA. Chapter 11 
reports the rationale and design of a multicenter observational study with the aim to develop 
a new risk stratification model for patients with asymptomatic carotid artery stenosis. For 
asymptomatic patients the challenge is to identify patients at high risk for future stroke 
under BMT as these patients may opt for a carotid intervention. Previous studies have 
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1
proposed multiple biomarkers that indicate a high risk of future stroke in asymptomatic 
patients.10 A risk stratifi cation model combining these biomarkers is therefore warranted. 
Th e fi nal part provides a general discussion (Chapters 12) and a Dutch summary (Chapter 
13). 

Patient inclusion Carotid endarterectomy

3 year follow up

Cardiovascular events

myocardial
infarction

cardiovascular
death

stroke

Histological analysis for
plaque characteristics

Clinical factors
Biomarkers

TThhee AAtthheerroo--EExxpprreessss BBiioobbaannkk 

Figure 2. Design of the Athero-Express Biobank
Patients are included preoperatively with collection of baseline characteristics and blood samples for biomarker 
measurements. Th e plaque removed during carotid endarterectomy is processed in the laboratory for histological 
analysis. Patients are followed up for three years aft er surgery for the occurrence of cardiovascular events.
Image created in BioRender.com
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Abstract

Background and aims
Both hypertension and atherosclerotic plaque characteristics such as intraplaque 
hemorrhage (IPH) are associated with cardiovascular events (CVE). It is unknown if 
hypertension is associated with IPH. Therefore, we studied if hypertension is associated 
with unstable atherosclerotic plaque characteristics in patients undergoing carotid 
endarterectomy (CEA). 

Methods
Prospectively collected data of CEA-patients (2002-2014) were retrospectively analyzed. 
Blood pressure (BP) was the mean of 3 preoperative measurements. Preoperative 
hypertension was defined as a systolic BP³160mmHg. Post-CEA, carotid atherosclerotic 
plaques were analyzed for presence of calcifications, collagen, smooth muscle cells, 
macrophages, lipid core, IPH and microvessel density. Associations between BP (systolic 
and diastolic), patient characteristics and carotid plaque characteristics were assessed with 
univariate and multivariable analyses with correction for potential confounders. Results 
were replicated in a cohort of patients that underwent iliofemoral endarterectomy. 

Results
Within CEA-patients (n=1684), 708 (42%) patients had preoperative hypertension. 
Increased systolic BP was associated with the presence of plaque calcifications (adjusted 
odds ratio (OR) 1.11 [95%CI1.01-1.22], p=0.03), macrophages (adjusted OR 1.12 [1.04-
1.21], p<0.01), lipid core>10% of plaque area (adjusted OR 1.15 [1.05-1.25], p<0.01), IPH 
(adjusted OR 1.12 [1.03-1.21], p=0.01) and microvessels (adjusted beta 0.04 [0.00-0.08], 
p=0.03). Increased diastolic BP was associated with macrophages (adjusted OR 1.36 [1.17-
1.58], p<0.01), lipid core (adjusted OR 1.29 [1.10-1.53], p<0.01) and IPH (adjusted OR 1.25 
[1.07-1.46], p<0.01) but not with microvessels nor plaque calcifications. Replication in an 
iliofemoral-cohort (n=657) showed that increased diastolic BP was associated with the 
presence of macrophages (adjusted OR 1.78 [1.13-2.91], p=0.01), lipid core (adjusted 
OR1.45 [1.06-1.98], p=0.02) and IPH (adjusted OR 1.48 [1.14-1.93], p<0.01). 

Conclusion
Preoperative hypertension in severely atherosclerotic patients is associated with the presence 
of carotid plaque macrophages, lipid core and IPH. IPH, as a plaque marker for CVE, is 
associated with increased systolic and diastolic BP in both the CEA and iliofemoral 
population.
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Graphical abstract
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Introduction

Hypertension is one of the most common risk factors that affects 20-30% of the world 
population.1 Hypertension is associated with cardiovascular events (CVE) such as 
myocardial infarction and stroke that have atherosclerosis as their underlying pathology. 
In primary prevention, intensive blood pressure (BP) lowering in high-risk patients strongly 
reduces myocardial infarction and stroke.2 Studies found a linear relation between high 
systolic BP levels and stroke risk, in which each 10mmHg reduction in systolic BP was 
associated with a one-third decrease of stroke incidence.3,4 The risk of cardiovascular death 
increased gradually with increased systolic and diastolic BP levels.5 Also in secondary 
prevention, BP lowering is associated with a reduction in stroke.6 
CVE such as myocardial infarction and stroke mostly occur due to underlying atherosclerosis 
with activation of platelets on a ruptured or an eroded plaque surface. The association 
between BP and CVE is well established, but the association between BP and plaque 
progression is much less investigated. Lowering of systolic BP is associated with attenuation 
of coronary plaque progression while lowering of the diastolic BP is correlated with lower 
coronary plaque volume.7–9 Increased BP was also associated with progression of carotid 
intima media thickness.10 This shows that BP is associated with both plaque volume and 
plaque progression. However, no clear reversible process has been described. 
On coronary plaque characteristics, a cross-sectional study demonstrated that increased 
diastolic BP was correlated with higher plaque volumes, more fibrous and more calcified 
plaques measured by CTA.9 No correlation between systolic BP and plaque volume or more 
fibrous and calcified plaques was found. These patients were well-controlled with systolic 
BP ranging from 95-154 mmHg. Two follow-up studies revealed that increased baseline 
systolic BP and diastolic BP were associated with an increase in atheroma volume of the 
coronary plaque after 1 or 2 years assessed with intravascular ultrasound.7,11 It is unknown, 
however, if high BP is associated with IntraPlaque Hemorrhage (IPH) in coronary plaques. 
Patients with carotid artery stenosis have an increased risk of CVE and death. Removal of 
the carotid plaque by carotid endarterectomy (CEA) is effective for severe symptomatic 
carotid artery stenosis in reducing the risk of future stroke and stroke-related death.12,13 A 
possible association between BP and carotid atherosclerotic plaque characteristics such as 
IPH has not been studied despite that carotid plaque IPH is associated with CVE.14 For 
this, we hypothesize that pre-operative hypertension is associated with vulnerable plaque 
characteristics such as IPH in carotid plaques. 
In this study, we investigated the association of pre-operative systolic and diastolic BP, on 
histological carotid plaque characteristics including IPH in patients undergoing CEA. As 
atherosclerosis is considered a systemic disease, we replicated the results of this CEA cohort 
in a separate cohort of patients with peripheral artery disease undergoing iliofemoral 
endarterectomy (IFE).
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Patients and methods

This study was conducted in accordance with the declaration of Helsinki. Ethical approval 
for this study (TME/C01.18) was provided by the Medical Research Ethics Committee 
United (MEC-U) of St. Antonius Hospital Nieuwegein, The Netherlands on April 10, 2002. 

Patient population
All patients in this study were included in the Athero-Express Biobank (AE biobank). The 
study protocol has been published before.15 In short, the AE biobank is a large ongoing 
prospective biobank study executed in two tertiary referral hospitals in The Netherlands, 
namely the St. Antonius Hospital in Nieuwegein and the University Medical Center in 
Utrecht. This biobank collects carotid atherosclerotic plaques and preoperative blood 
specimens of patients undergoing carotid and/or iliofemoral endarterectomy (IFE). All 
consecutive patients undergoing CEA or IFE were eligible for this study. Patients were 
recruited on ward during admission the day prior to surgery. Written and oral information 
concerning participation was provided, and informed consent was signed. The indication 
for CEA for asymptomatic patients was based on the recommendations published by the 
Asymptomatic Carotid Surgery Trial (ACST), and for symptomatic patients the indication 
was based on recommendations based on the European Carotid Surgery Trial and the North 
American Symptomatic Carotid Endarterectomy Trial (NASCET).12,13,16 Plaque removal 
was conducted by experienced vascular surgeons in accordance with local and international 
guidelines. Patients were followed for three years post-surgery for the occurrence of 
cardiovascular events by annual standardized questionnaires and by checking medical files. 
In case further information was required to define whether a cardiovascular event has 
occurred, the general practitioner was consulted. From the included patients, 2029 out of 
2341 (87%) had available follow-up data. Reasons for loss to follow-up included no response 
to follow-up questionnaires, referral to another hospital, unknown contact details because 
patients moved away or switch to different general practitioner of any reason.

Inclusion & exclusion criteria
For the present study, patients undergoing CEA or IFE between 2002 to 2014 with available 
plaque histology and preoperative BP measurements were included. Clinical data were 
extracted from patient files and collected through standardized questionnaires. Biochemical 
data were obtained preoperatively as part of the standard preoperative work-up, either 
during the visit to the outpatient clinic or on the ward. Patients were excluded in case no 
preoperative BP or histologic plaque assessment were available. Patients operated for 
restenosis of the carotid or iliofemoral arteries were excluded for analysis.
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Sample collection
The sample collection protocol of the Athero-Express biobank had been described earlier.17 
To summarize: preoperatively a blood sample was collected and stored at -80 degrees. 
Routine laboratory measurements of total cholesterol, triglycerides, HDL, LDL and 
creatinine were assessed. The atherosclerotic plaque was processed immediately after 
surgery and divided into segments of 5-mm thickness. The section with the largest plaque 
burden was defined as the culprit lesion and was subjected to immunohistochemical 
staining. Segments were fixated in 4% formaldehyde, decalcified for one week in 
ethylenediaminetetraacetic acid (to soften the calcification in the plaque for handling 
purposes without fully dissolving it) and embedded in paraffin. This 5mm-segment of the 
culprit was cut into 5ηm slices for histological analysis. 

Histological assessment
Histological slides were assessed by a previously validated protocol.15 In short, plaque 
specimens were stained to examine the plaque characteristics as following: CD68 for 
macrophages, α-actin to identify smooth muscle cells, Picro-Sirius Red (PSR) for collagen, 
hematoxylin eosin for general overview including calcifications, hematoxylin eosin and PSR 
for lipid core and CD34 for microvessels. Hematoxylin and eosin staining and fibrin by 
Mallory’s phosphotungstic acid hematoxylin staining were used to identify the presence of 
luminal thrombi and intraplaque hemorrhage (IPH). Semi-quantitative scoring at 40× 
magnification was performed for the amount of collagen, calcification, macrophage infiltration 
and smooth muscle cell content and was scored as (1) no or minor staining along part of the 
luminal border of the plaque or (2) moderate or heavy staining along the entire luminal border 
or evident parts within the lesion. IPH was defined as the composite of luminal thrombi or 
intraplaque hemorrhages. The presence of either luminal thrombosis, intraplaque hemorrhage 
or both was considered as positive for IPH. IPH is scored as present or absent. 
Polarized light was used to assess the area of the lipid core of the plaque, expressed as a 
percentage of the total plaque area. In addition, macrophages and smooth muscle cells were 
quantified as the percentage of plaque area with the use of computerized analyses using 
AnalySIS 3.2 software (Soft Imaging Systems GmbH, Münster, Germany). Microvessels 
were counted in 3 hotspots of the plaque and subsequently averaged per slide. All histologic 
slides were assessed by two independent dedicated experts, who were blinded for patient 
characteristics and outcomes. Good inter-observer and intra-observer similarities have 
been confirmed previously (K 0.6-0.9).18 

Study endpoints
The primary endpoint of this study was to determine the relation between preoperative BP 
and the atherosclerotic plaque characteristics. Preoperative BP was defined as BP measured 
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on the outpatient clinic or ward before surgery. BP measurements used in this study were 
the mean of three available preoperative BP measurements. Preoperative hypertension was 
defined as systolic BP ≥ 160 mmHg. Secondary, in order to obtain more information about 
the role of preoperative BP on the atherosclerotic plaque, results of the CEA-cohort were 
validated in an iliofemoral cohort. The secondary endpoint of this study was to determine 
the association of preoperative BP and secondary composite CVE during the three years 
after surgery. A composite endpoint of CVE included stroke, myocardial infarction, 
peripheral events or any cardiovascular death. 

Statistical analyses
To evaluate whether an increased preoperative BP was associated with the presence of 
vulnerable atherosclerotic plaque characteristics, we analyzed our data for systolic and 
diastolic BP separately. Systolic and diastolic BP measurements were analyzed as a 
continuous variable, by steps of 20 mmHg. Data was inspected for missing data. Baseline 
characteristics of patients with preoperative measured hypertension (systolic BP 
≥160mmHg) were compared to those with normotensive preoperative BP measurement 
(systolic BP<160 mmHg). The chi-square test was used for categorical variables and an 
independent T-test or Mann-Whitney U test for continuous variables, as appropriate. Linear 
regression and logistic regression analysis were performed to investigate the correlation 
between plaque characteristics and BP, as appropriate. Non-normally distributed 
quantitative histological parameters, including macrophages, smooth muscle cells (SMC) 
and microvessels, required logarithmic transformation before entering into linear regression 
models. To adjust for potential confounders, multivariable logistic regression analysis and 
linear regression analysis was performed. Baseline characteristics that showed an association 
of p<0.20 with BP levels as well as with the plaque characteristic of interest were considered 
as potential confounders for multivariable analyses (Supplemental Table 1,2). Since previous 
studies showed time-dependent trends in plaque characteristics and simultaneously 
improvement in risk factor management, year of inclusion was not included as a confounder 
because lowering of BP is suggested to be an underlying etiological factor (Table 1). Based 
on literature, symptom status was added to the model.17,19 
Results of multivariable logistic regression analyses of CEA-cohort will be compared to the 
results of the iliofemoral cohort. Sub-analysis was performed to assess the relation between 
BP and secondary events within three years post-procedural. Cox-regression analysis was 
used. Values with a p<0.05 were considered statistically significant. SPSS version 24.0 (SPSS 
Inc, Chicago, Illinois) was used for all statistical analyses. 
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Results

Patient population
A total of 2383 patients who underwent carotid endarterectomy (CEA) and 720 patients 
who underwent femoral iliac endarterectomy (IFE) were included. After exclusion of 
patients with missing preoperative BP measurements or missing plaque histology, and 
restenotic lesions, 1684 CEA-patients and 657 IFE-patients were included in the analysis. 
26 CEA-patients (1.5%) were also included in IFE-cohort. (See flowchart; Figure I) 

CEA-cohort 
Of the CEA-cohort, the majority of patients were male (68%) with a median age of 70 years 
(62-76, interquartile range, IQR). At the moment of inclusion, diabetes mellitus was 
reported in 23% of the patients, smoking in 35% and preoperative hypertension in 42%. In 
87% of the patients, the carotid artery stenosis was symptomatic; these symptoms were 
mostly transient ischemic attacks (43%). The median timing between index event and 
surgery was 30 days [IQR 61]. Patients with preoperative systolic hypertension were 
significantly older, were less often diabetic or had a history of coronary artery disease, had 
decreased kidney function and a more severe stenosis degree (Supplemental Table II). 
Moreover, these patients had higher total cholesterol levels, higher LDL levels and less often 
used statins. Patients with preoperative systolic hypertension were operated more often in 
the earlier years (2002-2005) than in the later years (2010-2015). Remarkably, 80% of the 
patients with preoperative systolic hypertension used antihypertensive medications, for 
preoperative diastolic hypertension this was 75% (Table 1).  
Univariate logistic regression analyses showed a positive association between systolic BP 
(per 20 mmHg) and the presence of calcification, macrophage content, lipid core, IPH and 
the number of microvessels in the atherosclerotic plaque.  After adjustment for potential 
confounders, the association between increased systolic BP and macrophages (OR 1.12, 
95% CI 1.04-1.21, p<0.01), the presence of lipid core ≥ 10% and ≥ 40% (OR 1.15, 95% CI 
1.05-1.25, p<0.01 and OR 1.13, 95% CI 1.03-1.23, p=0.01, for 10% and 40%, respectively), 
calcification (OR 1.11, 95% CI 1.01-1.22, p=0.03), IPH (OR 1.18, 95% CI 1.03-1.21, p=0.01) 
and number of microvessels (OR 0.04, 95% CI 0.00–0.08, p=0.03) remained statistically 
significant (Table 2). 
In addition, for diastolic BP (per 20 mmHg) univariate analysis showed that the presence 
of more macrophages (OR 1.36, 95% CI 1.17-1.58, p<0.01), a lipid core ≥10% and ≥40% 
(OR1.29, 95% CI 1.10-1.53, p<0.01 and OR 1.25,  95% CI 1.05-1.49, p=0.01 for 10% and 
40%, respectively) and IPH (OR 1.25, 95% CI 1.07-1.45, p<0.01) were associated. After 
adjustment for potential confounders, these vulnerable plaque characteristics retained a 
significant association with high diastolic BP (Table 2). 
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Iliofemoral cohort 
Replication of results in 657 iliofemoral patients showed similar trends in baseline 
characteristics and BP levels (Supplemental Tables V and VI).  Univariate and multivariable 
analyses revealed no significant associations between systolic BP levels and vulnerable 
plaque characteristics. Regarding diastolic BP, increased diastolic BP showed a strong 
association with the presence of IPH (OR 1.37, 95% CI 1.07-1.76, p=0.01) (Table 3). After 
adjustment for potential confounders, diastolic BP remained associated with IPH (OR 1.48, 
95% CI 1.14-1.93, p<0.01). Also, increased diastolic BP levels were positively correlated 
with an increased number of macrophages and the presence of a lipid core ≥10% (OR 1.78, 
95% CI 1.13–2.91, p=0.01 and OR 1.45, 95% CI 1.06-1.98, p=0.02, respectively) (Table 3).  

Secondary events
Three-year follow-up data of secondary composite CVE were available in 2029 patients of 
the total cohort of CEA (n=1448) and IFE (n=581). Secondary CVE within three years’ 
post-procedural occurred in 669 patients (370 CVE in CEA cohort and 299 CVE in IFE 
cohort). Secondary CVE analyses corrected for cardiovascular risk factors showed a 
gradually increased risk for the composite endpoint with systolic BP (adjusted HR per 
20mmHg increase 1.06, 95% CI 1.00-1.13), p=0.04, but not for diastolic BP (adjusted HR 
per 20 mmHg 1.05, 95% CI 0.93-1.17), p=0.43.

Figure 1. Flowchart of included patients in study
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Table 1. Patient characteristics CEA and IFE cohort

Patient characteristics CEA (n=1684) IFE (n=657) 
Systolic BP, mmHg, mean [SD] 155 [26] 148 [23]
Diastolic BP, mmHg, mean [SD] 82 [13] 78 [13]
Sex, male(%) 1153 (69) 484 (74)
Age, years, mean [SD] 69 [9] 67 [9]
BMI, mean [IQR] 26 [4] 26 [4]
Current smoker, n(%) 581 (35) 267 (41)
Alcohol use >10 units per week, n(%) 416 (25) 228 (35)
Diabetes Mellitus, n (%) 392 (23) 202 (31)
Renal function, eGFR in ml/min/1.73m2, median [IQR] 72 [27] 76 [27]
History of CAD, n(%) 519 (31) 286 (44)
Treated hypertension, n(%) 1297 (77) 553 (84)
PAOD, yes, n(%) 361 (21) -
Clinical presentation
   Asymptomatic, n(%) 223 (13) -
   Ocular, n(%) 268 (16) -
   TIA, n(%) 722 (43) -
   Stroke, n(%) 464 (28) -
Fontaine Classification
   Fontaine IIb - 308 (47)
   Fontaine III - 156 (24)
   Fontaine IV - 109 (17)
Stenosis ipsilateral
   50-70%, n(%) 118 (7) 51 (8)
   70-99, n(%) 1528 (91) 458 (70)
Stenosis contralateral
   0-49%, n(%) 834 (50) 98 (15)
   >50%, n(%) 696 (41) 167 (25)
Year of surgery 
   2002-2003, n(%) 248 (15) 39 (6)
   2004-2005, n(%) 355 (21) 124 (19)
   2006-2007, n(%) 285 (17) 121 (18)
   2008-2009, n(%) 195 (12) 114 (17)
   2010-2011, n(%) 314 (19) 164 (25)
   2012-2013, n(%) 211 (13) 95 (15)
   2014, n(%) 76 (4.5) -
Triglycerides in mg/dL, median [IQR) 1.5 [1.0] 1.7 [1.2]
Total cholesterol in mg/dL, median [IQR] 4.4 [1.7] 4.4 [1.5]
HDL in mg/dL, median [IQR] 1.1 [0.4] 1.1 [0.4]
LDL in mg/dL, median [IQR] 2.4 [1.3] 2.4 [1.2]
Statin use, yes n(%) 1295 (77) 493 (75)
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Patient characteristics CEA (n=1684) IFE (n=657) 
Antiplatelet use, n(%) 1491 (89) 548 (83)
Anti-coagulant use, n(%) 199 (12) 115 (18)
Diuretic use, n(%) 590 (35) 300 (46)
RAAS medication use, n(%) 854 (51) 417 (64)
Β-blocker use, n(%) 738 (44) 301 (46)

Stenosis ipsilateral and stenosis contralateral refer to either carotid artery or iliofemoral artery. Degree of stenosis 
of the carotid artery was determined by the NASCET criteria. Baseline characteristics stratified for systolic and 
diastolic hypertension of CEA-cohort and IFE-cohort are presented in Supplemental Data. CAD, coronary artery 
disease; PAOD, peripheral artery occlusive disease; SD, standard deviation; IQR, interquartile range.

Figure 2. Histologic panel of symptomatic and asymptomatic patients stratified for blood pressure.
(A) Symptomatic patient with high blood pressure. (A1) HE staining. (A2) CD68 staining. (A3) CD34 staining. 
(B) Symptomatic patient with normal blood pressure. (B1) HE staining. (B2) CD68 staining. (B3) CD34 
staining. (C) Asymptomatic patients with high blood pressure. (C1) HE staining. (C2) CD68 staining. (C3) 
CD34 staining. (D) Asymptomatic patient with normal blood pressure. (D1) HE staining. (D2) CD68 staining. 
(D3) CD34 staining.

Table 1. Continued
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Table 2. CEA plaque characteristics & systolic and diastolic BP 

Systolic BP (per 20 mmHg)
Semi-quantitative plaque 
characteristics

OR unadjusted 
[95% CI]

p-value 
univariate

OR adjusted 
[95% CI]

p-value
multivariable

Moderate/heavy calcification 1.10 [1.02-1.19] 0.01 1.11 [1.01-1.22] 0.03a

Moderate/heavy collagen 1.00 [0.91-1.10] 0.97 1.01 [0.92-1.11] 0.83b

Moderate/heavy SMC 1.00 [0.92-1.08] 0.90 0.95 [0.86-1.04] 0.26c

Moderate/heavy macrophages 1.10 [1.02-1.19] 0.01 1.12 [1.04-1.21] <0.01d

Presence of lipid core >10% 1.14 [1.05-1.25] <0.01 1.15 [1.05-1.25] <0.01e

Presence of lipid core >40% 1.12 [1.03-1.21] 0.01 1.13 [1.03-1.23] 0.01f

Presence of IPH 1.10 [1.02-1.19] 0.02 1.12 [1.03-1.21] 0.01g

Continuous plaque characteristics Beta unadjusted 
[95%CI]

p-value 
univariate

Beta adjusted
[95%CI]

p-value adjusted
[95%CI]

Mean number of micro vessels per 
hotspot 0.04 [0.01-0.07] 0.01 0.04 [0.00-0.08] 0.03h

Diastolic BP (per 20 mmHg)
Semi-quantitative plaque 
characteristics

OR unadjusted 
[95% CI]

p-value 
univariate

OR adjusted 
[95% CI]

p-value
multivariable

Moderate/heavy calcification 1.05 [0.91-1.21] 0.54 1.08 [0.90-1.28] 0.41i

Moderate/heavy collagen 0.88 [0.74-1.05] 0.14 0.91 [0.76-1.09] 0.32j

Moderate/heavy SMC 0.97 [0.83-1.13] 0.69 0.84 [0.69-1.01] 0.06k

Moderate/heavy macrophages 1.32 [1.14-1.52] <0.01 1.36 [1.17-1.58] <0.01l

Presence of lipid core >10% 1.30 [1.11-1.53] <0.01 1.29 [1.10-1.53] <0.01m

Presence of lipid core >40% 1.22 [1.04-1.44] 0.01 1.25 [1.05-1.49] 0.01n

Presence of IPH 1.22 [1.05-1.41] 0.01 1.25 [1.07-1.46] <0.01o

Continuous plaque characteristics Beta unadjusted 
[95%CI]

p-value 
univariate

Beta adjusted
[95%CI]

p-value adjusted
[95%CI]

Mean number of micro vessels per 
hotspot 0.04 [-0.02-0.11] 0.15 0.022 [-0.51-0.10] 0.55p

BP, blood pressure; SMC, smooth muscle cells; IPH, intraplaque hemorrhage; OR, odds ratio; CI, confidence 
interval. Bold values were considered statistically significant; p<0.05. 
a  corrected for age, eGFR, CAD, ipsilateral stenosis, clinical presentation, total cholesterol, gender, HDL.
b corrected for ipsilateral stenosis, statins, clinical presentation. 
c corrected for age, clinical presentation, total cholesterol, LDL, Gender, eGFR. 
d corrected for clinical presentation, statins, gender. 
e corrected for age, diabetes, CAD, statins, gender and clinical presentation. 
f corrected for age, ipsilateral stenosis, statins, gender, clinical presentation. 
g corrected for CAD, statins, gender, clinical presentation. 
h corrected for age, diabetes, ipsilateral stenosis, clinical presentation and triglycerides. 
I corrected for age, CAD, ipsilateral stenosis, clinical presentation, total cholesterol, PAOD. 
J corrected for ipsilateral stenosis, statins, clinical presentation, PAOD. 
k corrected for age, clinical presentation, total cholesterol, LDL. 
l corrected for clinical presentation, statins, anti-coagulant use. 
m corrected for age, diabetes, CAD, statins, clinical presentation. 
n corrected for age, ipsilateral stenosis, statins, PAOD, BMI, clinical presentation. 
o corrected for CAD, statins, BMI, clinical presentation. 
p corrected for age, diabetes, ipsilateral stenosis, clinical presentation, triglycerides, BMI.
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Table 3. Plaque characteristics of the iliofemoral cohort and systolic and diastolic BP 

Systolic BP (per 20 mmHg)
Semi-quantitative 
plaque characteristics

OR unadjusted 
[95% CI]

p-value 
univariate

OR adjusted 
[95% CI]

p-value
multivariable

Moderate/heavy calcification 1.01 [0.88-1.15] 0.92 1.00 [0.88-1.15] 0.95a

Moderate/heavy collagen 0.97 [0.81-1.16] 0.72 1.03 [0.86-1.24] 0.73b

Moderate/heavy SMC 0.95 [0.83-1.10] 0.52 1.00 [0.86-1.16] 0.99c

Moderate/heavy macrophages 0.97 [0.81-1.16] 0.75 1.03 [0.81-1.32] 0.79d

Presence of lipid core, >10 % 1.13 [0.97-1.33] 0.12 1.14 [0.97-1.34] 0.11e

Presence of lipid core, >40% 1.13 [0.74-1.71] 0.57 1.10 [0.74-1.36] 0.63f

Presence of IPH 1.05 [0.92-1.19] 0.48 1.21 [1.00-1.47] 0.05g

Continuous
plaque characteristics

Beta unadjusted 
[95% CI]

p-value 
univariate

Beta adjusted
[95% CI]

p-value adjusted
[95% CI]

Mean number of micro vessels per 
hotspot

-0.03 [-0.12-0.07] 0.61 0.39 [-0.23-0.09] -0.07h

Diastolic BP (per 20 mmHg)
Semi-quantitative plaque 
characteristics

OR unadjusted 
[95% CI]

p-value 
univariate

OR adjusted 
[95% CI]

p-value
multivariable

Moderate/heavy calcification 0.94 [0.73-1.20] 0.61 1.01 [0.78-1.30] 0.96i

Moderate/heavy collagen 0.94 [0.67-1.32] 0.72 0.90 [0.63-1.29] 0.57j

Moderate/heavy SMC 0.88 [0.67-1.17] 0.38 0.79 [0.59-1.05] 0.11k

Moderate/heavy macrophages 1.38 [0.98-1.93] 0.06 1.78 [1.13-2.91] 0.01l

Presence of lipid core>10% 1.30 [0.96-1.76] 0.09 1.45 [1.06-1.98] 0.02m

Presence of lipid core>40% 1.43 [0.65-3.13] 0.38 1.55 [0.71-3.42] 0.27n

Presence of IPH 1.37 [1.07-1.76] 0.01 1.48 [1.14-1.93] <0.01o

Continuous plaque characteristics Beta unadjusted 
[95%CI]

p-value 
univariate

Beta adjusted
[95%CI]

p-value adjusted
[95%CI]

Mean number of micro vessels per 
hotspot

0.02 [-0.16-0.20] 0.82 0.08 [-0.23-0.39] 0.60p

BP, blood pressure; SMC, smooth muscle cells; IPH, intraplaque hemorrhage; OR, odds ratio; CI, confidence 
interval. Bold values were considered statistically significant; p<0.05. 
a corrected for age, eGFR, smoking, CAD. 
b corrected for age, anti-coagulants use, CAD. 
c corrected for age, antiplatelet use, anti-coagulant use, smoking. 
d corrected for HDL, smoking, CAD. 
e corrected for age, smoking, antiplatelet.
f corrected for age, smoking, statins. 
g corrected for anti-coagulant use, amputation, CAD, triglycerides. 
h corrected for HDL, statins, smoking, triglycerides. 
I corrected for age, CAD. 
J corrected for age, anti-coagulant use, CAD. 
k corrected for age, anti-coagulant use. 
l corrected for HDL, LDL, CAD. 
m corrected for eGFR, age. 
n corrected for age, statins. 
o corrected for anti-coagulant use, amputation, CAD, eGFR. 
p corrected for HDL, LDL, eGFR, total cholesterol, statins. (supplemental Table 2)
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Discussion

The current study investigated the association between BP and carotid atherosclerotic 
plaque characteristics. Our results show that both increased systolic and diastolic BP levels 
were gradually associated with a more vulnerable plaque phenotype in patients with severe 
carotid artery stenosis undergoing CEA. Increased systolic BP and diastolic BP levels 
correlated with more macrophages, IPH and a larger lipid core. Similar trends were seen 
in the iliofemoral replication cohort as increased diastolic BP was associated with the 
presence of macrophages, IPH and a large lipid core.
Up to now, the relation between BP and carotid plaque characteristics has been unknown. 
Previous studies have mainly focused on carotid intima media thickness as determined by 
ultrasound. The only previous study that reported on histological carotid plaque 
characteristics in relation with BP was performed in a small asymptomatic hypertensive 
CEA cohort with specific patients that had a morning BP surge (defined as an increase of 
SBP ≥ 50 mmHg and/or DBP ≥22 mmHg in the early morning) versus those without. 
Patients with a morning BP surge showed more unstable plaques with more inflammation 
compared with those without a morning BP surge.20 In contradiction to this previous study, 
our two cohorts are large with mainly symptomatic patients that are both hypertensive and 
non-hypertensive. 
Although performed in a different study population and usage of different methods for 
plaque characterization, our results are in line with previous studies on the association of 
hypertension and coronary plaque characteristics. Increase in baseline BP was associated 
with coronary plaque atheroma (determined by intravascular ultrasound) which matches 
our association of high BP and a large lipid core in the carotid plaque. Intravascular 
ultrasound, however, does not allow detection of macrophages and IPH.

We replicated our findings in a cohort of patients undergoing IFE. Carotid and femoral 
plaques have been described to have different morphology.21 While carotid plaques show 
more atheromatous plaques with larger lipid cores and more macrophages and T-cells and 
with more metalloproteinase MMP-9 than the femoral plaques21–23, femoral plaques have 
more stable fibrocalcified lesions with a lower concentration of cholesterol and a higher 
concentration of calcium.21,22 Next to the vascular bed, this is probably due to the timing 
of surgery. In symptomatic patients undergoing carotid revascularization, treatment is 
performed preferably within the first two weeks after the index event. In contrast, in patients 
with intermittent claudication complaints surgery is often preceded by exercise training 
resulting in delayed iliofemoral surgery.24 Despite these intrinsic differences between carotid 
and femoral plaque morphology, we found that systolic and diastolic BP were in both 
cohorts associated with IPH, underlining the systemic importance of BP on IPH.
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IPH in coronary plaques has been described to contain glycophorin A and iron from 
erythrocytes.25 High levels of glycophorin A and iron have been associated with a large lipid 
core and high influx of macrophages suggesting that IPH represent a potent atherogenic 
stimulus.25 In our carotid plaques, IPH is increased with high BP together with an increased 
lipid core and macrophage accumulation that might point to IPH increase as a result of 
high BP. In accordance, IPH in carotid plaques was associated with accelerated plaque 
progression and increased lipid core.26

Leakage of plaque microvessel endothelium has been held responsible for IPH in advanced 
human coronary atherosclerosis.27 We only found an association of systolic BP and plaque 
microvessels in the CEA cohort and not in the iliofemoral cohort. One could hypothesize 
that increased BP could accelerate erythrocyte leakage from microvessels or cause rupture 
of these immature microvessels due to direct mechanic forces, both resulting in plaque 
instability with subsequent CVE. 

Next to the association of high BP with vulnerable plaque characteristics, we found that 
patients despite treatment have residual hypertension, with respectively 86% and 82% of 
CEA and IFE patients having a systolic BP ≥160 mmHg while treated with antihypertensive 
medication. This could be either due to non-compliance of medications or unclose 
monitoring of the BP lowering effect by physicians. Surprisingly, diabetes and coronary 
artery disease were more frequently reported in patients with systolic BP ≤160mmHg. This 
is probably induced by selection bias since patients with a history of diabetes or coronary 
artery disease will be subjected to more stringent secondary preventive strategies and 
therefore more often screened for hypertension and subsequently treated with 
antihypertensive medications. 
Residual hypertension in our cohorts together with the association of high BP with more 
macrophages, lipid core and IPH as markers of the rupture-prone plaque and IPH as plaque 
marker associated with CVE strongly indicates that intensive BP monitoring and intensive 
anti-hypertensive therapy is needed for these severely atherosclerotic patients.14,28 

Limitations
Some limitations should be addressed. First, BP measurements used in the current study 
are in-hospital preoperative measurements that were assessed on the nursing ward conform 
preoperative work-up. Stress-induced factors or white coat hypertension can influence 
these in-hospital BP measurements. To diminish the effect of these factors, the used BP 
measurements are the mean of three preoperative BP measurements measured on the ward 
on separate moments in time. These blood pressure measurements are conform BP 
measurements used in large clinical trials for management of arterial hypertension and 
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most feasible in clinical practice.29,30 Second, although we found in both carotid and 
iliofemoral cohort a correlation between vulnerable plaque characteristics and increased 
BP, no causal relation can be proven due to the observational study design. Future 
prospective trials should be addressed to investigate the causality of intensive BP treatment 
on atherosclerotic plaque characteristics. Third, as patients undergoing carotid artery 
stenting (CAS) were not included in these analyses, results cannot be extrapolated for 
CAS-patients. Finally, one out of five patients undergoing CEA have systolic BP inter-arm 
difference of >15 mmHg.31 Nurses and healthcare takers in our hospitals are instructed to 
measure BP of patients undergoing CEA bilaterally, in which the side of the highest BP will 
be used for future BP measurements. However, there is no data available whether the mean 
of BP is solely based on single BP measurements of the highest arm. This might have 
influenced our results.31,32

Conclusion 

In conclusion, increased systolic and diastolic BP levels are associated with more carotid 
plaque macrophages, lipid core and IPH in patients undergoing CEA. Replication in a 
separate iliofemoral cohort confirmed these associations. 
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Supplementary Materials

The following supplementary material is omitted due to space limitation and can be found 
at the journal website: 

-  Supplemental Table I. CEA-cohort: confounders used for correction per plaque 
characteristic.

-  Supplemental Table II. Iliofemoral-cohort: confounders used for correction per plaque 
characteristic.

- Supplemental Table IV. CEA-cohort: patient characteristics and diastolic BP.
- Supplemental Table VI. Iliofemoral-cohort: patient characteristics and diastolic BP.
- Supplemental Table VII. CEA-cohort: plaque distribution.
- Supplemental Table VIII. Iliofemoral-cohort: plaque distribution.
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Supplemental Table III. Patient characteristics CEA-cohort and systolic BP 

Patient characteristics Systolic BP <160 
(n=976)

Systolic BP ≥160 
(n=708)

p-value

Systolic BP, mmHg, mean [SD] 137[14] 179[18] <0.01

Diastolic BP, mmHg, mean [SD] 76[11] 90[12] <0.01

Sex, male, n(%) 683(70) 470(66) 0.12

Age, years, mean [SD] 68[9.5] 70[8.8] <0.01

BMI, mean [IQR] [26;5] [26;4] 0.29

Current smoker, n(%) 340(35) 241(35) 0.78

Alcohol use >10 units per week, n(%) 232 (23.8) 184 (26.1) 0.29

Diabetes Mellitus type II, n(%) 254(26) 143(20) 0.01

Renal function, eGFR in ml/min/1.73m2, 
median [IQR]

74[25] 70[26] 0.04

History of CAD, n(%) 321(33) 198(28) 0.03

Treated hypertension, n(%) 734(75) 563(80) 0.03

PAOD, yes, n(%) 219(22) 142(20) 0.25

Clinical presentation 0.08

   Asymptomatic, n(%) 138(14) 85(12)

   Ocular, n(%) 146(15) 122(17)

   TIA, n(%) 402(41) 320(45)

   Stroke, n(%) 285(29) 178(25)

Stenosis ipsilateral 0.02

   50-70%, n(%) 78(8) 40(6)

   70-99, n(%) 873(91) 655(94)

Contralateral stenosis >50%, n(%) 405(46) 291(45) 0.91

Year of surgery, n(%) <0.01

   2002-2003 117(12) 131(19)

   2004-2005 195(20) 160(23)

   2006-2007 161(17) 124(18)

   2008-2009 104(11) 91(13)

   2010-2011 198(20) 116(16)

   2012-2013 145(15) 66(9)

   2014-2015 56(6) 20(3)

Triglycerides in mg/dL, median[IQR) 1.4[1.0] 1.5[0.9] 0.15

Total cholesterol in mg/dL, median[IQR] 4.2[1.6] 4.4[1.8] <0.01

HDL in mg/dL, median[IQR] 1.1[0.4] 1.1[0.4] 0.12

LDL in mg/dL, median [IQR] 2.3[1.3] 2.4[1.4] 0.08

Statin use, yes, n(%) 772(79) 523(74) 0.02

Antiplatelet use, n(%) 869(89) 622(88) 0.47
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Patient characteristics Systolic BP <160 
(n=976)

Systolic BP ≥160 
(n=708)

p-value

Anti-coagulant use, n(%) 110(11) 89(13) 0.40

Diuretic use, n(%) 341(35) 249(35) 0.89

RAAS medication use, n(%) 479(49) 375(53) 0.10

Β-blocker use, n(%) 430(44) 308(44) 0.86

Continue variables are analyzed with help of independent t-test, categorical variables with chi-square test or fishers 
exact test. Lipids were first log transformed and analyzed with t-test. Bold values were considered statistically 
significant; p<0.05. Degree of stenosis was determined by the NASCET criteria. CAD, coronary artery disease; 
PAOD, peripheral artery occlusive disease; SD, standard deviation; IQR, interquartile range.

Supplemental Table III. Continued

Supplemental Table V. Patient characteristics iliofemoral-cohort and systolic BP 

Patient characteristics Systolic BP <160 
(n=453)

Systolic BP ≥160 
(n=204)

p-value

Systolic BP, mmHg, mean [SD] 135.7 [14.4] 175.8 [13.7] <0.01

Diastolic BP, mmHg, mean [SD] 74.7 [12.0] 84.3 [12.2] <0.01

Sex, male, n(%) 337 (74.4) 147 (72.1) 0.53

Age, years, mean [SD] 66.1 [9.4] 69.6 [8.9] <0.01

BMI, mean [SD] 26.1 [3.9] 25.9 [3.7] 0.66

Current smoker, n(%) 193 (43.1) 74 (36.6) 0.12

Alcohol use >10 units per week, n(%) 161 (35.6) 67 (32.8) 0.49

Diabetes Mellitus type II, n(%) 144 (31.8) 58 (28.4) 0.39

Renal function, eGFR in ml/min/1.73m2, 
median [IQR]

75.2 [33.3]  77.0 [33.2] 0.52

History of CAD, n(%) 206 (45.5) 80 (39.2) 0.13

Treated hypertension, n(%)  377 (83.2) 176 (86.3) 0.32

Fontaine Classification, n(%) 0.52

   Fontaine IIb 206 (52.3) 102 (57.0)

   Fontaine III 109 (27.7) 47 (26.3)

   Fontaine IV 79 (20.1) 30 (16.8)

Stenosis contralateral >50%, n(%) 114 (62.6) 53 (63.9) 0.85

Operated Artery , n(%) 0.96

   Femoral 407 (89.9) 183 (89.7)

   Iliac 46 (10.2) 21 (10.3)

Operation Type, n(%) 0.90

   REA 106 (25.3) 49 (25.8)

   TEA 313 (74.7) 141 (74.2)
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Patient characteristics Systolic BP <160 
(n=453)

Systolic BP ≥160 
(n=204)

p-value

Previous peripheral intervention, n(%) 222 (49.1) 102 (50.2) 0.79

Previous amputation 24 (5.5) 4 (2) 0.06

Year of surgery 0.09

   2002-2003 24 (5.3) 15 (7.4)

   2004-2005 75 (16.6) 49 (24.0)

   2006-2007 92 (20.3) 29 (14.2)

   2008-2009 78 (17.0) 36 (17.6)

   2010-2011 120 (26.5) 44 (21.6)

   2012-2013 64 (14.1) 31 (15.2)

Triglycerides in mg/dL, median [IQR] 1.8 [1.2] 1.6 [1.2] 0.13

Total cholesterol in mg/dL, median [IQR] 4.4 [1.5] 4.4 [1.5] 0.43

HDL in mg/dL, median [IQR] 1.0 [0.4] 1.2 [0.4] <0.01

LDL in mg/dL, median [IQR] 2.4 [1.1] 2.3 [1.3] 0.78

Statin use, yes, n(%) 347 (76.6) 146 (71.6) 0.17

Antiplatelet use, n(%) 369 (81.6) 179 (87.7) 0.05

Anti-coagulant use, n(%) 92 (20.3) 23 (11.3) <0.01

Diuretic use, n(%) 213 (47.0) 87 (42.6) 0.30

RAAS medication use, n(%) 283 (62.5) 134 (65.7) 0.43

Β-blocker use, n(%) 205 (45.3) 96 (47.1) 0.67

Continue variables are analyzed with help of independent t-test, categorical variables with chi-square test or fishers 
exact test. Lipids were first log transformed and analyzed with t-test. Bold values were considered statistically 
significant; p<0.05. CAD, coronary artery disease; PAOD, peripheral artery occlusive disease; SD, standard 
deviation; IQR, interquartile range.

Supplemental Table V. Continued
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Abstract 

Background and aims
Family history (FHx) of cardiovascular disease (CVD) is a risk factor for CVD and a proxy 
for cardiovascular heritability. Polygenic risk scores (PRS) summarizing >1 million variants 
for coronary artery disease (CAD) are associated with incident and recurrent CAD events. 
However, little is known about the influence of FHx or PRS on secondary cardiovascular 
events (sCVE) in patients undergoing carotid endarterectomy (CEA).

Methods
We included 1,788 CEA patients from the Athero-Express Biobank. A weighted PRS for 
CAD including 1.7 million variants was calculated (MetaGRS). The composite endpoint 
of sCVE during three years follow-up included coronary, cerebrovascular and peripheral 
events and cardiovascular death. We assessed the impact of FHx and MetaGRS on sCVE 
and carotid plaque composition. 

Results
Positive FHx was associated with a higher 3-year risk of sCVE independent of cardiovascular 
risk factors and MetaGRS (adjusted HR 1.40, 95%CI 1.07-1.82, p=0.013). Patients in the 
highest MetaGRS quintile had a higher 3-year risk of sCVE compared to the rest of the 
cohort independent of cardiovascular risk factors including FHx (adjusted HR 1.35, 95%CI 
1.01-1.79, p=0.043), and their atherosclerotic plaques contained more fat (adjusted OR 
1.59, 95%CI, 1.11-2.29, p=0.013) and more macrophages (OR 1.49, 95%CI 1.12-1.99, 
p=0.006).

Conclusions
In CEA patients, both positive FHx and higher MetaGRS were independently associated 
with increased risk of sCVE. Moreover, higher MetaGRS was associated with vulnerable 
plaque characteristics. Future studies should unravel underlying mechanisms and focus on 
the added value of PRS and FHx in individual risk prediction for sCVE.
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Summarizing illustration
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Introduction

Family history of cardiovascular disease (FHx) is a major risk factor for primary 
cardiovascular disease (CVD) and serves as a surrogate for genetic predisposition.1,2 Risk 
prediction for secondary cardiovascular events remains challenging as traditional risk 
factors have limited discriminative performance.3 The main underlying mechanism of CVD 
is atherosclerosis, and atherosclerotic plaque composition, exemplified by intraplaque 
hemorrhage (IPH), have been associated with adverse secondary cardiovascular events 
(sCVE).4 Yet, the relevance of FHx for secondary outcome of cardiovascular events is still 
unclear.5–9 
Large-scale genome-wide association studies (GWAS) have identified hundreds of common 
genetic variants (single-nucleotide polymorphisms or SNPs) robustly associated with 
coronary artery disease (CAD)10–14 and ischemic stroke15–17 predisposition, albeit with small 
individual effects. Exact pathobiological mechanisms leading to cardiovascular symptoms 
are still poorly understood, but CAD- and ischemic stroke genetic variants were previously 
associated to atherosclerotic plaque composition.18 

Polygenic risk scores (PRS) summarize the small individual genetic effects into a quantitative 
measure of genetic disease susceptibility. CAD-PRS were strongly correlated with prevalent 
and incident CAD independent of traditional risk factors including family history in the 
UK Biobank population.19,20 For example, individuals with higher scores of the MetaGRS 
(a PRS for CAD including 1.7 million SNPs) were at 1.7-4.2 fold higher risk for a first 
coronary event compared to individuals with lower MetaGRS scores. Two recent studies 
in CAD-patients showed that CAD-PRS was also associated with an increased risk of 
recurrent CAD-events.21,22 However, no studies have investigated this relation in patients 
undergoing carotid endarterectomy (CEA), nor its impact on plaque composition. 
Therefore, we aimed to investigate the association between MetaGRS and sCVE in patients 
undergoing CEA and explore possible underlying pathophysiological mechanisms by 
studying the impact of MetaGRS on carotid histological plaque characteristics. Given that 
FHx is used in clinical practice as a derivative of genetic background, we also examined 
the association between FHx, sCVE and plaque characteristics.

Methods

Athero-Express Biobank
All patients in this study were included in the Athero-Express Biobank (www.atheroexpress.
nl), a prospective cohort study that included consecutive patients with severe carotid artery 
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stenosis undergoing CEA in two large tertiary referral hospitals in The Netherlands, the 
University Medical Center Utrecht (inclusion is ongoing) and the St. Antonius Hospital 
Nieuwegein (inclusion until 2014).23 The study design has been published before.23 In short, 
patient characteristics, such as demographics, cardiovascular risk factors including medical 
history, medication use, and FHx for cardiovascular disease, were obtained through 
standardized questionnaires and checked in electronic health records. Preoperative blood 
samples were drawn. The atherosclerotic plaque obtained during surgery was collected and 
immunohistochemically analyzed for plaque characteristics. Patients were followed up for 
three years after surgery for the occurrence of secondary cardiovascular events through 
standardized questionnaires and by checking electronic health records. General practitioners 
were consulted in case of no response to questionnaires or in order to obtain further 
information regarding reported cardiovascular events. Patients operated for restenosis (6% 
of 2,044 eligible patients for this study) were excluded because these differ in future 
cardiovascular event risk.24 Thus for the current study, a total of 1,788 patients operated 
from March 2002 until July 2016 had available 3-year follow-up data and FHx data, and 
were included for analysis. Of these, 1,551/1,788 (87%) patients had available histological 
carotid plaque data. A total of 1,319/1,788 (74%) patients had available genotype data of 
whom 1,301 (98%) also had histological carotid plaque data. This study was performed 
according to the Declaration of Helsinki and was approved by the local ethics committee 
of both hospitals. Patients provided written informed consent before study participation.

Definitions
A positive FHx was defined as having a first-degree relative (either a parent or sibling) with 
onset of cardiovascular disease (myocardial infarction (MI), coronary artery stenosis, stroke, 
abdominal aortic aneurysm (AAA), or cardiovascular death including sudden death) before 
the age of 60 years. The primary outcome of this study was defined as a composite secondary 
cardiovascular event (sCVE) within three years of follow-up including fatal or non-fatal 
MI, fatal or non-fatal stroke, ruptured AAA, fatal cardiac failure, coronary or peripheral 
interventions (either percutaneous or bypass surgery), leg amputation due to cardiovascular 
causes and cardiovascular death. Secondary outcomes were histological atherosclerotic 
carotid plaque characteristics. 

Genotyping
Methods for genotyping, quality control and imputation in the Athero-Express biobank 
have been published elsewhere 25,26. Briefly, DNA was extracted from EDTA whole blood 
samples or if not present from atherosclerotic plaque tissue according to validated protocols. 
Genotyping was performed with two commercially available chips: the first batch by 
Affymetrix Genome-Wide Human SNP array 5.0 (previously used in the Athero-Express 
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Genomics Study 1 (AEGS1), covering samples obtained in 2002-2007) and the second batch 
by Affymetrix Axiom GW CEU 1 array (previously used in Athero-Express Genomics 
Study 2 (AEGS2), covering samples obtained in 2002-2013). Procedures for data quality 
control and data cleaning were in accordance with global standards.27 After genotype calling 
according to Affymetrix’ specification, data was filtered on 1) individual call rate > 97%, 
2) genotype call rate > 97%, 3) minor allele frequencies >3%, 4) average heterozygosity rate 
± 3.0 standard deviations, 5) relatedness (pi-hat > 0.20), 6) Hardy–Weinberg Equilibrium 
p <1.0×10−6), and 7) population stratification (based on HapMap 2, release 22, b36) by 
excluding samples deviating more than 6 standard deviations from the average in 5 iterations 
during principal component analysis and by visual inspection.25 
After pre-phasing using SHAPEIT2 v2.644, a combined dataset of 1000 Genome (phase 3, 
version 5) and The Genome of the Netherlands Project release 5 was used as a reference 
for imputation with IMPUTE2 v2.3.0 to impute missing genotypes for 88,784,475 variants.28 

Polygenic risk score (MetaGRS)
To estimate the polygenic cardiovascular disease susceptibility for included patients in our 
cohort, we used the previously published polygenic risk score for CAD (MetaGRS).19 Its 
construction was described elsewhere.19 Briefly, the MetaGRS comprises 1,745,179 genetic 
variants with a minor allele frequency (MAF) >0.1% associated with CAD and was 
constructed through meta-analysis of three genomic risk scores: GRS46K (comprising 
46,000 cardiometabolic genetic variants), FDR202 (including 202 genetic variants associated 
with CAD at false discovery rate p<0.05 in the recent GWAS CARDIoGRAMplusC4D), 
and the 1000Genomes genetic score also created with CARDIoGRAMplusC4D. The 
MetaGRS was internally and externally validated for the primary risk of prevalent and 
incident CAD in the UK Biobank.19 
We matched the 1.7 million variants from the MetaGRS to 1,742,593 variants in our data 
(2,586 variants were not present in our data). Given that the median imputation quality 
was high (INFO = 0.978 [IQR 0.945-0.991]), and the variants included in the MetaGRS 
have MAF >0.1% as described in the supplemental material of the original publication, we 
did not further filter on imputation quality. Moreover, since we used the imputed genotype 
probabilities to calculate the MetaGRS, rather than the hard-coded genotypes, bias arising 
from imputation error, i.e. low imputation quality, will only reduce predictive accuracy. 
Thus, we calculated the MetaGRS for each included patient in this study using PRSice-2.29 
We standardized the MetaGRS to mean-zero and unit-variance for each genotyping batch 
separately, i.e. AEGS1 and AEGS2, respectively.
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Sample handling
After CEA, the atherosclerotic plaque was directly processed in the laboratory following 
standardized protocols.4,23,30,31 The plaque was cut in cross-sectional segments of 5mm. The 
segment with largest plaque burden was chosen as the culprit lesion and 
immunohistochemically analyzed for macrophages, smooth muscle cells (SMC), lipid core, 
calcification, collagen, intraplaque hemorrhage (IPH) and microvessel content. Extensive 
description of the standardized protocol for atherosclerotic plaque processing and analysis 
of plaque characteristics has been previously reported and is added to the Online 
Supplemental. 4,23,30,31 To assess the overall vulnerability of the atherosclerotic plaque, a 
vulnerability score was created ranging from 0-5 with 1 point for plaque characteristics 
that are considered hallmarks of a vulnerable plaque (moderate/heavy macrophages, no/
minor collagen, no/minor SMC, lipid core>10% and presence of IPH), based on a previous 
publication.32

Statistical analysis
Baseline characteristics were compared between patient groups (FHx and MetaGRS) by 
chi-square test for categorical variables and Student’s t-test for continuous variables (lipid 
levels were log-transformed). We analyzed the association between FHx and MetaGRS and 
sCVE by Cox-proportional hazard regression models and the associations with plaque 
characteristics through logistic or linear regression models. To fully unravel the genetic 
association, the association of MetaGRS with sCVE and plaque characteristics was analyzed 
in three ways: (1) MetaGRS as a continuous quantification of genetic CAD susceptibility 
(2) patients in the top 20% of the MetaGRS distribution compared to the remaining 80%, 
and (3) patients in the top 20% of the MetaGRS distribution compared to those in the 
bottom 20% of the distribution. Kaplan-Meier curves were constructed to graphically 
illustrate univariate associations. Confounders for multivariable analyses were selected 
based on literature19,32,33 (for sCVE these were age, sex, diabetes, BMI, smoking and 
hypercholesterolemia and for plaque characteristics these were age, sex, surgery year and 
type of cerebrovascular symptoms). Additional confounders were added when showing an 
association of p<0.20 with the determinant (FHx or MetaGRS) and outcome of interest 
(sCVE or plaque characteristics). For MetaGRS models genotype array and principal 
components 1-4 were also added. Full model description is displayed in the Supplemental 
Tables S1 and S2. Because a previous study in our biobank showed that IPH is associated 
with sCVE4, IPH was added to multivariable models of FHx, MetaGRS and sCVE to explore 
whether IPH could be one possible underlying mechanism. Sex-stratified analyses were 
performed to unravel sex-dependent differences in associations. Values with p<0.05 were 
considered statistically significant. All analyses were performed in IBM SPSS Statistics 
version 25.0. 
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Results

Patient selection from the Athero-Express Biobank and characteristics of the study 
population are displayed in Figure 1 and Table 1. Patients had a mean age 69 years and 70% 
were men. The cohort represented a typically severe atherosclerotic cohort with high 
prevalence of traditional risk factors and atherosclerotic manifestations in other vascular 
beds (coronary or peripheral arteries, respectively 30% and 20%). Baseline characteristics 
were similar between the total cohort with FHx data and the sub-cohort with genotyped 
data (Table 1).

Patients with positive FHx have a higher risk of sCVE
Patients with a positive FHx (744/1,788, 41.6%) were younger and had on average more 
cardiovascular risk factors (Table 1). During a median follow-up of 2.9 years, 418 patients 
(23.4%) reached the composite endpoint of sCVE (Figure 2A) of whom 105 (5.9%) had 
stroke or fatal stroke, 119 (6.7%) had MI or fatal MI, 29 (1.6%) had cardiovascular death 
due to other causes (fatal cardiac failure, AAA rupture or sudden death) and 165 (9.2%) 
had a peripheral intervention or leg amputation. 

Figure 1. Flowchart
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Patients with positive FHx had an increased risk of sCVE compared to those without 
(absolute 3-year risks of 26.5% versus 21.2% respectively, hazard ratio (HR) 1.292, 95% 
confidence interval (CI), 1.066-1.566, p=0.009 (Figure 2A, Figure 3; Supplemental Table S3). 
This association remained significant after correction for confounders with adjusted HR 
1.287, 95% CI 1.033-1.604, p=0.024 (Figure 3; Supplemental Table S3) and was independent 
of genetic predisposition as measured by MetaGRS (adjusted HR 1.397, 95% CI 1.074-1.819, 
p=0.013, Figure 3; Supplemental Table S3). Sex-stratified analyses confirmed results in men 
(with adjusted HR after correction for confounders of 1.380, 95% CI 1.068-1.783, p=0.014; 
adjusted HR after correction for confounders including MetaGRS was 1.513, 95% CI 1.115-
2.052, p=0.008). However, in women the univariate association between FHx and sCVE was 
not significant (unadjusted HR 1.187, 95% CI 0.822-1.171, p=0.360) but multivariable 
analyses could not be performed because of limited power (Supplemental Table S3).

Patients with higher MetaGRS have a higher risk of sCVE
The MetaGRS, standardized to mean-zero and unit-variance, approximated a normal 
distribution in the study population (Supplemental Figure S1). Patients in the top 20% of 
MetaGRS were relatively more often females, younger of age and had less often diabetes 
compared to the remaining 80% of the cohort (Table 1). Also, high genetic risk patients 
(highest quintile of MetaGRS) had higher LDL cholesterol levels compared to low genetic 
risk patients (lowest quintile of MetaGRS), see Supplemental Table S4. In the 3-year follow-
up, a total of 326/1319 (24.7%) patients reached the composite endpoint of sCVE of whom 
96 (7.3%) had stroke or fatal stroke, 85 (6.4%) had MI or fatal MI, 21 (1.6%) died of other 
cardiovascular causes (fatal cardiac failure, AAA rupture or sudden death) and 124 (9.4%) 
had a peripheral intervention or leg amputation. 
Patients in the top 20% of MetaGRS had 1.4-fold increased risk of developing sCVE within 
the three years of follow-up when compared to the remaining 80% of the cohort (Figure 
2B, absolute 3-year risks of 29.5% versus 23.5% respectively, HR 1.353, 95% CI 1.047-1.749, 
p=0.021). After adjustment for possible confounders including FHx this association 
remained statistically significant (HR for top 20% 1.345, 95% CI 1.009-1.792, p=0.043). We 
found similar results when we compared patients in top 20% to the bottom 20% of MetaGRS 
(in univariate analysis with HR 1.539, 95% CI 1.086-2.181, p=0.015 (Figure 2C) and for 
multivariable analysis adjusted HR including FHx 1.583, 95% CI, 1.066-2.351, p=0.023), 
and when analyzing MetaGRS as a continuous quantity (adjusted for confounders with HR 
1.150 per one SD increase in MetaGRS, 95% CI 1.022-1.293, p=0.021, adjusted HR including 
FHx 1.112 per one SD increase in MetaGRS, 95% CI, 0.983-1.259, p=0.091). Results are 
illustrated in Figures 2B+C and 3 and displayed in Supplemental Table S3. Confounders 
added to multivariable models are displayed in Supplemental Tables S1 and S2. Similar 
results were found in men (adjusted for confounders including FHx showed a HR 1.219 
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Figures 2A-C. Kaplan-Meier graphs for 3-year risk of secondary CVE after CEA
The cumulative event-free survival from sCVE in years is displayed for (2A) Patients with positive FHx compared 
to those without, (2B) Patients in the top 20% of MetaGRS compared to the rest of the patients (remaining 80%), 
(2C)Patients in the top 20% of MetaGRS compared to those in the bottom 20% of MetaGRS. Vertical lines 
indicate censoring. 

Figure 2A. Patients with positive FHx compared to those without

Figure 2B. Patients in the top 20% of MetaGRS compared to the rest of the patients (remaining 80%)
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per one SD increase in MetaGRS, 95% CI 1.056-1.408, p=0.006, Supplemental Table S3). 
In women univariate analyses showed no significant associations between MetaGRS and 
sCVE (HR 0.916 per one SD increase in MetaGRS, 95% CI 0.743-1.129, p=0.413), yet 
multivariable analysis was not possible due to lack of power (Supplemental Table S3). 

Figure 2C. Patients in the top 20% of MetaGRS compared to those in the bottom 20% of MetaGRS
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MetaGRS is associated with vulnerable carotid plaque characteristics 
To unravel possible underlying pathophysiological mechanisms of the associations between 
MetaGRS, FHx and CVD, we explored the impact of FHx and the MetaGRS on 
atherosclerotic plaque characteristics. We found no associations between histological plaque 
characteristics and FHx in the total cohort or in women although not all multivariable 
analyses could be performed (Supplemental Table S5 and S6). However carotid plaques 
from men with a positive FHx contained less collagen and less SMC content compared to 
men with negative FHx (Supplemental table S6). MetaGRS was associated with significantly 
higher overall plaque vulnerability score (regression coefficient β of 0.198 for top 20% of 
MetaGRS compared to the rest, 95% CI, 0.003-0.364, p=0.004, Table 2). To determine the 
plaque characteristics on which this association was based, plaque characteristics were 
analyzed separately. High genetic risk patients (in top 20% of MetaGRS) more frequently 
had a lipid core>10% of total plaque area (adjusted odds ratio (OR), 1.591, 95% CI 1.105-
2.291, p=0.013) and more macrophage infiltration (adjusted OR 1.490, 95% CI 1.118-1.986, 
p=0.006) compared to patients with MetaGRS in the remaining 80% (Table 2). For a lipid 
core>10%, we found the same association when comparing the top 20% with the bottom 
20% of the MetaGRS (adjusted HR 1.887, 95% CI, 1.188-2.997, p=0.007, Supplemental 
Table S7). Analyses of MetaGRS as a continuous quantity confirmed the association with 
lipid core>10% (adjusted OR 1.171 per SD increase in MetaGRS, 95% CI 1.026-1.337, 
p=0.019, Supplemental Table S8). Sex-stratified analyses revealed a significant association 
of MetaGRS with macrophages in women (adjusted OR per SD increase in MetaGRS 1.238, 
95% CI, 1.007-1.521, p=0.043) whereas a significant association of MetaGRS with IPH was 
found in men (adjusted OR per SD increase 1.220, 95% CI 1.050-1.418, p=0.010, 
Supplemental Table S9). 
Because IPH has been associated with increased risk of sCVE4, we added IPH to the 
multivariable models of FHx, MetaGRS and sCVE to unravel whether the association 
between FHx, MetaGRS and sCVE could be explained by IPH. We found that all associations 
of FHx and MetaGRS were independent of IPH given that adding IPH to multivariable 
models of sCVE did not alter the effect sizes (Supplemental Table S3). 
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Discussion

We validated the polygenic risk score for CAD (MetaGRS) for sCVE in a severe 
atherosclerotic cohort of carotid artery stenosis patients undergoing CEA. We report two 
key findings. First, in CEA patients FHx and MetaGRS were both independently associated 
with an increased risk of sCVE. Second, high MetaGRS was associated with more vulnerable 
atherosclerotic plaque characteristics suggesting possible underlying pathobiological 
mechanisms through which genetic variants could affect CVD. 

Figure 3. Cox-regression analyses of FHx and MetaGRs for sCVE after CEA
Hazard ratio’s (HR) and 95% confidence intervals (95% CI) for the different univariate and multivariable Cox-
regression models of FHx or MetaGRS for sCVE. The HR for MetaGRS as a continuous quantity indicates the 
HR per one SD increase in MetaGRS.
UV, univariate model. The univariate model for MetaGRS included age, sex, PC1-4 and genotype array.
MV, multivariable model. 
The multivariable model for FHx was corrected for traditional risk factors (age, sex, hypercholesterolemia, 
diabetes, hypertension, BMI and smoking) and additional confounders (history of CAD, history of PAD, 
cerebrovascular symptoms and eGFR).
The univariate model for MetaGRS included age, sex, PC1-4 and genotype array. For multivariable analyses of 
MetaGRS traditional risk factors (hypercholesterolemia, diabetes, hypertension, BMI and smoking) were added.
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Although positive FHx is a well-known risk factor for primary CVE1,2, previous studies 
assessing FHx and secondary outcome are inconsistent.5,7–9,34 In patients with first-MI7,8,34, 
studies have reported a protective effect of FHx on all-cause mortality, whereas others 
showed an increased risk of CVE.5,9 One can assume that patients with positive FHx are 
identified earlier as at-risk individuals through screening programs resulting in more 
intensive surveillance and preventive strategies leading to the benefit in overall survival.7 
Indeed, in our cohort patients with positive FHx were also younger at timing of CEA. Of 
note, it is known that the sensitivity of self-reported FHx can be low (50%-70%) and might 
therefore be an unreliable estimate.35 

Our results are in line with two recent studies in CAD-patients that showed that high PRS 
was associated with an elevated risk of recurrent CAD-events, of which one study used the 
MetaGRS.21,22 We now validate that MetaGRS is associated with an increased risk of sCVE 
in a different population consisting of CEA patients with high prevalence of other CVD 
comorbidities either in coronary or peripheral vascular beds. Our results therefore 
underscore the concept of atherosclerosis as a complex and systemic disease underlying 
CVD. Indeed, a 300-SNP-CAD-GRS has been previously associated with the development 
of stroke, peripheral artery disease (PAD) and AAA indicating shared genetic roots.36 
Furthermore, we provide mechanistic insights by showing associations of MetaGRS with 
plaque characteristics (lipid core and macrophages content) indicative of an unstable plaque 
morphology. 

Interestingly, the association of MetaGRS as continuous quantity became insignificant after 
addition of FHx but remained significant when the highest quintile of MetaGRS was 
compared with the remaining patients. Although one could argue that such cut-off limits 
may be arbitrary, it rather indicates that the effect of PRS on sCVE is not linear but either 
exponential. Indeed, the exponential relationship between PRS and CVD-risk has already 
been shown for primary CAD-event risk. 20

 
Previous studies have demonstrated that PRS was associated with first- and recurrent CAD-
events independent from FHx.19–21,37,38 We now show that FHx is associated with increased 
risk of sCVE independent from MetaGRS. Several reasons could be hypothesized for the 
non-overlapping associations. MetaGRS includes common genetic variants associated with 
an increased risk for CAD in the general population, whilst CVD in families may arise in 
part from more rare genetic mutational events, and thus a positive FHx captures individual 
yet family specific rare variation. Another explanation could be that FHx reflects not only 
genetic factors but also non-genetic factors. Although we corrected for traditional risk 
factors, other environmental factors that were not taken into account such as social economic 
status or nutrition patterns could still be attributable to the risk of secondary events.
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We found that MetaGRS was associated with a more rupture-prone atherosclerotic plaque 
displayed by a higher plaque vulnerability score caused by more fat, IPH (in men) and 
macrophages (predominantly in women). Moreover, carotid plaques from men with positive 
FHx were associated with less SMC and less collagen, whereas the association in women 
remains unclear. Similarly, a previous AE study showed, that PRSs constructed based on 
summary statistics from a GWAS on CAD using increasingly liberal p-value thresholds 
were correlated with more fat, whereas large-artery stroke-PRSs were correlated with more 
IPH and SMC.18 However, the current MetaGRS is the result of a meta-analytic approach 
to identify 1.7 million variants capturing information from the full genome for CAD and 
was internally and externally validated making the MetaGRS more generalizable.19,22 Thus, 
the results presented here provide more evidence supporting the view that genetic variants 
could mediate their effect on CVD by influencing atherosclerotic plaque composition and 
morphology. Interestingly, IPH has been associated with sCVE in men independent of 
other clinical risk factors in our biobank 4,39, yet we found that the associations of MetaGRS, 
FHx and sCVE were independent of IPH. It therefore remains unclear what the exact 
underlying mechanism is through which MetaGRS and FHx exert their increased sCVE 
risk. A previous study investigating a 50-CAD-SNP-GRS and positive FHx found that only 
small proportions (<8%) of the effects were mediated through known metabolic pathways 
such as blood lipids and hypertension whereas the majority (>80%) was not.40 Although 
CAD-variants have been linked to pathways involved in atherosclerosis13, most CAD-
variants are situated outside protein-coding regions with unknown functions making them 
hard to map to pathophysiological mechanisms.13,41 Future studies should explore exact 
pathophysiological mechanisms how the genetic variants of MetaGRS influence plaque 
destabilization and CVE, for example through deep-phenotyping of atherosclerotic plaque 
characteristics by quantitative computerized analysis42 and mapping MetaGRS loci to 
specific CVE (MI, stroke or PAD). Also, potential sex-differences should be investigated.
Although PRS could identify high-risk patients for CVE, one could conclude that due to 
their unfavorable genetic risk the CVE-risk is unchangeable. However, previous studies 
have suggested that high genetic risk is modifiable by lifestyle interventions or medication, 
thus not deterministic per se.21,43 Among individuals with high genetic risk (top 20% of 
CAD-GRS), those adhering to a healthy lifestyle had lower risk of a first CAD-event 
compared to those with an unfavorable lifestyle.43 Moreover, post-hoc analyses of secondary 
prevention trials investigating statins37,44 and PCSK-9 inhibitor21 showed that high genetic 
risk patients had a greater absolute and relative risk reduction of recurrent CAD-events 
than those with lower genetic risk, despite equal LDL-level reductions. Prospective studies 
and implementation studies are needed to confirm PRS as a useful tool to predict the benefit 
of preventive medications and for selecting those patients that benefit most from such 
add-on therapies.
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Admittedly, our study has several limitations. First, although our results may suggest 
interesting sex-differences as we only observed the independent association of MetaGRS 
and FHx for sCVE in men, the association in women remains unclear because we were 
underpowered for multivariable analysis. Second, we did not have data regarding medication 
use during follow-up nor therapy compliance which could have interfered with observed 
sCVE rates. Second, owing to limited power we were unable to assess associations with 
separate CVE or determine the predictive value of MetaGRS above clinical risk factors. 
Last, most included patients are of European ancestries and generalizability to other 
ethnicities needs further attention. Yet, the Athero-Express Biobank is unique in its scope 
and major strengths are the unique population that is relatively unexplored in the field of 
FHx and PRS, and the extensive data on plaque morphology that enable us to identify 
putative pathological mechanisms.

In the future, PRS may be a useful tool for personalized risk prediction for primary or 
secondary CVE. Adding MetaGRS to a model with traditional risk factors improved 
prediction of first CAD-events, although model improvement was modest.19 The clinical 
utility of PRS for sCVE is still unknown because the incremental value of PRS above clinical 
factors still needs to be established. One study suggested an added predictive value of PRS 
above clinical factors but did not include FHx 45, whereas other studies failed to demonstrate 
this.46–48 The power of these studies may have been limited due to limited number of CVE. 
Pooling data of several cohorts including detailed data on preventive strategies and 
medications during follow-up together with use of uniform outcome definitions for sCVE 
and uniform PRS composition could help elucidate the clinical value of PRS, for example 
within international collaborations such as the GENIUS-CHD Consortium.49 Furthermore, 
possible sex-differences in the role of risk prediction with PRS need to be further elucidated.
In conclusion, both higher MetaGRS and positive FHx were independently associated with 
increased risk of sCVE in CEA patients. Higher MetaGRS was also associated with more 
vulnerable atherosclerotic plaque characteristics indicating possible underlying mechanisms 
how genetic variants influence CVD. PRS could identify high-risk individuals and may 
help selecting future study populations when investigating new therapeutic CVD prevention 
strategies.
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Abstract

Objective
Intraplaque hemorrhage (IPH) has been independently associated with a higher risk of 
future ipsilateral stroke in patients with carotid artery stenosis. Evaluation of plaque 
characteristics may contribute to risk-assessment of recurrent (silent) cerebrovascular 
events in order to prioritize patients for timing of treatment. It is unknown if patients 
showing histologically apparent IPH also have increased risk of silent ischemic brain lesions 
in the waiting period between index event and revascularization. 

Methods
A retrospective analysis was performed based on prospectively collected data of patients 
included simultaneously in the MRI-substudy of the International Carotid Stenting Study 
and Athero-Express biobank. Patients randomized for carotid endarterectomy (CEA) were 
operated between 2003-2008. Brain MRI was performed 1-7 days prior to CEA. Plaques 
were histologically examined for presence of IPH. Primary outcome parameter was presence 
of silent ipsilateral brain-ischemia on MR-DWI appearing hypo- or isointense on apparent 
diffusion coefficient. 

Results
53 patients with symptomatic carotid stenosis meeting study criteria were identified of 
which 13 showed ≥1 recent ipsilateral DWI lesion on pre-operative scan. Time between 
latest ipsilateral neurological event and revascularization was 45 days (range 6-200) in 
DWI-negative patients versus 34 days (range 6-74, p=0.16) in DWI-positive patients. IPH 
was present in 24/40 (60.0%) DWI-negative patients versus 12/13 (92.3%) DWI-positive 
patients (OR: 8.00; 95% CI: 0.95-67.7, p=0.056). Multivariable logistic regression analysis 
correcting for age and type of index-event revealed that IPH was independently associated 
with DWI lesions in the waiting period till surgery (OR:10.8; 95% CI:1.17-99.9, p=0.036).

Conclusion
Symptomatic patients with ipsilateral carotid stenosis and silent brain ischemia on 
preoperative MR-DWI, more often showed pathological evidence of IPH compared to those 
without ischemic lesions. This identifies carotid IPH as a marker for patients at risk for 
silent brain ischemia and possibly for future stroke and other arterial disease complications. 
Such patients may be more likely to benefit from CEA than those without evidence of 
ipsilateral carotid IPH. 
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What this study adds
This study investigated the relation between histological apparent intraplaque hemorrhage 
(IPH) and presence of recent brain lesions on diffusion weighted imaging prior to carotid 
endarterectomy. We demonstrated that patients with IPH have an increased risk for 
development of silent brain ischemia in the waiting period between index event and surgery. 
These results qualify IPH as a potential marker for identifying patients at risk for recurrent 
events.  

Introduction

The presence of carotid artery intraplaque hemorrhage (IPH) is considered an important 
maker of plaque instability and associated with a high risk for clinically relevant events 
such as transient ischemic attack (TIA) or stroke due to the tendency to rupture.1 Signs of 
presence of carotid artery IPH on magnetic resonance imaging (MRI) or duplex have been 
associated with an increased risk of future cerebrovascular events and IPH is more common 
in symptomatic patients compared to asymptomatic patients.2,3 Moreover, IPH is associated 
with increased risk of any type of secondary cardiovascular event in male patients such as 
(fatal) myocardial infarction (MI), (fatal) stroke, coronary and peripheral interventions, 
and cardiovascular death.4 

Risk assessment of recurrent cerebrovascular events based on plaque characteristics may 
be helpful for prioritizing patients for the timing of carotid revascularization. Current 
guidelines recommend that symptomatic patients with carotid stenosis should be considered 
(in case of 50-69% stenosis) or recommended (in case of 70-99% stenosis) for treatment 
within 14 days of the index event.5 Nonetheless, these recommendations have been based 
on post hoc analyses of outdated randomized controlled trials (RCTs) and additionally may 
not always be feasible due to pre-hospital or in-hospital delay.6 Identification of IPH may 
help to select patients that are most at risk for recurrent events and may help to select those 
in which urgent revascularization may be appropriate. 

Ischemic brain lesions on magnetic resonance diffusion weighted imaging (MR-DWI) are 
increasingly being used as a surrogate marker of ischemic events for postoperative outcome 
after revascularization as they are associated with an increased risk of future cerebrovascular 
events.7 To date, no studies have been performed that investigated the role of DWI lesions 
in the preoperative period specifically. One of the major advantages of assessing presence 
of new DWI lesions is that they may appear within few hours after a thrombo-embolic 
event and DWI is therefore sensitive to recent changes. By assessing diffusion restricted 
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brain areas with MR-DWI in combination with apparent diffusion coefficient (ADC), recent 
infarction can be identified. ADC-maps may depict darkening within minutes of stroke 
onset and distinguishes stroke from “T2 shine through”, which can be seen later after 
infarction and appears bright on DWI. Low signal intensity on ADC persists for about 7-10 
days.8 Until now, it is unclear if carotid plaque characteristics are associated with these silent 
brain lesions identifying them as their potential source. For this, we investigated whether 
patients with characteristics of plaque instability have an increased risk of silent 
preprocedural ischemic brain lesions during their waiting period for carotid intervention. 

Since thrombo-embolic events are the most common underlying cause of ischemic brain 
lesions in carotid patients, we hypothesize that patients showing histologically apparent 
signs of IPH in the atherosclerotic plaque (excised during carotid endarterectomy) are more 
likely to show (recurrent) silent ischemic brain lesions in the waiting period between index 
event and revascularization. 

Methods

A retrospective analysis was performed based on prospectively collected data of patients 
included simultaneously in the MRI-substudy of the International Carotid Stenting Study 
(ICSS)9 and the Athero-Express (AE) biobank study of the University Medical Center 
(UMC) Utrecht10. Patients that underwent carotid endarterectomy (CEA) between October 
2003 and October 2008 were included with a median waiting time (defined as the number 
of days between the most recent event and surgery) of 44 days. Patients included in the 
ICSS were symptomatic (symptoms attributable to the randomized artery within twelve 
months before randomization) carotid stenosis patients with stenosis >50% deemed to 
require treatment. Symptomatic patients included those with previous stroke (acute 
disturbance of focal neurological function attributed to vascular disease and of ischemic 
origin, lasting more than 24h), TIA (acute disturbance of focal neurological function 
attributed to vascular disease with recovery within 24h) or amaurosis fugax (transient 
monocular blindness attributed to vascular disease with recovery within 24h). The following 
exclusion criteria were asserted: previous revascularization in the randomized artery, 
contraindications for either treatment and planned major surgery.11 In course of the study 
protocol of the ICSS MRI-substudy, all patients underwent an additional MRI-scan 1-7 
days before surgery for assessment of silent brain ischemia. Carotid plaques were collected 
within the AE-biobank. No additional exclusion criteria were asserted for the AE-biobank 
study other than that the patient had to be randomized for CEA. 
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MRI
Primary outcome parameters include ipsilateral ischemic lesions on MR-DWI appearing 
hypo- or isointense on apparent diffusion coefficient (ADC), and it’s correlation to 
intraplaque hemorrhage (see Figure 1 for an illustrative timeline). Secondary outcome 
parameters included presence of white matter lesions (WML) semi-quantitatively assessed 
on FLAIR sequences by use of the age-related-white matter changes (ARWMC) score. 
White matter lesions and basal ganglia lesions were both assessed on a 0-3 point scale for 
the ipsilateral hemisphere and a sumscore was used for further data analyses (see 
Supplemental Table SI for exact definitions).12 

Atherosclerotic plaque assessment
After CEA, all atherosclerotic plaques were immediately processed. The carotid plaque was 
cut into segments of 5-mm thickness along the longitudinal axis. The segment with the 
largest plaque burden was chosen as a culprit lesion and subjected to histological 
examination. A more detailed description can be found in the online Supplemental 
Methods. The investigated plaque characteristics resulting from immunochemical staining 
were: presence of IPH, presence of lipid core (≥40%), moderate/heavy calcifications, 
moderate/heavy collagen, mean number of microvessels per hotspot, percentage of positive 
macrophage staining per plaque and percentage of positive smooth muscle cell (SMC) 
staining per plaque.13 IPH was defined as the composite of plaque bleeding at the luminal 
side of the plaque as a result of plaque disruption and hemorrhage within the tissue of the 
plaque.14

Figure 1. Timeline illustrating waiting time until revascularization
DWI, diffusion weighted imaging; ADC, apparent diffusion coefficient. Waiting time (indicated by blue arrow) 
was defined as the number of days between the most recent event (hemispheric/retinal stroke, TIA or amaurosis 
fugax) and CEA. The red arrow represents the time between latest symptom and preoperative MRI. 
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Clinical outcome
Major cardiovascular events during 3-years of follow-up were reported, consisting of 
nonfatal MI, nonfatal stroke and cardiovascular death. MI was reported when at least two 
of the following criteria were present: (1) chest pain for ≥20 minutes, not disappearing after 
administration of nitrates; (2) ST-elevation >1mm in two following leads or a left bindle-
branch-block on the electrocardiogram; (3) CK elevation of at least two times the normal 
value of CK and a MB fraction>5% of the total CK.

Statistics
A sample size of at least of 48 patients was required on the basis of detecting a difference 
in proportion of patients with IPH in the DWI-positive group of two times compared to 
the DWI-negative group at a significance level of 0.05, 80% power, assuming 25% of patients 
having preoperative DWI lesions and 80% of DWI-positive patients having IPH. Data were 
inspected for patterns of missing values. The proportion of randomly missing values for 
baseline characteristics did not exceed 2%. Differences in binary characteristics were 
analyzed with Pearson’s Chi square. Differences in continuous parameters were calculated 
with a student’s t-test when data were normally distributed and otherwise using a Mann-
Whitney U test. For the ARWMC score a binary outcome parameter was used based on 
median ipsilateral ARWMC score (sum score ≤2 compared to sum score >2). To investigate 
independent associations between histological plaque characteristics and presence of fresh 
DWI lesions as well as ARWMC score, we conducted a multivariable logistics regression 
analysis correcting for any baseline characteristics with p<0.1 in univariate analysis. Age 
and type of qualifying event were also added to the multivariable models since these are 
considered as potential confounders based on earlier described associations with IPH.3,15 
In case of ARWMC score, estimated-packyears was identified as an additional potential 
confounder from univariate analysis and therefore included in multivariate analysis. Non-
normally distributed quantitative histological parameters including number of microvessels 
and percentages of macrophage and SMC staining required logarithmic transformation 
before entering into regression models. SPSS 25.0 (SPSS Inc, Chicago, Illinois, USA) was 
used for all statistical analysis. 

Results

Patient characteristics
53 patients met the inclusion criteria of the ICSS-MRI substudy and were simultaneously 
included in the AE biobank study. Qualifying events were major stroke (n=7), minor stroke 
(n=11), cerebral TIA (n=28) and amaurosis fugax (n=7). Mean waiting time between the 
latest symptom (stroke/TIA) and MRI was 51 days (median 44, range 6-200 days). 
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Table 1. Baseline characteristics of ipsilateral DWI-negative versus DWI-positive patients

DWI -
N=40 

DWI +
N=13

p-value

Age, mean (std) 68.15 (8.59) 69.31 (8.42) 0.673

Male gender, n (%) 28 (70.0) 11 (84.6) 0.299

Hypertension, n (%) 26 (65.0) 11 (84.6) 0.181

Systolic blood pressure, mean (SD) 162.5 (29.26) 158.4 (21.39) 0.716

Diastolic blood pressure, mean (SD) 85.58 (15.11) 80.33 (12.68) 0.260

Blood pressure medication use, n (%) 29 (72.5) 12 (92.3) 0.138

Diabetes Mellitus, n (%) 9 (22.5) 3 (23.1) 0.966

Hypercholesterolemia, n (%) 26 (65) 8 (61.5) 0.821

LDL, median (range) 2.50 (0.91 – 5.80) 1.84 (0.57 – 4.50) 0.188

Statin use, n (%) 35 (87.5) 13 (100) 0.180

Antiplatelet use, n (%) 36 (90) 13 (100) 0.236

Oral anticoagulants, n (%) 6 (15) 1 (7.7) 0.499

Currently smoking, n (%) 15 (37.5) 3 (23.1) 0.340

Estimated pack-years, median (range) 15.0 (0-86) 12.5 (0-65) 0.461

BMI, mean (std) 25.8 (3.7) 25.0 (2.91) 0.520

History of PAOD, n (%) 8 (20.0) 2 (15.4) 0.712

History of CAD, n (%) 12 (30.0) 5 (38.5) 0.570

Qualifying symptom = hemispheric stroke, n (%)

   Major stroke, n (%)

   Minor stroke, n (%)

   Cerebral TIA, n (%)

   Amaurosis fugax, n (%)

13 (32.5)

3 (7.5)

 10 (25.0)

 21 (52.5)

6 (15.0)

5 (38.5)

  4 (30.8)

 1 (7.7)

  7 (53.8)

1 (7.7)

0.693 

Stenosis grade ≥ 70%, n (%) 38 (95.0) 11 (84.6) 0.218

Waiting time (days), median (range) 45.0 (6 – 200) 34.0 (6 – 74) 0.160

Time between event and MRI, median (range) 40 (5 – 198) 33 (4 – 73) 0.218

Data are given as proportion of the group (%), as mean with standard deviation in case of normally distributed 
data, or as median with range in case of not normally distributed data. Hypertension; previously diagnosed by 
an MD or use of antihypertensive drugs. Systolic and diastolic blood pressure were measured at intake/hospital 
admission. Blood pressure medication use; use of any or more antihypertensive drugs. Diabetes mellitus; previously 
diagnosed by an MD or use of antidiabetic medication. LDL; mmol/L measured within 1 month prior to surgery. 
Antiplatelet use; dipyridamole, acetylsalicylic, carbasalate calcium or clopidogrel, anti-coagulation; coumarone 
or direct acting oral anticoagulant, PAOD; peripheral artery disease was defined as a history of peripheral 
interventions or intermittent claudication or ankle-brachial index<0.7. History of CAD; carotid artery disease 
was defined as a composite of angina pectoris, myocardial infarction, percutaneous coronary interventions or 
coronary bypass surgery. Stenosis grade ≥70%; ipsilateral stenosis grade ≥70% as measured by NASCET criteria. 
Waiting time; number of days between the most recent event and CEA. Time between most recent event and 
MRI; number of days between the most recent preoperative cerebrovascular event and preoperative MRI. 
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DWI/ADC lesions
Thirteen (25%) of 53 included patients had preoperative ipsilateral DWI lesions that appeared 
hypo- or isointense on ADC. Baseline characteristics of patients with and without recent 
DWI lesions are presented in Table 1. No statistical differences in baseline features were 
found between the two groups. In patients with preoperative ipsilateral DWI lesions, mean 
number of DWI lesions was 2 (median 1, range 1-6). The mean time between the latest 
symptom and revascularization was 56 days (median 45, range 6-200 days) in the DWI-
negative group and 36 days (median 34, range 6-74 days, p=0.16) in the DWI-positive group. 
Mean time between latest symptom and MRI was 52 days (median 40, range 5-298) in 
DWI-negative patients versus 34 (median 33, range 4-73, p=0.218) in DWI-negative patients. 
The investigated histological plaque characteristics are shown in Table 2 for DWI-negative 
and DWI-positive patients. 24 out of 40 (60.0%) DWI-negative patients showed IPH on 
histological assessment, versus 12 out of 13 (92.3%) in DWI-positive patients (see example 
in Figure 2). A lipid-core of ≥40% of the total plaque area was present more often in the 
DWI-negative group (23/40; 57.7%) compared to the DWI-positive group (3/13; 23.1%). 
For other plaque characteristics results were similar between DWI-positive and DWI-
negative patients. Of the total of 36 patients with IPH 12 (33.3%) had preoperative DWI 
lesions. Of 17 patients without IPH 1 (6%) showed DWI lesions. Univariate logistic 
regression showed an odds ratio (OR) of 8.0 (95% CI: 0.95 – 67.7, p=0.056) for presence 
of DWI lesions in IPH-positive patients compared to IPH-negative patients. Multivariable 
logistic regression analysis with correction for age and type of index event revealed that 
IPH was independently associated with presence of DWI lesions in the waiting period till 
surgery (OR: 10.8; 95% CI:1.17-99.9, p=0.036). Univariate analysis showed decreased odds 
for presence of DWI lesions in patients with a large (>40%) lipid core (OR: 0.22; 95% CI: 
0.05 – 0.93, p=0.040) which remained significant after correction for age and type of index 
event (OR:0.184; 95%-CI: 0.041-0.836, p=0.028). Other plaque characteristics did not show 
any significant association with development of DWI lesions in uni- or multivariate analysis. 
In 53 patients a total of 28 DWI lesions were detected of which 26 were ipsilateral and 2 
were contralateral. Of the total cohort the mean number of DWI lesions was 0.5 (median 
0, range 0-6 lesions). Mean number of ipsilateral DWI lesions in IPH positive patients was 
0.7 (median 0, range 0-6) versus 0.1 (median 0, range 0-1) DWI lesions in IPH negative 
patients (p=0.028).Of the two patients that had a (single) contralateral DWI lesion, one 
was IPH positive and one was IPH negative. 

ARWMC score
Median ipsilateral ARMWC sum score was 2. Patients with an ipsilateral ARWMC sum 
score of ≤2 (n=30) were compared to those with a score >2 (n=23). Patients with a high 
ARWMC sum score were significantly older (72.5 ± 6.46) compared to patients with a low 
score (65.3 ± 8.63, p=0.002). Other baseline characteristics did not differ between the two 
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groups, although estimated-packyears was identified as a potential confounder (p=0.057, 
see Supplemental Table SII). Univariate analysis showed fewer macrophage staining in the 
high-ARWMC group (OR: 0.19; 95% CI: 0.05-0.75, p=0.017), which was no longer 
significant after adjustment for confounders in multivariate logistic regression (OR: 0.232 
95% CI: 0.052 – 10.02 p = 0.053), see Supplemental Table SIII. 

Postoperative course
The median follow-up period was 3.0 years (IQR: 2.9-3.2). Of the 53 included patients two 
developed peri-operative (<30 days) stroke, one ischemic and one hemorrhagic, both were 
IPH-positive. No additional major peri-operative events (MI or death) occurred in both 
IPH-positive or IPH-negative patients. In six additional patients a major postoperative 
arterial disease complication (nonfatal stroke, nonfatal MI, vascular death) occurred during 
follow-up: two developed stroke (one ischemic and one hemorrhagic); three suffered from 
MI and one additional patient died of other cardiovascular origin (sudden cardiac death). 
All but one of these patients were IPH-positive; of the IPH-negative patients one patient 
had MI, no IPH-negative patients suffered from stroke or died of arterial disease 
complication during follow-up period. 

Figure 2. Typical example of patient presenting with minor stroke in right hemisphere and right-sited carotid 
stenosis. MRI just prior to CEA showed ipsilateral DWI lesions (a) appearing hypo-intense on ADC (b). Upon 
histological examination the culprit lesion showed intraplaque hemorrhage quantified using Hematoxylin and 
eosin staining (c, bar 1 mm.) and glycophorine staining (d, bar 1 mm.)
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Discussion

This study investigated the presence of recent silent ischemic lesions in patients with IPH 
compared to those without IPH. We demonstrated that carotid IPH is associated with 
presence of MR-DWI ischemic brain lesions in the waiting period between symptom onset 
and revascularization, identifying IPH as the potential pathological substrate for such 
lesions.
This finding is in agreement with imaging studies on carotid plaque characteristics that 
show that intraplaque hemorrhage is an independent risk factor for future stroke or TIA 
in patients with carotid artery atherosclerosis.16,17 This study, relating histological data to 
the development of silent ischemic lesions, provides unique insight in natural course and 
pathology up until revascularization. The results suggest that revascularization procedures 
of patients with IPH should be prioritized over patients without IPH in order to avert the 
risk of recurrent ischemia. It should be noted that this also applies in case of a pre- or in 
hospital delay of >14 days after the index event. Moreover, a broad consensus on early 
versus expedited treatment is still lacking.6,18–20 This study contributes to the ongoing 
discussion on this matter by stressing the importance of eliminating an unstable plaque 
prior to any (clinical or subclinical) recurrent event. Although IPH cannot specifically 
identify all patients at risk for recurrent ischemic events (silent or symptomatic) as IPH-rate 
is higher than DWI-rate, it can help to prioritize those that may benefit more from a rapid 
revascularization procedure. A more tailored therapy for symptomatic patients based on, 
amongst others, plaque imaging may be a solution for risk reduction of individual patients. 
One other clinical study showed that patients with symptomatic carotid stenosis with IPH 
are more likely to develop recurrent cerebrovascular events in the waiting period until 
revascularization.21 This study did not use histological data but MR T1-weighted 
3-dimensional gradient echo sequence to demonstrate IPH. Reliable methods for 
preoperative assessment of IPH on imaging are essential for clinical applicability. Over the 
years, several studies investigating IPH-imaging on MR have been performed using various 
sequences and protocols.22,23 More recent articles propose magnetization-prepared rapid 
acquisition gradient-echo (MPRAGE) as one of the most promising for sequence 
identification of IPH, with high sensitivity, specificity and κ-values when validated with 
histological data.24 However, reliability of MR imaging of IPH in the plaque is still limited 
in case of smaller hemorrhages or coexisting calcifications.24 

We found that presence of a large lipid core was negatively associated with DWI lesions 
whereas hypercholesterolemia, statin use and LDL-levels did not differ between groups. 
One might expect a lipid rich necrotic core to be positively associated with plaque instability 
and therefore recurrent events. Nonetheless, our results are in agreement with earlier 
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research showing that large lipid core and macrophages are not associated with any vascular 
event, although no subanalyses for cerebrovascular events specifically were performed in 
this study.14 Another study comparing symptomatic to asymptomatic arteries within patients 
with unilateral symptomatic carotid stenosis found that IPH, but not a large lipid core, was 
more often seen on the symptomatic side.25 Perhaps the presence of a large lipid core shows 
that plaque rupture has not yet occurred and therefore at this time does not characterize 
an acute risk for thrombo-embolisms. 

Our study used MR-DWI in combination with ADC imaging as our primary outcome 
parameter. Presence of DWI lesions as a surrogate marker for cerebral ischemia may become 
increasingly important, especially considering the evidence that DWI lesions are associated 
with a higher risk for recurrent cerebrovascular events.7 In light of the continuously 
decreasing stroke-rate under improvements in procedural timing and medical therapy, 
stroke-rate alone is no longer sufficient for determination of therapeutic strategies. A 
surrogate marker for stroke is warranted and use of DWI as surrogate marker is both 
biological plausible and clinical relevant.26 As the rate of recurrent cerebrovascular events 
in the period up until revascularization is as low as 1.6%27, use of DWI lesions (seen in 25% 
of our population) provides the opportunity to detect statistically significant differences in 
relatively small patient cohorts. 

We did not find a difference in ARWMC score between IPH positive and IPH negative 
patients. Although one might hypothesize that plaque instability can contribute to 
development of age related white matter lesions via embolic events21, convincing evidence 
of a causal relation between the two was not demonstrated in earlier studies either.28,29 A 
shared etiology for atherosclerosis and white matter lesions may be more likely.29 

Limitations
Intraplaque hemorrhage was determined histologically after the plaque was excided during 
CEA. Considering the long time-interval between symptom onset and surgery, IPH was 
not necessarily already present at the moment of the index event. Relation to signs of IPH 
on preoperative imaging (MRI/duplex) may have improved the clinical applicability of our 
data. Additionally, we did not perform analyses to differentiate older (healed) IPH from 
acute IPH; although identification of healed IPH on histology is technically possible as 
shown in studies of coronary arteries.30 Furthermore, DWI cannot be used to reliably 
estimate the age of an ischemic lesion. Although ADC values can help to differentiate from 
older lesions by excluding T2-shinethrough, exact determination of the moment of onset 
of these lesions is impossible31 and we cannot rule out that the detected lesions were already 
present at hospital presentation. 

202132 binnenwerk_Nathalie Timmerman.indd   84202132 binnenwerk_Nathalie Timmerman.indd   84 23-09-2021   11:1723-09-2021   11:17



Carotid intraplaque hemorrhage and silent brain ischemia

85

4

In the context of clinical relevance, the impact of DWI-lesions on future cerebrovascular 
events would have been of interest. However, MR-DWI performed within few days after 
revascularization revealed that several patients developed (new) periprocedural DWI-
lesions. Hence, any correlation between presence of DWI-lesions on preoperative imaging 
and future events is clouded by the carotid intervention shortly after and thus no statements 
can be made on the clinical impact of preprocedural silent ischemic lesions. 
No information was available on the presence or lack of IPH in other sites of the arterial 
tree, such as the aortic arch and the contralateral carotid artery. Possibly, IPH in the carotid 
artery was a sign of general inflammation and although a revascularization procedure of 
the ipsilateral carotid artery contributes to averting the risk of ipsilateral stroke it does not 
necessarily reduce the risk of any stroke. Additionally, we were not able to exclude non-
arterial sources of embolism and any differences between patients in quality of medical 
intervention prior to baseline is lacking.
We are aware of the chance of type II statistical error or overfitting of our statistical model 
as a result of the small patient cohort. Patients of this study were included between 2004 
and 2007 when, under current standards, substantial delay between hospital presentation 
and intervention was common practice. We do believe that the obtained knowledge is of 
surplus value as prioritizing patients may be challenging when multiple patients qualify 
for treatment at the same time. Also, patients with a late hospital-presentation may 
sometimes be postponed in favor of patients with more recent events. This study emphasizes 
the relevance of prompt acting even after passing of 14 days since index events. This small 
patient cohort also limits statistical comparison of the clinical course of IPH-positive versus 
IPH-negative as well as DWI-positive versus DWI-negative patients. Future research should 
focus on validation of the found results in a large cohort using both histological data as 
well as MRI-plaque data to compare to development of future cerebrovascular events. 

Future perspectives

Symptomatic patients with a low risk of future events based on several clinical and 
radiological features are currently under investigation in the ECST-2 trial randomizing 
between best medical therapy alone or an additional revascularization procedure.32 
Assessment of IPH on plaque imaging can potentially help in stratification of these low-risk 
patients. Identification of histological IPH as a potential source of ischemic brain lesions 
also suggests that assessment of plaque characteristics may be useful in decision making 
on optimal treatment strategy in asymptomatic carotid stenosis patients. Studies on imaging 
of carotid plaque IPH and follow-up in asymptomatic patients are needed to confirm this. 
A meta-analysis including studies that performed MR plaque imaging on both symptomatic 
and asymptomatic patients demonstrated that patients with IPH have an annualized 
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cerebrovascular event rate of 18% compared to 2% in those without IPH.16 On the other 
hand, earlier research demonstrated that IPH is a common phenomenon in both 
symptomatic and asymptomatic patients33 suggesting that plaque complications such as 
IPH often heal without giving rise to symptoms and IPH alone may not be sufficient for 
risk stratification. We suggest that imminent clinical decision making-algorithms should 
include multiple risk factors as it has already been demonstrated that such models can 
reliably predict major cardiovascular events in patients with carotid artery disease.34 These 
algorithms should take into account not only IPH but also other promising diagnostic tools 
such as brain imaging for detection of silent infarction and embolus-detection. Prospective 
observational studies are running that assess amongst others baseline MRI characteristics 
(both plaque and brain) to develop such a clinically applicable tool for risk stratification.35 

Conclusion 

In this study, we demonstrated that MR-DWI identified silent brain ischemia in symptomatic 
patients undergoing CEA is associated with histologically apparent carotid plaque IPH. 
This qualifies IPH as a potential marker for identifying patients at risk for these ischemic 
brain lesions. 
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Supplementary Materials

The following supplementary material is omitted due to space limitation and can be found 
at the journal website: 

- Supplemental Table SI. The ARWMC score.
- Supplemental Table SII. Baseline characteristics between patients with ARWMC ≤ 2 and 

ARWMC >2
- Supplemental Table SIII. Plaque characteristics compared between patients with ARWMC 

≤ 2 and >2
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Abstract

Background
Cerebral white-matter lesions (WMLs) and lacunar infarcts are surrogates of cerebral small 
vessel disease (SVD). WML severity as determined by trained radiologists predicts 
postoperative stroke or death in patients undergoing carotid endarterectomy (CEA). It is 
unknown if routine preoperative brain imaging reports as part of standard clinical practice 
also predicts short- and long-term risk of stroke and death after CEA. 

Methods
Consecutive patients from the Athero-Express biobank study that underwent CEA for 
symptomatic high degree stenosis between March 2002 and November 2014 were included. 
Preoperative brain imaging (CT- or MRI) reports were reviewed for reporting of SVD, 
defined as WMLs or any lacunar infarcts. The primary outcome was defined as any stroke 
or any cardiovascular death during 3 years of follow-up. The secondary outcome was defined 
as the 30-day perioperative risk of stroke or cardiovascular death.

Results
1038 patients were included (34% women), of whom 659 (63.5%) had CT images and 379 
(36.5%) had MRI available. Of all patients, 697 (67%) patients had SVD reported by 
radiologists. Patients with SVD had a higher 3-year risk of cardiovascular death compared 
to those without (6.5% vs. 2.1%, adjusted hazard ratio (HR) 2.52 (95% CI: 1.12-5.67); 
p=0.026) but no association was observed for the 3-year risk of stroke (9.0% vs. 6.7%, for 
patients with SVD versus those without, adjusted HR 1.24 (95% CI: 0.76-2.02); p=0.395). 
No differences in 30-day perioperative risk were observed for stroke (4.4% vs. 2.9%, for 
patients with versus those without SVD; adjusted HR 1.49 (95% CI: 0.73-3.05); p=0.277), 
and for the combined stroke/cardiovascular death risk (4.4% vs. 3.5%, adjusted HR 1.20 
(95% CI: 0.61-2.35); p=0.592).

Conclusions
Presence of SVD in preoperative brain imaging reports can serve as a predictor for the 
3-year risk of cardiovascular death in symptomatic patients undergoing CEA but does not 
predict perioperative or long-term risk of stroke.

What this paper adds
This study investigated the clinical relevance of reported cerebral small vessel disease (SVD, 
including white-matter lesions and lacunar infarct) for postoperative stroke and death-risk 
in symptomatic patients undergoing carotid endarterectomy (CEA). The current study 
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highlights that the presence of SVD in standard routine preoperative brain imaging reports 
identifies patients at high risk of cardiovascular death. Yet, reported SVD is not associated 
with procedural or long-term postoperative stroke risk and this should therefore not 
influence the decision whether CEA should be performed in symptomatic patients with 
high degree carotid artery stenosis. 

Introduction

Carotid endarterectomy (CEA) is the preferred treatment for high degree carotid stenosis 
in symptomatic patients although procedural stroke may limit the benefit of the 
intervention.1 Patient-specific predictors of high procedural- or long-term stroke risk can 
be used to optimize patient selection for revascularization and individualized medical 
treatment.2 The presence of cerebral white-matter lesions (WMLs) on preoperative 
computed tomography (CT) or magnetic resonance imaging (MRI) has been previously 
suggested as a predictor for perioperative adverse events following CEA.3 

WMLs are a common finding on baseline CT- and MRI brain scans. These are closely 
associated with age and risk factors for atherosclerosis and have been independently 
associated with increased risk for dementia, first-ever stroke, recurrent stroke, poor 
functional stroke outcome, and cardiovascular mortality.4,5 The pathogenesis of WMLs is 
multifactorial and suggested to be caused by small artery atherosclerosis leading to chronic 
cerebral hypoperfusion and white matter ischemia.6,7 Previous studies in symptomatic CEA 
patients suggested an increased peri- and postoperative stroke- and death risk for patients 
with more extensive WMLs. 3,8,9 The association between WMLs and an increased risk for 
stroke may be related to impaired cerebral hemodynamics due to a reduced vessel density, 
impaired vessel autoregulation or a reduced baseline cerebral blood flow.6,10 Therefore, it 
can be hypothesized that a brain with more than age-appropriate WMLs may be more 
vulnerable to develop subsequent ischemic infarct when challenged by acute 
thromboembolic or hemodynamic events. 

While previous studies investigated the predictive value of specific (semi-)quantitative 
WML severity-scores for adverse events in patients undergoing CEA3,8,9, thus far no studies 
have evaluated the clinical relevance of cerebral small vessel disease (SVD) as reported in 
daily practice. The current study aimed to assess the clinical relevance of baseline SVD in 
standard preoperative brain imaging reports in relation to future adverse cardiovascular 
events following CEA. We hypothesized that the presence of SVD is associated with 
increased stroke or cardiovascular death risk in symptomatic patients undergoing CEA.
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Methods

Athero-Express
All patients were recruited from the Athero-Express biobank study, of which the design 
has been published elsewhere.11,12 This ongoing prospective cohort study includes 
consecutive patients with carotid artery stenosis undergoing CEA in two large tertiary 
referral hospitals in the Netherlands, the University Medical Centre in Utrecht and the St. 
Antonius Hospital in Nieuwegein. Patient characteristics, including cardiovascular risk 
factors, history of cardiovascular disease, history of peripheral artery disease and medication 
use were obtained from standardized questionnaires and patient records at time of inclusion. 
Patients included in the study were symptomatic (stroke, hemispheric transient ischemic 
attacks (TIA) or monocular blindness <6 months prior to hospital presentation) with a 
high-grade carotid artery stenosis of 50-99%. The indication for CEA was reviewed by a 
multidisciplinary vascular team and was based on local and international guidelines.13–17 
Follow-up data were obtained for secondary cardiovascular and cerebrovascular events 
during the 3-year postoperative period. The study protocol was approved by the medical 
ethics committees of both hospitals and patients provided written informed consent before 
participation in the Athero-Express study. All consecutive patients included in the Athero-
Express and undergoing CEA for symptomatic carotid artery stenosis between January 
2002 and November 2014 were included in the present analysis. Patients underwent routine 
preoperative brain CT- or MRI and/or CT- or MR-angiography, in concordance with 
international guidelines.13–17 Patients were excluded for analysis when baseline brain 
imaging reports were missing or incomplete (i.e. when only a concise imaging report was 
available from a referring center) or in case of lost to follow-up. 

Definition small vessel disease
The routine preoperative brain CT and/or MRI reports were retrospectively analyzed for 
the presence or absence of SVD. SVD was defined as any reported WML (or a synonym, 
see Supplemental Table S1) or any old lacunar infarct. This definition was chosen due to 
the fact that both modalities have the same etiology and both have been proven to predict 
future stroke in the general population.4,7 To assess the accuracy of reporting SVD in 
standard clinical imaging reports, a subset of 30 scans were randomly selected from the 
total cohort for validation. Radiology images were meticulously evaluated for WML and 
lacunar infarct by a dedicated observer (MR) who was blinded for the standard clinical 
reports. Reliability (kappa-values) and proportion of agreement were calculated between 
reported WML and lacunar infarct in standard clinical imaging reports and those identified 
by re-evaluation of the radiology images of the blinded observer (MR).
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Follow-up and outcome 
The primary outcome was defined as any stroke or any cardiovascular death during 3-year 
follow-up. Any stroke includes nonfatal ischemic stroke, nonfatal hemorrhagic stroke, fatal 
ischemic stroke and fatal hemorrhagic stroke. Any cardiovascular death includes death of 
presumed vascular origin such as fatal stroke, fatal myocardial infarction, fatal cardiac 
failure, fatal aneurysm rupture and sudden death. Secondary outcomes were all-cause death 
during the 3-year follow-up and the composite endpoint of any stroke or any cardiovascular 
death during the 30-day perioperative period. The follow-up protocol was identical to the 
one previously described.11,12 Perioperative assessment was structurally done by a neurologist 
and/or vascular surgeon. Patient medical records were checked for perioperative adverse 
events. Patients were contacted annually for three years after CEA through standardized 
questionnaires asking whether they had experienced an adverse cardiovascular event or if 
they had been hospitalized. Questionnaires were verified with medical records; when a 
questionnaire is answered positively, additional data (medical records, electrocardiograms, 
laboratory and imaging studies) are retrieved and assessed for the occurrence of an outcome 
event. In case of non-response, the general practitioner was consulted. All available data 
to establish an outcome event were reviewed by two independent experts. In case of a 
disagreement, a third expert was consulted, and outcome was discussed until agreement 
was reached.
 
Statistical analysis 
Baseline characteristics and survival-free and stroke-free rates were compared between 
patients with reported SVD and patients without reported SVD. For continuous baseline 
variables, the independent samples t-test was used for normally distributed variables and 
Mann Whitney U test for non-normally distributed variables. Categorical baseline variables 
were tested by the chi-squared test for equal distribution among both groups. The cumulative 
incidences of the outcome measures were estimated using a Kaplan-Meier analysis. To 
investigate the association between reported SVD and outcomes, Cox proportional-hazards 
regression modelling was used for the univariate and multivariable analysis. For baseline 
characteristics with an association of p<0.10 with reported SVD, an association with 
outcome measures was also checked using Cox proportional-hazards regression modelling. 
Whenever statistical significance of p<0.10 with the outcome of interest was also found, 
the baseline variable was added as a covariate in the multivariable models (Supplemental 
Table S2). Since contralateral carotid stenosis is considered as a strong predictor for future 
stroke, we included this as covariate in the multivariable analysis (full models are displayed 
in Supplemental Table S2). Missing data of covariates were imputed with multiple 
imputation to enable multivariable analysis (Supplemental Table S3). To quantify follow-up 
completeness in this study, the follow-up index (FUI) was calculated as described 
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previously18 and compared between both study groups. All statistical analyses were 
performed with IBM SPSS statistics version 25.0 (SPSS Inc, Chicago, IL). A p-value <0.05 
was considered as statistically significant. 

Results

Patient selection for the current study is displayed in Figure A. Of the 1544 patients who 
met inclusion criteria, 1038 patients had available preoperative brain imaging reports and 
were included for analysis. Of those, 659 (63.5%) had a CT-scan and 379 (36.5%) had an 
MRI-scan preoperatively. 

Imaging characteristics
Various CT- and MRI-scanners and scanning protocols were used. Slice thickness of CT 
scanning varied from 3 to 6 mm. MRI T2- fluid-attenuated inversion-recovery (FLAIR) 
sequences were most often used, predominantly with field strengths of 1.5 Tesla (and few 
of 3.0 Tesla), and varying slice thickness from 4 to 6mm. Reasons for missing brain imaging 
(reports) included that only CT- or MRI angiography was performed (specifically in patients 
presenting with ocular symptoms) or referral from other hospitals from which imaging 
reports were not included in the referral data. Differences in baseline characteristics between 
included patients and patients with missing brain imaging or reports are displayed in 
Supplemental Table S4. Reliability of SVD identification from imaging reports compared 
with the SVD scoring of the radiology images by blinded observer was good (κ 0.74±0.14, 
see Supplemental Table S5). 

Presence of SVD
In the total cohort of 1038 patients, 34% were women, 18% had presented with transient or 
permanent retinal ischemia, 35% with stroke and 43% with TIA (Table 1). SVD was reported 
in 697 patients (67%). Of patients with SVD, 243 (35%) were female versus 108 (32%) without 
SVD (p=0.307). SVD was reported in 51% of patients <60 years, 61% of patients between 
60-70 years, 72% of patients between 70-80 years and 82% of patients >80 years old (p<0.001). 
Detailed characteristics of SVD lesions are displayed in Figure A. Of all patients with reported 
SVD, 147/697 (21%) had WMLs and lacunar infarct, 431/697 (62%) had only WML and 
119/697 (17%) had only lacunar infarct. SVD was located ipsilateral to the operated artery 
in 111/697 patients (16%), in 56/697 (8%) contralateral and bilateral in 235/697 patients 
(34%), whereas in 295/697 patients (42%) the location was not specified in the imaging 
report. Baseline characteristics of patients associated with SVD are shown in Table 1. Patients 
with SVD were older, more frequently hypertensive and diabetic, had decreased renal 
function and more frequently had a history of peripheral artery disease. 
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Association between SVD and stroke or death
The FUI for patients with SVD and those without were equal (mean FUI 0.95±0.15 versus 
0.97±0.11 respectively, p=0.976) indicating complete follow-up information for both study 
groups. The 3-year risk of the composite endpoint for stroke and cardiovascular death was 
similar for patients with SVD and those without SVD (12.6% vs 8.2% respectively, adjusted 
hazard ratio (HR) 1.36 (95% confidence interval (CI): 0.88-2.10); p=0.172; Table 2, Figure 
B1) as was the risk of any stroke (9.0% vs. 6.7%, adjusted HR 1.24 (95% CI: 0.76-2.02); 
p=0.395; Table 2, Figure B2). The 3-year risk of cardiovascular death was significantly higher 
in patients with reported SVD compared to patients without (6.5% vs. 2.1%, adjusted HR 
2.52 (95% CI: 1.12-5.67); p=0.026; Table 2, Figure B3). The 3-year risk of all-cause death 
did not significantly differ between patients with reported SVD compared to those without 
(13.9% vs. 8.2%, adjusted HR 1.26 (95% CI: 0.82-1.94); p=0.298; Supplemental Table S6). 
For the 30-day perioperative period, the combined stroke or cardiovascular death risks 
were similar for patients with and patients without SVD (4.4% vs. 3.5% respectively, with 

Figure A. Flowchart of included patients from the Athero-Express Biobank and type of SVD lesions
Numbers in brackets indicate numbers of patients. Every patient can only belong in one category (numbers are 
mutually exclusive). * The location relates to any lesion including WML or lacunar infarct or both.
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Table 1. Baseline characteristics of symptomatic CEA patients compared between those with reported cerebral 
small vessel disease and those without

Baseline characteristics No small vessel disease 
(n=341)

Small vessel disease 
(n=697)

p-value

Age, years (mean [SD]) 67.2 [9.3] 71.7 [9.3] <0.001 b

Women 108 (31.7) 243 (34.9) 0.307

Hypertension 231 (70.2) 530 (79.1) 0.002 b

Diabetes 65 (19.1) 189 (27.1) 0.005 b

BMI, kg/m2 (mean [SD]) 26.5 [4.1] 26.2 [4.0] 0.382

Hypercholesterolemia 205 (66.3) 420 (67.1) 0.819

Current smoker 125 (37.8) 213 (31.2) 0.039 b

Packyears of smoking 0.611

   0 50 (16.9) 116 (19.9)

   1-10 186 (62.8) 355 (60.8)

   10-20 40 (13.5) 84 (14.4)

   20-30 16 (5.4) 21 (3.6)

   30-40 4 (1.4) 8 (1.4)

History of CAD 90 (26.4) 213 (30.6) 0.157 

History of PAD 40 (11.8) 136 (19.6) 0.002 b

eGFR, ml/min/1/1.73m2 (mean, [SD]) 76.2 [19.7] 69.9 [20.9] <0.001b

Ipsilateral carotid stenosis 0.241

   50-70% 43 (12.6) 71 (10.2)

   70-99% 298 (87.4) 626 (89.8)

Contralateral carotid stenosis (50-100%) 127 (42.5) 248 (39.2) 0.347

Presenting cerebrovascular event 0.079 b

   stroke 115 (33.7) 249 (35.7)

   TIA 141 (41.3) 308 (44.2)

   ocular 76 (22.3) 112 (16.1)

   unclear 9 (2.6) 28 (4.0)

History of any stroke 133 (39.0) 308 (44.2) 0.112 

Statin use 263 (77.4) 525 (75.5) 0.520

Antiplatelet drug use 294 (86.7) 611 (88.0) 0.547

Oral anticoagulant use 39 (11.5) 74 (10.6) 0.690
Data are displayed as n (% of total) unless otherwise indicated. Numbers in bold indicate p<.05.
b Baseline characteristic showing p <0.10 association with reported cerebral small vessel disease
BMI, Body mass index; CAD, coronary artery disease; PAD, peripheral artery disease; eGFR, estimated glomerular 
filtration rate; TIA, transient ischemic attack; SD, standard deviation.
When multiple cerebrovascular symptoms occurred in the six months prior to the operation, the most serious 
symptom counts in the following order: stroke> TIA> ocular. Ocular symptoms include transient or permanent 
retinal ischemia. History of any stroke includes ipsilateral or contralateral stroke. Antiplatelet drug use includes 
the use of aspirin, dipyridamole or any ADP-inhibitor.
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adjusted HR 1.20 (95% CI: 0.61-2.35); p=0.592; Table 3, Figure C1). Also, no difference in 
30-day perioperative stroke risk was observed (4.4% vs. 2.9%; adjusted HR 1.49 (95% CI: 
0.73-3.05); p=0.277; Table 3, Figure C2).

Subanalyses
Separate analyses for the CT- and MRI-cohort were performed and added to the 
supplemental materials (Supplemental Tables S7a-c). For those that had CT, 381 out of 659 
(57.8%) had SVD and for those that had MRI 316 out of 379 patients (83.3%) had SVD. 
Similar trends in differences in baseline characteristics were observed for CT and MRI- 
subgroups. The independent association between SVD and 3-year risk of cardiovascular 
death was confirmed in the CT-subgroup analysis (absolute incidences of 7.9% versus 2.5%, 
respectively, with adjusted HR 2.56 (95% CI:1.09-6.00); p=0.031) but not in the MRI 
subgroup (absolute incidences of 4.7% versus 0.0% in patients with SVD versus those 
without). However, univariate analysis for MRI was inaccurate (unrealistic HR and wide 
CI) and multivariable analyses could not be performed, both because of limited power. 
Because the location of SVD was not specified in the reports in a large proportion of the 
patients (42%), sub-analysis based on different location (ipsilateral versus contralateral 
versus bilateral) could not be performed. 

Discussion

This study examined the clinical relevance of reported SVD in preoperative routine clinical 
brain imaging reports for perioperative and long-term adverse cardiovascular events in 
symptomatic patients undergoing CEA. Preoperative SVD was reported in two thirds of 
patients undergoing CEA and was associated with a 2.5-fold increased 3-year risk of 
postoperative cardiovascular death, independent of known cardiovascular risk factors. Our 
results indicate that reported SVD can identify patients with poor survival and accordingly 
a potentially lower long-term benefit of CEA. Yet, as reported SVD was not associated with 
procedural or postoperative stroke-risk, SVD should not be used to weigh up the indication 
for carotid intervention in symptomatic patients. 

In line with our results, the International Carotid Stenting Study (ICSS) revealed no 
association between higher scores of age-related white matter changes (ARWMC) and 30-
day perioperative stroke risk in CEA patients.9 On the contrary, the North American 
Symptomatic Endarterectomy Trial (NASCET) observed increased 30-day combined stroke 
or death risks in patients with widespread WMLs compared to those without (13.9% versus 
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Figure B1-3. Survival analysis for the 3-year postoperative outcomes
B1, any stroke or cardiovascular death; B2, any stroke; B3, cardiovascular death. Red line indicates patients with 
cerebral small vessel disease, the blue line indicates patients without cerebral small vessel disease. Adjusted HR; 
adjusted hazard ratio calculated by multivariable Cox-proportional hazard analysis. 

Figure B1. Any stroke or cardiovascular death during 3-year follow-up

Figure B2. Any stroke during 3-year follow-up
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Figure B3. Cardiovascular death during 3-year follow-up

Table 2. Cox-proportional hazards analysis of 3-year risks for secondary adverse events after CEA

Univariate 
analysis

Multivariable 
analysis

3-year follow-up
outcome measure

No small 
vessel disease

Small vessel 
disease

HR [95%CI] p-value HR [95%CI] p-value

Any stroke or 
cardiovascular death a

28/341 (8.2%) 88/697 (12.6%) 1.59 [1.04-2.43] 0.033 1.36 [0.88-2.10]a 0.172

Any stroke b 23/341 (6.7%) 63/697 (9.0%) 1.38 [0.85-2.22] 0.190 1.24 [0.76-2.02]b 0.395

Cardiovascular death c 7/341 (2.1%) 45/697 (6.5%) 3.29 [1.48-7.30] 0.003 2.52 [1.12-5.67]c 0.026

HR, hazard ratio. HR >1.0 indicates an increased risk for patients with cerebral small vessel disease compared to 
patients without. Numbers in bold indicate p<0.05.
a   Covariates included in multivariable model of the composite endpoint any stroke or cardiovascular death were 

age, cerebrovascular symptoms, diabetes, history of PAD, eGFR and contralateral stenosis (50-100%).
b Covariates included in multivariable model of any stroke were age, diabetes and contralateral stenosis (50-100%).
c  Covariates included in multivariable model of cardiovascular death were age, history of PAD, eGFR and 

contralateral stenosis (50-100%).
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Figure C1-2. Survival analysis for the 30-day perioperative outcomes
C1, any stroke or cardiovascular death; C2, any stroke. Red line indicates patients with cerebral small vessel 
disease, the blue line indicates patients without cerebral small vessel disease. Adjusted HR; adjusted hazard ratio 
calculated by multivariable Cox-proportional hazard analysis. 

Figure C1. Any stroke or cardiovascular 
death during 30 days of follow-up

Figure C2. Any stroke during 30 days of 
follow-up
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5.3%).3 It is worth noting that the overall 30-day perioperative stroke or death rate in the 
NASCET (6.7%) was higher than the CEA cohort of the ICSS (3.4%) and our cohort (4.1%). 
These differences could be attributed to the improved surgical techniques and novel insights 
in anesthesiologic management.19 Moreover, it has been shown that concomitantly with 
improved cardiovascular prevention therapy, atherosclerotic plaques have stabilized over 
time.20 It could be hypothesized that due to plaque stabilization the occurrence of procedural 
embolisms has been reduced, resulting in lower stroke rates. Additionally, perioperative 
stroke is multifactorial, varying from thrombosis or thrombotic occlusion of the operated 
carotid artery, hyperperfusion syndrome, carotid-embolism or cardio-embolism and 
intraoperative hypoperfusion.21 Therefore SVD may not be one of the main predictors for 
these heterogeneous types of stroke with various pathophysiological mechanisms. 

Regarding the long-term postoperative risk of stroke, the only available evidence results 
from the aforementioned NASCET that observed an increased 3-year postoperative stroke 
risk in patients with more extensive WMLs.3 Of note, increased long-term stroke risk was 
also observed in the medically treated group of this study. As discussed above, the NASCET 
cohort does not reflect the current stroke risk in patients undergoing CEA. Although WMLs 
predict recurrent stroke in patients with ischemic stroke in general5, these results cannot 
be directly extrapolated to patients with carotid stenosis because the risks of future 
cardiovascular events and survival varies between different etiologies of ischemic stroke.22,23 
Furthermore, prevalence of WMLs in our study was higher than previously described3, 
likely as a result of more sensitive scanning techniques. Earlier studies may have selected 
patients with more severe WML, resulting in more pronounced differences between groups 
with, as a consequence, a stronger association between WML and short- and long-term 

Table 3. Cox-proportional hazards analysis of 30-day perioperative risks for secondary adverse events after 
CEA

Univariate 
analysis

Multivariable 
analysis

Perioperative
outcome measure

No small 
vessel disease 

Small vessel 
disease

HR [95%CI] p-value HR [95%CI] p-value

Any stroke or 
cardiovascular deatha

12/341 (3.5%) 31/697 (4.4%) 1.27 [0.65-2.47] 0.484 1.20 [0.61-2.35] 0.592

Any strokeb 10/341 (2.9%) 31/697 (4.4%) 1.52 [0.75-3.11] 0.248 1.49 [0.73-3.05] 0.277

HR, hazard ratio. HR >1.0 indicates an increased risk for patients with cerebral small vessel disease compared to 
patients without. Numbers in bold indicate p<0.05.
a  Covariates included in multivariable model of any stroke or cardiovascular death were cerebrovascular symptoms, 

diabetes and contralateral stenosis (50-100%).
b Covariates included in multivariable model of any stroke were diabetes and contralateral stenosis (50-100%)
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outcome events. We cannot exclude that preoperative reported SVD may have a small 
predictive value for stroke but larger cohort studies, including assessment of WML load 
and localization, would be needed to confirm this. 

Our finding that increased postoperative long-term risk of cardiovascular death in 
symptomatic patients undergoing CEA is associated with reported SVD is in line with a 
previous small study8, which showed that CEA patients (predominantly symptomatic) with 
any quantified WML on preoperative brain CT had an increased 5-year risk of mortality 
(predominantly of cardiovascular origin). We now show that, also based on standard brain 
imaging reports, SVD can be used as predictor for cardiovascular death. Preoperative SVD 
was associated with all-cause death in univariate analysis, yet this effect was diminished in 
multivariable analysis implying that SVD is not independently associated with all-cause 
mortality. This discrepancy with the previous study8 could be attributed to the shorter 
follow-up period or could be explained by the fact that the previous study did not fully 
adjust for confounders due to small sample size. The overall increased risk of cardiovascular 
death can be explained by the concept of systemic SVD due to generalized atherosclerotic 
disease, resulting in end organ manifestations such as kidney failure or cardiomyopathy.24,25 
Furthermore, it is suggested that endothelial dysfunction in both cerebral arteries and 
systemic arteries is increased in patients with more severe WMLs.26 A shared etiology 
between SVD and cardiovascular death specifically is supported by the fact that no 
differences in all-cause death were found between patients with and those without SVD. 
Reliable estimates for long-term survival rates in patients qualifying for CEA are important 
to determine the absolute net-benefit of the procedure. As long-term recurrent stroke risk 
has decreased for symptomatic patients with carotid artery disease because of improved 
preventive medical strategies, the number-needed-to-treat of CEA may be higher than 
previously determined. When patients have a shorter life-expectancy due to severe systemic 
atherosclerotic disease, the duration of benefit of a revascularization procedure will be 
shorter. When assessment of SVD becomes part of standard clinical workup this can be 
used in future risk stratification algorithms that use multiple demographic, biological and 
imaging characteristics for decision making on optimal treatment strategy. 27

Strengths and limitations 
This study has several limitations. First, both CT and MRI brain scan reports were used, 
while MRI is more sensitive in detection of small WMLs.28 This could explain the higher 
prevalence of SVD found in the MRI subgroup (83.3%) compared with the CT subgroup 
(57.8%). Subgroup analyses confirmed the association of SVD with cardiovascular death 
in the CT-subcohort, but in the MRI-subcohort this could not be determined because of 
the limited sample size and limited number of events. However, both CT and MRI are 
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interchangeably used in routine clinical practice and this study addresses its clinical 
relevance. Furthermore, differences in event-rates between patients with and without SVD 
are similar in CT and MRI subgroups and thus type of imaging modality does not seem to 
have large impact on the results. Yet, MRI may have led to the detection of minor lesions 
that may have been missed with CT. Patients with more severe lesions may have a higher 
risk of generalized atherosclerotic disease and are therefore at higher risk of CV death. 
Detection of all (minor and major) lesions in MRI-patients may have diluted the effect on 
outcome in these patients. As MRI is increasingly being used in clinical setting for diagnosis 
of stroke, future studies of larger sample size, also focusing on the difference between minor 
and major lesions, are needed to elaborate the association of preoperative SVD based on 
MRI and cardiovascular death. Second, CT and MRI imaging were performed with different 
scanners and different protocols due to the broad study time. This study therefore reflects 
routine clinical care. Third, in our analysis no distinction was made between ipsi- and 
contralateral or between mild and severe SVD. One can imagine that ipsilateral SVD is 
more likely to be attributable to thromboembolic events due to ipsilateral carotid stenosis, 
whereas bilateral WML may be an expression of generalized atherosclerotic disease. Semi-
quantitative methods for assessment of severity of WML are widely available and generally 
well-known but are not consistently used in standard practice. By pooling all patients with 
any reported WML we might have underestimated the correlation between SVD and 
outcome. Yet, previous studies that did investigate the correlation between (semi-) 
quantitative WML measures and outcome in patients undergoing CEA used trained 
radiologists for assessment of these study parameter which has the disadvantage of not 
being part of standard clinical practice.3,8,9 Fourth, we only included symptomatic patients 
whereas assessment of perioperative risk in asymptomatic patients may be even more 
relevant in the ongoing discussion on whether or not to perform revascularization 
procedures in these patients. Finally, stroke was less frequently observed for excluded 
patients compared to included patients (see Supplemental Table S4), mainly because 
imaging reports were not attached in the referral from other hospitals. Excluded patients 
from the present study could be considered as lower risk patients, which would have rather 
led to an overestimation of the association between SVD and stroke and would not have 
changed our conclusion.

Despite limitations, the present study includes a large CEA cohort reflecting current 
incidences of perioperative and postoperative adverse events. Additionally, the study design 
mimics daily practice in which clinicians evaluate the presence of SVD based on brain 
imaging reports constructed by radiologists through standardized protocols and not using 
non-standard quantification techniques. Future research should focus on how preoperative 
baseline imaging can be used for determining optimal treatment strategy.29 Such studies 
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should also focus on the relation between WML and other promising imaging markers 
such as (silent) ischemic brain lesions, which have been associated with poor outcome and 
WMLs.30,31 Studies should report predictive value of both ipsi- and contralateral cerebral 
lesions, should investigate methods for easy identification and quantification of lesions, 
and should stratify symptomatic from asymptomatic patients in their analysis. 

Conclusion

 In clinical practice, SVD in standard preoperative brain imaging reports is independently 
associated with general increased risk of long-term cardiovascular death for symptomatic 
patients undergoing CEA. Yet, presence of preoperative SVD does not seem valuable to 
predict the 30-day perioperative stroke nor long-term stroke-risk in these patients.
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Abstract 

Background
Patients undergoing carotid endarterectomy (CEA) maintain a substantial residual risk for 
major cardiovascular events (MACE). Improved risk-stratification is warranted to select 
high-risk patients qualifying for secondary add-on therapy. Plasma extracellular vesicles 
(EVs) are involved in atherothrombotic processes and their content has been related to the 
presence and recurrence of cardiovascular events. We assessed the association between 
preoperative levels of five cardiovascular disease related proteins in plasma EVs and the 
postoperative risk of MACE.

Methods
In 864 patients undergoing CEA from 2002-2016 included in the Athero-Express biobank, 
three plasma EV-subfractions (LDL, HDL and TEX) were isolated from preoperative blood 
samples. Five proteins were quantified in each EV-subfraction using an 
electrochemiluminescence immunoassay: Cystatin C, Serpin C1, Serpin G1, Serpin F2 and 
CD14. The association between EV protein levels and the three-year postoperative risk of 
MACE (any stroke, myocardial infarction or cardiovascular death) was evaluated using 
multivariable Cox-proportional hazard regression analyses. 

Results 
During a median follow-up of 3.0 years (IQR: 2.2-3.0), 137 (16%) patients developed MACE. 
In the HDL-EV subfraction, increased levels of CD14, Cystatin C, Serpin F2 and Serpin 
C1 were associated with an increased risk of MACE (adjusted HRs per one SD increase 
[95% CI] of 1.30 [1.15-1.48], 1.22 [1.06-1.42], 1.36 [1.16-1.61] and 1.29 [1.10-1.51], 
respectively), independently of cardiovascular risk factors. No significant associations were 
found for Serpin G1. CD14 improved the predictive value of the clinical model encompassing 
cardiovascular risk factors (net reclassification improvement, NRI = 0.16, 95% CI 0.08–
0.25).

Conclusion 
EV-derived preoperative plasma levels of Cystatin C, Serpin C1, CD14 and Serpin F2 were 
independently associated with an increased long-term risk of MACE following CEA and 
are thus markers for residual cardiovascular risk. EV-derived CD14 levels could improve 
identification of high-risk patients that may benefit from secondary preventive add-on 
therapy in order to reduce future MACE risk. 
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What this paper adds

Patients treated with carotid endarterectomy (CEA) maintain a high risk for future major 
cardiovascular events (MACE), although this risk varies substantially across individual 
patients. With emerging novel options to intensify medical treatment, risk stratification for 
MACE is warranted. This study demonstrated that preoperative levels of four proteins 
(CD14, Cystatin C, Serpin C1, and Serpin F2) in plasma extracellular vesicles (EVs) were 
positively associated to increased risks of MACE after CEA. EV-CD14 improved risk 
stratification for MACE on top of cardiovascular risk factors. EV-CD14 may thus be a useful 
marker to select high-risk patients that qualify for intensified medical treatment. 

 
Introduction

Carotid endarterectomy is an effective measure to reduce the risk of future ipsilateral stroke 
in patients with carotid stenosis.1,2 These patients, however, remain a high risk population 
with an estimated residual risk for future cardiovascular events (CVE) up to 20% due to the 
systemic nature of atherosclerosis.3 This residual risk persists even after adequate control of 
vascular risk factors by secondary preventive strategies.4 European guidelines recommend 
to intensify the medical treatment in selected very high-risk patients by increasing the dose 
of lipid-lowering drugs or adding “add-on therapies” (such as PCSK-9 inhibitors).5 Moreover, 
recent studies with anti-inflammatory drugs (e.g. colchicine) as potential add-on therapy 
showed promising results in reducing CVE.6,7 According to the European guidelines5, all 
CEA patients are currently classified in one very high-risk category despite it is known that 
the risk for future CVE varies significantly between individuals.4 Personalization of secondary 
preventive strategies and often expensive add-on therapies remains important to lower the 
rate of recurrent CVE by keeping control on health care costs and prevent patients from 
unnecessary drug side effects. Therefore, risk-stratification algorithms are warranted that 
accurately predict individuals at high risk for future CVE. Clinical prediction models have 
limited ability to identify those patients at high risk.8 For this, biomarkers are needed to 
improve the predictive value of these risk-stratification models. 

Plasma extracellular vesicles (EVs) are raising interest as potential biomarkers for 
cardiovascular disease (CVD).9 EVs are small bilayer membrane vesicles including 
microvesicles, microparticles and exosomes, ranging from 50-1000 nm in diameter, and 
are released during cell activation or apoptosis.9 EVs contain bioactive content (proteins, 
lipids, RNA and microRNA) from their parent cell and are acknowledged messengers for 
intercellular communication.10 EVs have been related to (patho-)physiological processes 
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including thrombosis, inflammation, cell survival, endothelial dysfunction, angiogenesis 
as well as atherosclerotic plaque progression.10 Since EVs carry information about cellular 
processes of the cell of origin, EVs are referred as liquid biopsies making them a promising 
biomarker source. Previously, protein levels in plasma EVs were associated with recurrent 
vascular events in patients with established CVD.11 However, these specific EV proteins are 
not yet investigated in patients undergoing CEA. Furthermore, it is known that EVs vary 
in size and properties and that their cargo differs across EV subsets.9,12,13 Investigating the 
composition of EV subsets may improve predictive power, yet previous studies on future 
CVE did not distinguish between EV subsets. 
In this study, we investigated whether preoperative levels of CVD-related proteins in plasma 
EVs subsets are associated with major cardiovascular events in patients undergoing CEA. 

Methods

Study population
All patients participated in the ongoing prospective Athero-Express Biobank Study that 
has been initiated in 2002 and includes consecutive patients undergoing CEA in two major 
vascular centers in the Netherlands (University Medical Center, Utrecht and St. Antonius 
Hospital Nieuwegein). All patients signed informed consent. Indications for surgery were 
based on international and local guidelines and judged in a multidisciplinary vascular 
team.2,14–18 Preoperatively, a blood sample was taken and stored at -80°C until isolation of 
plasma EV subsets for measurements. Baseline characteristics (demographics, medical 
history, medication use and cardiovascular risk factors) were collected by standardized 
questionnaires and medical records. During CEA, the atherosclerotic plaque was collected 
and subsequently immunohistochemically analyzed. Patients were followed up for three 
years after CEA for CVE. For an extensive description of the Athero-Express study design 
we refer to previous publications.3,19 
Patients that underwent CEA from April 1, 2002 until December 31, 2016 with available 
citrate plasma samples and follow-up data were considered eligible for the current study. 
Patients operated for restenosis were excluded. This study was approved by ethics 
committees of both study sites and was conducted following the ethical principles of the 
Declaration of Helsinki. 

Follow-up
Patients were asked once per year to fill out standardized questionnaires regarding 
experienced CVE and hospital admissions. When a vascular event was suspected, additional 
documentation regarding the CVE were requested from hospital medical records and the 
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general practitioner. In case a patient did not respond to the questionnaires, the general 
practitioner was contacted to provide follow-up information. All outcome events were 
evaluated by two independent observers. If disagreement existed, a third expert (GJdB) 
was asked. The criteria for outcome events were reported previously.19 

Study endpoints
The primary endpoint of this study was the three-year postoperative risk of MACE defined 
as a composite of nonfatal or fatal myocardial infarction (MI), any nonfatal or fatal ischemic 
or hemorrhagic stroke, and cardiovascular death due to other causes (fatal heart failure, 
fatal abdominal aneurysm rupture and sudden cardiac death). Since histological 
atherosclerotic plaque characteristics are established markers for future CVE3, secondary 
endpoints of the study were associations between EV-subset proteins and atherosclerotic 
plaque characteristics in order to unravel underlying pathobiological mechanisms.

Biomarkers 
The following EV proteins as potential biomarkers were selected based on previous studies: 
CD14, Cystatin C, Serpin F2, Serpin G1 and Serpin C1. 11–13 

Isolation of extracellular vesicle subsets
Three subsets of plasma extracellular vesicles (EVs) were isolated using previously published 
protocols.13,20 The five proteins were measured in all three subsets of plasma EVs. A more 
detailed description of the isolation procedure of the EV subsets and quantification of 
proteins is included in the Supplemental Materials.
In short, one plasma EV-subset co-precipitates with Low-Density Lipid (LDL) particles 
whilst another EV-subset co-precipitates with High-Density Lipid (HDL) particles allowing 
for isolation of two plasma EV-subsets. These EV-subsets are respectively named as the 
LDL-EV subfraction and HDL-EV subfraction. For precipitation of LDL-EV subfraction 
and HDL-EV subfraction solutions of Dextran Sulphate (MP Biomedicals) and Manganese 
(II) Chloride (Sigma-Aldrich) were used (Supplemental Materials Figure S1). A third EV-
subfraction, named TEX-EV fraction (Tiny Extracellular vesicle fraction), was obtained 
without HDL- or LDL sub fractionation using Xtractt buffer, 1:4, Cavadis BV. Previous 
experiments that characterized EV size showed relatively large EVs in the HDL fraction 
(mean 120 nm), slightly smaller EVs in LDL fraction (mean 101 nm) and the smallest EVs 
in the TEX fraction (mean 84 nm).13 

Isolation of EVs from plasma subfractions was performed with magnetic dextran 
nanoparticles (Nanomag®-D plain, Nanomag®-D PEG-OH, Micromod) and a bio-plex 
handheld magnet (Bio-Rad). The pellets with EVs were lysed with complete lysis-M buffer 
including protease inhibitors (Roche). 
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Quantification of protein levels in EVs
Protein levels were quantified in all three EV-subsets by electrochemiluminescence 
immunoassay (Quickplex SQ120, Meso Scale) and original essay units were expressed as 
pg/mL. To be able to correct for loss of pellet during the isolation steps, a standard quantity 
of synthetic liposomes (coated with DSG-PEG2000, Sunbright and fluorescently labelled 
with 18:1 Liss Rhod PE, MERCK) was added to each plasma sample and quantified 
afterwards. 

Histological atherosclerotic plaque examination
The atherosclerotic plaque was processed and immunohistochemically analyzed for the 
amount of macrophages, smooth muscle cells (SMCs), collagen, intraplaque hemorrhage 
(IPH), microvessels, lipid core and calcifications by the standardized protocol of the Athero-
Express.3,19 A detailed description can be found in the Supplemental Materials. The content 
of macrophages, SMCs and collagen was semi-quantitatively scored as no to minor staining 
and moderate to heavy staining. IPH was scored as absent or present. The size of the lipid 
core was visually estimated and scored as <10%, 10-40% and >40% of the total plaque area. 
Additional quantitative analyses of SMCs, macrophages and microvessels were performed 
using computerized software (AnalySIS 3.2, Soft Imaging Systems GmbH, Munster, 
Germany). SMCs and macrophages were expressed as percentages of total plaque area. 
Microvessels were counted in three hotspots and expressed as an averaged number per 
square millimeter.

Statistical analyses
All analyses were conducted in R statistical software version 3.6.2 (R Foundation for 
Statistical Computing, Vienna, Austria; https://www.r-project.org/). All statistical tests were 
two-sided and the significance level was set on p<0.05.

Associations with MACE
Continuous baseline characteristics were compared using Student’s t-test or Mann-Whitney 
U and categorical baseline characteristics by Chi-square tests. Univariable and multivariable 
Cox-proportional hazard models were applied to analyze the associations of the EV protein 
levels with MACE. Protein levels in EVs, baseline cholesterol and creatinine levels were 
logarithmically transformed to obtain normal distributions. To enable direct comparison 
between different proteins, protein levels in EVs were standardized to Z-scores and hazard 
ratios (HR) per one standard deviation (SD) increase in protein levels were calculated. 
Confounders for multivariable analyses were selected a priori based on existing literature 
8,11,21–23: age, sex, history of coronary artery disease (CAD) and/or peripheral artery disease 
(PAD), cerebrovascular symptoms, current smoking, hypertension, diabetes, lipid-lowering 
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drug use, creatinine and contralateral carotid artery stenosis of 50-100%. Backward 
elimination based on Akaike information criterion (AIC) resulted in a clinical model 
consisting of age, history of CAD and/or PAD, cerebrovascular symptoms, current smoking 
and creatinine. Kaplan-Meier graphs of quartile levels of the proteins were constructed to 
explore the type of association (linear or non-linear) with MACE in order to explore 
possible clinically applicable cut-off values. Percentages of missing data were low (<0.5%) 
so no imputation was performed (Supplemental Table S2). 

Prediction model development and performance
A possible added predictive value of EV proteins to the clinical model was investigated 
using stepwise backward regression modelling based on AIC. Both the clinical model and 
the biomarker model were bootstrapped to adjust for overfitting and overoptimistic 
performance. Subsequently, calibration was evaluated by visual inspection of calibration 
plots and discriminative performance was analyzed by C-statistic and Net Reclassification 
Index (NRI). As no predefined cutoff points are available for risk prediction for secondary 
CVE, we defined four risk categories based on the overall incidence (cutoff points at half 
of the overall incidence, the overall incidence and twice the overall incidence) in accordance 
with previous publications.21,24  

Associations with plaque characteristics
To gain more insight in potential underlying biological mechanisms between the associated 
EV proteins with MACE, we examined the associations of these specific EV proteins with 
vulnerable histological plaque characteristics by logistic and linear regression analyses. 
Additional confounders to the above-mentioned multivariable model were added based 
on literature: sex25, year of surgery26, lipid-lowering drug use27, hypertension28, anticoagulant 
drug use29 (for IPH and microvessels only). 

Results

Of the 887 patients that fulfilled inclusion and exclusion criteria, 23 had insufficient sample 
material for EV isolation or failure of protein measurements (Figure 1). A final number of 
864 patients with at least one valid protein measurement was left for analyses. The availability 
of protein measurements is displayed in the Supplemental (Table S3).

Study population
Baseline characteristics are stated in Table 1. The mean age was 69 ±9.2 and 70% were men. 
The cohort typically reflects a severe atherosclerotic cohort with a high prevalence of 
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cardiovascular risk factors, history of cardiovascular diseases (31% of the patients were 
previously diagnosed with CAD, 21% with PAD and 33% with any stroke), and use of 
secondary preventive medications (79% of the patients were on lipid-lowering therapy, 88% 
on antiplatelets, 11% on anticoagulants). After a median follow-up time of 3.0 years [IQR: 
2.2.-3.0], 137 (16%) patients with MACE were observed of which 73 (8.4%) had stroke as 
first event, 44 (5.1%) had MI and 20 (2.3%) died due to other cardiovascular causes. Patients 
that experienced a MACE were on average older (72.1 vs. 68.8), had higher baseline 
creatinine levels and lower HDL-cholesterol compared to patients that did not experience 
MACE. A history of CAD, PAD and diabetes were more common among those that 
experienced MACE. 

EV protein levels and the risk of MACE
Median and interquartile levels of the proteins in EV-subsets are stated in the Supplemental 
Table S3. Multivariable Cox-regression analyses corrected for cardiovascular risk factors 
(age, history of CAD and/or PAD, cerebrovascular symptoms, current smoking and 
creatinine levels) showed that four of the five proteins in the HDL-EV subfraction were 
independently associated with MACE (Table 2 and Supplemental Tables S4a-d). Increased 
levels of CD14, Cystatin C, Serpin F2 and Serpin C1 were associated with an increased risk 
of MACE (adjusted HRs per one SD increase [95% CI] of 1.30 [1.15-1.48], 1.22 [1.06-1.42], 
1.36 [1.16-1.61] and 1.29 [1.10-1.51] respectively). No associations were found in the LDL-

Figure 1. Flowchart
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Table 1. Baseline characteristics

no MACE
(n=727)

MACE
(n=137)

p-value

Demographics
Age, years, mean (SD) 68.8 (9.2) 72.1 (9.1) <0.001
Male 502 (69.1) 102 (74.5) 0.245
Ipsilateral carotid artery stenosis degree 0.133
   50-70% 62 (8.8) 6 (4.5) 
   70-99% 646 (91.2) 127 (95.5) 
Risk factors
Contralateral carotid artery stenosis 
of 50-100% 

291 (44.3) 66 (52.0) 0.135

BMI, mean (SD) 26.3 (3.9) 26.7 (3.9) 0.232
Hypertension 601 (82.7) 118 (86.1) 0.384
Creatinine, median [IQR] 87.0 [75.0, 104.0] 95.0 [79.0, 114.0] 0.002
GFR, mL/min/1.73 m2, mean (SD) 74.1 (20.3) 67.6 (21.4) 0.001
Current smoking 233 (32.1) 52 (38.0) 0.215
Diabetes 156 (21.5) 42 (30.7) 0.025
Hypercholesterolemia 463 (69.7) 80 (68.4) 0.854
Triglycerides levels, mmol/L, median [IQR] 1.5 [1.1, 2.1] 1.5 [1.1, 2.0] 0.768
LDL-C levels, mmol/L, median [IQR] 2.3 [1.8, 3.0] 2.3 [1.8, 3.0] 0.496
HDL-C levels, mmol/L, median [IQR] 1.1 [0.9, 1.3] 0.9 [0.8, 1.1] <0.001
Total cholesterol levels, mmol/L, median [IQR] 4.2 [3.5, 5.2] 4.1 [3.5, 4.9] 0.128
Medical history
Preprocedural cerebrovascular symptoms 0.177
   asymptomatic 302 (41.5) 44 (32.1) 
   ocular 77 (10.6) 16 (11.7) 
   TIA 203 (28.0) 39 (28.5) 
   stroke 145 (19.9) 38 (27.7) 
History of stroke 233 (32.0) 55 (40.1) 0.081
History of CAD or PAD 0.004
   no history of CAD and PAD 428 (58.9) 65 (47.4) 
   history of CAD or PAD 248 (34.1) 52 (38.0) 
   history of CAD and PAD 51 (7.0) 20 (14.6) 
Drug therapy
Anticoagulants 70 (9.6) 20 (14.6) 0.112
Antiplatelets 642 (88.6) 117 (86.7) 0.632
Lipid lowering drugs 587 (80.9) 102 (74.5) 0.110

Values are displayed as frequency, n (%) unless otherwise indicated. Values in bold are p-value <0.05.
SD, standard deviation; IQR, interquartile range, BMI, Body mass index; CAD, coronary artery disease; PAD, 
peripheral artery disease; GFR, estimated glomerular filtration rate calculated by MDRD equation; TIA, transient 
ischemic attack; LDL-C, Low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol. History 
of CAD includes previously reported angina, myocardial infarction, percutaneous coronary interventions or 
coronary artery bypass grafting. Hypertension, diabetes and hypercholesterolemia were defined as diagnosed by 
a medical doctor or use of specific medication. Antiplatelet drug comprises the use of aspirin, dipyridamole or 
any ADP-inhibitor. Lipid lowering drug use comprises the use of any lipid lowering drug. History of stroke includes 
any ipsilateral or contralateral stroke. Cerebrovascular symptoms refer to the ipsilateral symptoms on which the 
indication for CEA was based. Asymptomatic is defined as no experience of ipsilateral cerebrovascular symptoms 
in the six months prior to CEA. In the MACE group, few patients received both anticoagulant as antiplatelet 
therapy. 
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EV or TEX-EV subfractions. Serpin G1 levels were not associated with MACE (Table 2). 
Since the prevalence of diabetes and baseline HDL-levels were significantly different 
between patients who developed MACE and those who did not, additional multivariable 
analyses also corrected for diabetes and HDL-levels next to above mentioned cardiovascular 
risk factors was performed and showed similar results (Supplemental Materials, Table S5). 
In order to explore possible clinically applicable cut-off values of the associated proteins in 
HDL-EVs, protein quartiles levels were further analyzed by Kaplan-Meier analyses (Figures 
2A-2E). Non-linear associations with MACE were found for CD14 and Serpin F2, as 
patients in 4th quartile were at much higher risk compared to the rest of the patients 

Table 2. Associations of protein levels in EVs with 3-year risk of MACE after CEA 

  Biomarker Univariable Multivariable

HR (95% CI) p-value HR (95% CI) p-value

CD14

   HDL-EVs 1.37 (1.21-1.54) <0.001 1.30 (1.15-1.48) <0.001

   LDL-EVs 1.17 (1.04-1.31) 0.009 1.12 (1.00-1.26) 0.050

   TEX-EVs 1.07 (0.92-1.24) 0.376 1.04 (0.90-1.21) 0.605

Cystatin C

   HDL-EVs 1.34 (1.18-1.52) <0.001 1.22 (1.06-1.42) 0.007

   LDL-EVs 1.21 (1.08-1.37) 0.002 1.14 (1.00-1.30) 0.057

   TEX-EVs 1.21 (1.05-1.39) 0.008 1.10 (0.94-1.29) 0.244

Serpin F2

   HDL-EVs 1.29 (1.1-1.52) 0.002 1.36 (1.16-1.61) <0.001

   LDL-EVs 1.07 (0.89-1.29) 0.489 1.13 (0.93-1.36) 0.225

   TEX-EVs 1.09 (0.92-1.28) 0.326 1.14 (0.97-1.35) 0.113

Serpin G1

   HDL-EVs 1.14 (0.99-1.31) 0.065 1.11 (0.98-1.27) 0.107

   LDL-EVs 0.96 (0.76-1.20) 0.699 0.95 (0.77-1.17) 0.623

   TEX-EVs 0.87 (0.73-1.04) 0.121 0.87 (0.73-1.03) 0.108

Serpin C1

   HDL-EVs 1.31 (1.11-1.53) 0.001 1.29 (1.10-1.51) 0.002

   LDL-EVs 1.03 (0.86-1.23) 0.719 1.05 (0.88-1.25) 0.561

   TEX-EVs 1.04 (0.90-1.20) 0.632 1.03 (0.91-1.18) 0.621

Protein levels were logarithmically transformed and standardized per SD. HR indicates the hazard ratio for the 
3-year postoperative risk of MACE per one standard deviation increase in concentration of protein levels in three 
subsets of extracellular vesicles EVs (LDL, HDL and TEX EV subfraction). Multivariable cox-regression was 
corrected for age, history of CAD, history of peripheral artery disease, cerebrovascular symptoms, creatinine and 
current smoking. Values in bold indicate p<0.05. CI, confidence interval.
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(unadjusted HR of quartile 4 (Q4) versus quartile 1 (Q1) of 2.29 [1.41-3.71] and 1.56 [0.98-
2.48], respectively) (Figures 2A and 2B). Cystatin C was linearly associated with MACE 
(unadjusted HR of Q4 versus Q1 of 2.17 [1.29-3.65], Figure 2C). Q3 and Q4 of Serpin C1 
also appeared to be linearly associated with MACE (unadjusted HR of Q4 versus Q1 of 1.89 
[1.18-3.05], Figure 2D). 

Prediction model development and performance
Based on likelihood estimates, addition of CD14 HDL-EV (as a continuous measure) 
improved the clinical model including age, history of CAD and/or PAD, cerebrovascular 
symptoms, current smoking and creatinine. Visual inspection of the calibration plots 
showed good calibration of the model with biomarker (see Supplemental Figure S2). The 
C-statistic for the clinical model was 0.660 and for the clinical model with CD14 HDL-EV 
0.672 (p=0.212 for comparison). Addition of CD14 HDL-EV to the clinical model yielded 
a NRI of 0.16, 95% CI 0.08–0.25 (32% improvement for events against 16% worsening for 
non-events). Reclassification tables are added to the Supplemental (Table S6). 

EV proteins levels and carotid atherosclerotic plaque characteristics
As histological atherosclerotic plaque characteristics have previously been associated with 
future CVE3, we investigated whether Serpin C1, Serpin F2, Cystatin C and CD14 in the 
HDL-EV subfraction were associated with a more unstable plaque phenotype. Higher levels 
of Serpin C1 were associated with more IPH (adjusted odds ratio (OR) and 95% CI; 1.23 
[1.04-1.44]) and increased macrophage infiltration (adjusted OR for moderate/heavy 
staining was 1.23 [1.05-1.43]) (Table 3). Higher levels of Serpin F2 were also associated 
with more macrophage infiltration (adjusted OR for moderate/heavy staining was 1.31 
[1.11-1.54] and adjusted beta for percentages of macrophage staining 0.11 [0.02-0.21]). 
Cystatin C was negatively associated with the amount of SMCs infiltration (adjusted beta 
for percentage of SMC staining: -0.18 [-0.35- -0.01]). CD14 levels were not associated with 
plaque characteristics.
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Figures 2A-2E. Kaplan–Meier estimates of major adverse cardiovascular event (MACE) for quartiles of 
multivariable signifi cant associated EV-protein levels
Th e p-value depicts the overall diff erence in survival probabilities across quartiles calculated by the Log-rank 
test. Hazard ratios in the legends indicate the unadjusted quartile-specifi c hazard relative to the fi rst quartile. 

Figure 2C. Th e three-year MACE-free survival 
probability of Cystatin C quartile levels in the 
HDL-EV subfraction

Figure 2D. Th e three-year MACE-free survival 
probability of Serpin C1 quartile levels in the 
HDL-EV subfraction

Figure 2A. Th e three-year MACE-free survival 
probability of CD14 quartile levels in the 
HDL-EV subfraction

Figure 2B. Th e three-year MACE-free survival 
probability of Serpin F2 quartile levels in the 
HDL-EV subfraction
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Figure 2E.  Th e three-year MACE-free survival 
probability of CD14 quartile levels in the 
HDL-EV subfraction
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Discussion

In the present study, we assessed the association between preoperative levels of five CVD-
related proteins in three subsets of plasma EVs with the three-year risk of MACE after CEA. 
We showed that increased preoperative levels of CD14, Cystatin C, Serpin F2 and Serpin 
C1 in the HDL-EV subfraction were associated with an increased three-year postoperative 
risk of MACE, independent of cardiovascular risk factors. Moreover, CD14 HDL-EV levels 
showed incremental prognostic value for MACE prediction on top of cardiovascular risk 
factors with an improved reclassification of 16% of the patients. Protein levels in EV 
subfractions may thus be considered as markers to preoperatively identify patients at high 
residual risk of long-term CVE after CEA. These biomarkers might assist in timely 
identification of patients that may benefit from intensification of medical treatment by 
add-on therapy (e.g. PCSK-9 inhibitors or colchicine) next to standard preventive 
medications and CEA.  

Already for two decades, it has become apparent that studying plasma EVs could provide 
crucial biological information about atherosclerotic diseases.9 Release of EVs from cells 
increases under inflammatory conditions, mechanical stress or hypoxia and their content 
reflect disease states.9 Previous studies showed that both the number and composition 
of EVs are associated with the presence and recurrence of CVD.11,13,22,23,30–32 The quantity 
of endothelial-derived microvesicles, considered as a marker for endothelial dysfunction, 
was an independent predictor for future CVE in patients with CAD.13,22,23,30–32 Moreover, 
higher protein levels of CD14, Cystatin C, Serpin G1 or Serpin C1 in EVs were related 
to the presence of heart failure, stable CAD, acute coronary syndrome or metabolic 
syndrome.13,22,23,32 However, protein content of EVs in light of prognosis for future CVD 
have been relatively unexplored. The only prognostic study on EV protein content 
performed, showed that higher concentrations of CD14, Cystatin C and Serpin F2 (but 
not Serpin G1) were associated with a higher risk of future CVE in a mixed cohort of 
CVD.11 Our results now confirm these associations in patients with carotid stenosis. A 
recent study showed that Serpin C1 in HDL-EV is related to stress-induced myocardial 
ischemia.13 We now show that Serpin C1 is also associated with the risk of future MACE. 
Our results emphasize the potential use of these EV-proteins for CEA patients and that 
EV subpopulations provide more specific information since important associations were 
exclusively found in the HDL-EV subpopulation. A previous study suggested that the 
LDL-EV subpopulation contains procoagulant EVs12 but the properties of HDL-EVs are 
unknown and requires further research. Although exact biological and pathophysiological 
functions of EV subfractions remains to be elucidated, EV subfractions are known to 
have different subsets of EVs, each with its own protein content and related CVD 
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manifestations12,13,32, which may reflect different cells and tissues involved and associated 
pathophysiological pathways. 

It is important to emphasize that our results cannot prove causal relationships between EV 
proteins and MACE, thus exact underlying mechanisms remain unclear. Nevertheless, we 
studied associations of EV protein levels and histological characteristics of atherosclerotic 
plaques in order to generate hypotheses regarding underlying mechanisms. EV protein 
levels were positively related with a more unstable atherosclerotic plaque phenotype 
characterized by less SMC infiltration (for Cystatin C), more macrophage infiltration (for 
Serpin F2 and Serpin C1) and IPH (for Serpin C1). Since IPH has been previously 
established as a predictor for future CVE, we could hypothesize that EV proteins may affect 
atherosclerotic plaque instability and influencing cardiovascular disease risk.3 Cystatin C, 
Serpin F2, Serpin C1 and CD14 have been previously related to key mechanisms involved 
in atherosclerosis such as coagulation, inflammation and endothelial dysfunction and 
therefore it is tempting to hypothesize contributing mechanisms. Plasma Cystatin C, a 
protease inhibitor, is known as a marker of kidney dysfunction and an independent 
predictor for primary and secondary CVE.33,34 Cystatin C has been related to inflammation 
and oxidative stress.34,35 A proposed mechanism of its proinflammatory role is the inhibition 
of TGF-ß cascade. TGF-ß is an anti-inflammatory cytokine involved in extracellular matrix 
formation, inhibition of the expression of endothelial adhesion molecules and inhibition 
of SMCs proliferation and migration.11 Serpin F2, also known as α2-antiplasmin, inhibits 
fibrinolysis by inactivating plasmin.36 Serpin C1 is known as anti-thrombin and inhibits 
coagulation through inhibition of thrombin, factors Xa and IXa.37 Our finding that higher 
levels of Serpin C1 were associated with increased risk of MACE and plaque instability may 
be unexpected, but both low and high levels of Serpin C1 have been reported to increase 
the risk of CVD.38 Moreover, coagulation and fibrinolytic pathways including Serpin C1 
and Serpin F2 are closely linked to inflammation.39 CD14 is a co-receptor of Toll-like 
receptor 4, known as a key receptor of the innate immune response, indicating its 
proinflammatory role.40 In vitro, monocyte derived-EVs, marked by CD14, induced 
endothelial cell thrombogenicity, endothelial cell apoptosis, and impaired anticoagulant 
pathways.41 In our study CD14-EV levels were not associated to plaque instability. It could 
be hypothesized that CD14 may not directly interfere in the process of plaque rupture or 
erosion, but once a thromboembolism is formed its procoagulant role may promote 
thrombus growth and prevent its degradation. Since these EV-proteins are involved in 
inflammatory processes, anti-inflammatory medications such as colchicine6,42,43 may be 
beneficial as add-on therapy in reducing the risk of future MACE in patients with manifest 
vascular disease. Future studies should unravel whether Cystatin C, Serpin F2, Serpin C1 
and CD14 in plasma EVs are causally involved to atherosclerotic events rather than just 
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being markers of CVE risk. An interesting approach would be to investigate the association 
between EV Cystatin C, Serpin F2, Serpin C1 and CD14 levels and the progression or 
regression atherosclerotic plaque burden (either in coronary or carotid plaques).44,45 If EV 
protein levels would be related to resistant atherosclerosis despite optimal preventive 
therapies, this would imply that EV proteins are specific markers for residual CVE risk. 
New therapeutic strategies that target EV-protein levels may be investigated in order to 
reduce CVE risk.

The determination of the cellular origin of EVs is challenging, since currently we do not 
know if well-known cell-type markers determined on EVs also indicate the cellular origin 
of these EVs.46 Therefore we were not able to distinguish the origin of EV subpopulations. 
All cell types, including cells of the vessel wall and circulating cells, are capable of producing 
EVs.9 A previous study showed that carotid atherosclerotic plaques contain EVs, 
predominantly with cellular markers from leukocytes (mostly macrophages) and to a lesser 
extent from erythrocytes, SMC and endothelial cells, while the EVs in plasma mainly had 
platelet surface markers.47 However, other studies have shown that EVs from plasma mainly 
possessed membrane proteins that were more typical for leukocytes and erythrocytes rather 
than for platelets.46 More insights in the cellular origin of EVs and its subpopulations could 
provide mechanistic insights in atherosclerotic pathophysiology.

Our study indicates that EV-derived CD14 levels may be a biomarker to improve risk 
stratification for future MACE. Addition of CD14 to a clinical model with cardiovascular 
risk factors resulted in a better reclassification concerning future MACE of 16% of all 
patients. More specifically, addition of CD14 led to a higher assigned risk category in 33% 
of the patients who experienced MACE and only one patient was reclassified into a lower 
category. It should be noted that the correct reclassification of cases (MACE) came at the 
expense of a few controls (no MACE) that are wrongly classified as high-risk patients. If 
confirmed in an external validation study, such biomarker model would identify more 
accurate which patients could benefit from add-on therapy. As current guidelines suggest 
that all CEA patients should be given add-on therapy, fewer patients would be assigned to 
unnecessary add-on therapy leading to more personalized treatment. Nevertheless, these 
results should be interpreted with caution as external validation of this biomarker with 
determination of a clinically applicable cut-off value of CD14 HDL-EV is necessary. Future 
studies need to prove that using such a biomarker model improves clinical care by 
investigating whether high-risk patients identified by the biomarker model significantly 
benefit from add-on therapy.
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Our study has certain limitations. We were not able to analyze the outcomes of MACE 
separately because of low event numbers. In the Athero-Express, no follow-up data 
regarding medication use, medication compliance or the degree of risk factor control were 
available. Hence, we cannot exclude potential interferences of medication changes or risk 
factor management with observed associations with MACE. Other factors influencing 
MACE risk such as pre-existent or growing aortic aneurysms, coronary plaque burden, 
ipsilateral restenosis in the CEA trajectory, diet and metabolites of the intestinal 
microbiome48 could not be taken into account as data were not available. Moreover, due to 
the observational study design, our results do not prove a causal relationship between EV-
protein levels and MACE. Last, plasma EVs were measured at one time point at baseline. 
Although this approach is similar to previous studies, some studies suggest that EVs 
numbers and content changes over time (possibly mediated by medication use or changes 
in disease progression).49,50 Multiple EVs measurements over time may be an interesting 
topic for future studies as change in EV content could potentially provide a more accurate 
reflection of cardiovascular disease risk. Strengths of this study include the relatively 
unexplored patient cohort of CEA patients in the field of EVs within a uniquely designed 
biobank including histological carotid plaque characterization data and validated study 
outcomes. 

In conclusion, increased levels of CD14, Cystatin C, Serpin F2 and Serpin C1 in EV HDL-
subfraction were associated with an increased risk of postoperative MACE after CEA. 
EV-HDL CD14 levels has added predictive value to a clinical risk prediction model for 
MACE. EV protein levels may be considered as markers for residual cardiovascular risk. 
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Supplementary materials 

Th e following supplemental materials are omitted due to space limitations and can be 
requested from the authors:

- Isolation procedure of extracellular vesicles
- Characterization of extracellular vesicles
- Quantifi cation of proteins in extracellular vesicles
- Histological characterization of the carotid atherosclerotic plaque
- Supplemental Table S4a-d: multivariable models for MACE with all predictors

Supplemental Figure S1. Th e isolation procedure of plasma EVs. MSD refers to the assay used for quantifi cation 
of the protein levels (electrochemiluminescence immunoassay Meso Scale). 
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Supplemental Table S3. Median and interquartile ranges of protein levels in three EV subfractions

Biomarker No MACE 
(n=727)

MACE
(n=137)

p-value Missing (%)

CD14 HDL-EV 0.12 [0.08, 0.18] 0.15 [0.10, 0.22] <0.001 0.0

LDL-EV 0.11 [0.08, 0.16] 0.13 [0.08, 0.19] 0.015 0.0

TEX-EV 0.18 [0.13, 0.24] 0.18 [0.14, 0.27] 0.172 0.1

Cystatin C HDL-EV 0.09 [0.06, 0.13] 0.11 [0.08, 0.15] <0.001 6.5

LDL-EV 0.15 [0.10, 0.22] 0.15 [0.10, 0.25] 0.128 0.2

TEX-EV 0.41 [0.30, 0.57] 0.43 [0.31, 0.66] 0.056 0.5

Serpin F2 HDL-EV 6.04 [4.64, 7.58] 6.65 [4.91, 8.67] 0.003 0.0

LDL-EV 7.06 [5.57, 9.39] 7.36 [5.51, 11.25] 0.283 0.0

TEX-EV 7.87 [6.27, 10.54] 8.11 [6.28, 11.21] 0.370 0.2

Serpin G1 HDL-EV 0.05 [0.04, 0.07] 0.06 [0.04, 0.09] 0.009 0.0

LDL-EV 0.04 [0.03, 0.06] 0.04 [0.03, 0.06] 0.412 0.1

TEX-EV 1.29 [0.79, 1.83] 1.13 [0.70, 1.74] 0.094 0.1

Serpin C1 HDL-EV 3.42 [2.07, 5.42] 4.52 [2.52, 6.20] 0.001 0.0

LDL-EV 5.10 [2.62, 8.87] 5.11 [2.61, 9.39] 0.624 10.8

TEX-EV 0.35 [0.24, 0.66] 0.46 [0.27, 0.70] 0.032 0.3

Values are displayed as median [interquartile] protein concentrations in pg/mL. P-values originate from 
comparison of median levels by Mann-Whitney U test between patients that experienced MACE versus those 
who did not. Values in bold indicate p<0.05. Missing measurements of proteins were randomly divided across all 
samples and were due to technical failures. HDL-EV indicates the HDL-EV subfraction, LDL-EV indicates the 
LDL-EV subfraction, TEX-EV indicates the TEX-EV subfraction.

Supplemental Table S2. Percentages of missing covariates 

Missing (%)

Age 0.0

Male sex 0.0

Current smoking 0.1

History of CAD or PAD 0.0

Cerebrovascular symptoms 0.0

Creatinine 0.5

Surgery year 0.0

Hypertension 0.0

Lipid-lowering drug use 0.2

Anticoagulant drug use 0.5

CAD, coronary artery disease; PAD, peripheral artery disease;
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Supplemental Table S5. Multivariable cox-regression corrected for age, history of CAD, history of peripheral 
artery disease, cerebrovascular symptoms, creatinine, current smoking, diabetes and HDL levels

HR (95% CI) p-value

CD14

   HDL-EVs 1.29 1.13 – 1.46 <0.001

   LDL-EVs 1.15 1.00-1.30 0.050

   TEX-EVs 1.05 0.90-1.23 0.512

Cystatin C

   HDL-EVs 1.20 1.03-1.39 0.017

   LDL-EVs 1.16 1.00-1.33 0.050

   TEX-EVs 1.09 0.92-1.29 0.316

Serpin F2

   HDL-EVs 1.33 1.12-1.57 0.001

   LDL-EVs 1.10 0.91-1.34 0.330

   TEX-EVs 1.15 0.97-1.36 0.111

Serpin G1

   HDL-EVs 1.13 0.98-1.30 0.087

   LDL-EVs 0.96 0.77-1.20 0.733

   TEX-EVs 0.88 0.73-1.05 0.148

Serpin C1

   HDL-EVs 1.30 1.11-1.52 0.001

   LDL-EVs 1.07 0.90-1.29 0.447

   TEX-EVs 1.05 0.91-1.21 0.510

Protein levels were logarithmically transformed and standardized per SD. HR indicates the hazard ratio for the 
3-year postoperative risk of MACE per one standard deviation increase in concentration of protein levels in three 
subsets of extracellular vesicles EVs (LDL, HDL and TEX EV subfraction).
Values in bold indicate p<0.05. CI, confidence interval.
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Supplemental Figure S2. Calibration plots
The clinical prediction model consisted of age, history of CAD and/or PAD, cerebrovascular symptoms, current 
smoking and creatinine levels. The biomarker model includes the clinical model with CD14 HDL-EV. 
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Supplemental Table S6. Net reclassification improvement with addition of CD14 HDL-EV to the clinical 
model 

CASES (n=137)

Clinical model + CD14 HDL-EV

MACE risk <8% 8 to <16% 16 to <32% ≥32%

Clinical model 0 to <8% 48 29 1 0

8 to <16% 0 41 11 2

16 to <32% 0 1 2 2

≥32% 0 0 0 0

Reclassified up No. (%) 45 (33%)

Reclassified down No. (%) 1 (0.7%)

NRI (95% CI) 0.32 (0.24;0.40)

CONTROLS (n=722)

Clinical model + CD14 HDL-EV

MACE risk <8% 8 to <16% 16 to <32% ≥32%

Clinical model 0 to <8% 456 96 3 0

8 to <16% 9 123 26 0

16 to <32% 0 2 7 0

≥32% 0 0 0 0

Reclassified up No. (%) 125 (17%)

Reclassified down No. (%) 11 (1.5%)

NRI (95% CI) -0.16 (-0.19; -0.13)

OVERALL NRI (95%CI) 0.16 (0.08;0.25)

The clinical model includes age, history of CAD and/or PAD, cerebrovascular symptoms, current smoking and 
creatinine. The Net Reclassification Index (NRI) is calculated with addition of the biomarker CD14 HDL-EV to 
the clinical model.
95% CI, 95% confidence interval
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Abstract

Background and Purpose
General population studies have shown that elevated lipoprotein(a) [Lp(a)] levels are an 
emerging risk factor for cardiovascular disease and subsequent cardiovascular events 
(CVE). The role of Lp(a) for the risk of secondary major adverse cardiovascular events 
(MACE) in patients undergoing carotid endarterectomy (CEA) is unknown. Our objective 
is to assess the association of elevated Lp(a) levels with the risk of secondary MACE in 
patients undergoing CEA. 

Methods 
Lp(a) concentrations were determined in pre-operative blood samples of 944 consecutive 
CEA patients included in the Athero-Express Biobank Study. During 3-years follow-up, 
major adverse cardiovascular events (MACE), consisting of myocardial infarction, stroke 
and cardiovascular death, were documented.

Results 
After 3 years follow-up, Kaplan-Meier cumulative event rates for MACE were 15.4% in 
patients with high Lp(a) levels (>137 nmol/L; >80th cohort percentile) and 10.2% in patients 
with low Lp(a) levels (≤137 nmol/L; ≤80th cohort percentile) (log-rank test: p=0.047). Cox 
regression analyses adjusted for conventional cardiovascular risk factors revealed a 
significant association between high Lp(a) levels and 3-year MACE with an adjusted HR 
of 1.69 (95% CI 1.07-2.66). One third of MACE occurred within 30 days after CEA, with 
an adjusted HR for the 30-day risk of MACE of 2.05 (95% CI 1.01-4.17). Kaplan-Meier 
curves from timepoint 30 days to 3 years onward revealed no significant association between 
high Lp(a) levels and MACE.  Lp(a) levels were not associated with histological carotid 
plaque characteristics.

Conclusions
High Lp(a) levels (>137 nmol/L; > 80th cohort percentile) are associated with an increased 
risk of 30-day MACE after CEA. This identifies elevated Lp(a) levels as a new potential risk 
factor for secondary CVE in patients after carotid surgery. Future studies are required to 
investigate whether Lp(a) levels might be useful in guiding treatment algorithms for carotid 
intervention. 
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Introduction 

Carotid endarterectomy (CEA), an established treatment for patients with moderate to 
severe carotid artery stenosis, reduces the recurrent risk of ipsilateral stroke. These patients, 
however, are characterized by extensive polyvascular disease, reflecting the systemic nature 
of atherogenesis 1. This results in a high residual cardiovascular risk following CEA2, with  
3-year major adverse cardiovascular event (MACE) incidence rates as high as 19-35%1,3.

Although aggressive secondary prevention strategies have contributed to reduction of 
secondary MACE, the residual risk is still markedly elevated and a high number of patients 
on active secondary prevention still develop cardiovascular events (CVE). This suggests 
that other modifiable risk factors may contribute to the risk of secondary CVE4,5.
 
Genetic and observational data have convincingly demonstrated that elevated lipoprotein(a) 
[Lp(a)] is a causal and highly prevalent risk factor for cardiovascular diseases (CVD)4–6. 
Lp(a) is a low-density lipoprotein (LDL)-like particle characterized by covalently bound 
apolipoprotein(a) to apolipoprotein B-100 of LDL. Lp(a), like LDL cholesterol, is able to 
accumulate in the subendothelial space, leading to progressive atherosclerosis. It has also 
been shown to exert a plethora of signalling effects exacerbating its atherogenic capacity. 
Lp(a) induces a systemic pro-inflammatory state, but in addition has prothrombotic as well 
as pro-oxidant effects4,6,7. 

To date, available evidence on Lp(a) and the risk for cardiovascular events is based on 
studies on individuals in primary prevention setting. Evidence on whether Lp(a) is 
associated with risk of recurrent CVE remain scarce8 and only include patients with 
established coronary artery disease9–11. To date, the association between Lp(a) and recurrent 
CVE in CEA patients is unknown. This association is important in weighing up treatment 
strategies, including add-on medical therapy or an endovascular approach for carotid 
revascularisation. Hence, in the present study, we set out to address the impact of elevated 
Lp(a) levels and the risk of MACE in a large cohort of 944 CEA patients. 

Methods

Study population 
From the Athero-Express Biobank all patients undergoing CEA between 2002-2016 with 
available lipid profile measurements were included in the current study. Patients undergoing 
CEA for restenosis were excluded (Figure 1). The Athero-Express started in 2002 and is a 
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prospective ongoing biobank study including all consecutive patients scheduled for CEA 
in two referral hospitals in the Netherlands (the St. Antonius hospital Nieuwegein and 
University Medical Center Utrecht). The study design has been described previously in 
more detail12. In short, preoperative blood and atherosclerotic plaque specimens of all 
patients undergoing CEA are collected. Indications for CEA were reviewed by a 
multidisciplinary vascular team and experienced surgeons performed the surgery in 
accordance with local and international guidelines2,13–16. Standardized preoperative 
questionnaires and hospital medical records were used to obtain baseline patient 
characteristics. Perioperative assessment was structurally done by a neurologist and/or 

Figure 1. Flowchart of study population. A total of 1035 CEA patients with available lipid profile 
measurements were included in the Athero-Express Biobank
Following exclusion of patients with restenosis (n=63) and no available follow-up data (n=28), 944 patients were 
eligible for this study. Patients were classified in low Lp(a) (≤ 80th cohort percentile, ≤137 nmol/l) n=755 and 
high Lp(a) (>80th cohort percentile, >137nmol/l) n=189. 
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vascular surgeon. Hospital medical records were reviewed for perioperative events. All 
patients received questionnaires annually for the first 3 consecutive years after CEA to 
collect follow-up data on cardiovascular events or hospital admissions. If an outcome event 
occurred medical records were checked and relevant documentation was acquired by 
contacting the general practitioner or hospital. If patients did not respond to the follow-up 
questionnaire, the general practitioner was contacted for follow-up information. The 
medical ethics board of both hospitals approved the study and all study participants 
provided written informed consent. The study is conducted in accordance with the 
declaration of Helsinki. The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

Laboratory Measurements 
All venous blood samples were collected during hospital admission prior to surgery and 
stored at -80 degrees Celsius until further use. Patients with available lipid profile 
measurements (assessed as part of routine care) were selected for lipoprotein(a) 
measurements. Lipoprotein(a) concentrations were measured with a latex-enhanced particle 
immunoturbidimetric assay in serum samples using the Cobas c702 (Roche) and the LPA2 
Tina-quant Lipoprotein(a) Gen.2 kit from Cobas (LPA2: CAN 8723). In short, Lp(a) was 
measured in nanomoles per liter by means of a particle enhanced immunoturbidimetric 
assay, where lipoprotein(a) agglutinates with latex particles coated with anti-Lp(a) 
antibodies. The precipitate is determined turbidimetrically at 800 / 660 nm. The measuring 
rage of this assay is between 7 – 240 nmol/L. More information regarding specific 
performance data, the repeatability and intermediate precision can be found in the 
manufacturers’ instructions.

Atherosclerotic plaque assessment
Histological assessment of the atherosclerotic plaques was performed according to a 
standardized protocol on sections of the culprit segment and has previously been described 
in detail17. In short, plaques were stained with alpha-actin for smooth muscle cells (SMC), 
CD68 for macrophages, CD34 for microvessels, picrosirius Red (PSR) for collagen and lipid 
content, haematoxylin eosin (HE) for general overview including calcifications, and HE 
and fibrin for intraplaque. All stainings were semi-quantitatively scored by two independent 
observers. SMC, macrophages, collagen content, presence of calcifications, were scored 
either as no/minor (0) or moderate/heavy (1) staining. Microvessel density was determined 
by the average number of vessels of 3 hotspots within every plaque. Lipid content was 
estimated as a percentage of total plaque area and stratified into less than 10%/40% and 
higher than 10%/40%. Intraplaque hemorrhage was rated as absent or present. Intraobserver 
and interobserver variability were examined previously and showed good reproducibility 
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(κ 0.6-0.9)18. In addition, macrophage and SMC content were scored quantitatively using 
computerized analysis software AnalySIS 3.2 (Soft Imaging Systems GmbH, Münster, 
Germany), and reported as percentage positive staining per plaque area. 

Outcomes 
The primary outcome, MACE, was a composite encompassing myocardial infarction (MI), 
stroke or cardiovascular death. Cardiovascular death was defined as: fatal MI, fatal stroke 
(bleeding or ischemic), fatal ruptured abdominal aneurysm, fatal heart failure or sudden 
death. Patients who reached multiple endpoints during follow-up only the first manifestation 
of a cardiovascular event was used for analysis. End-point criteria have been described 
previously12; all were adjudicated by two members of an outcome assessment committee.

Statistical analyses 
Based on the thresholds proposed in previous studies and guidelines4,19,20 for Lp(a), Lp(a) 
levels were stratified in high and low based on the 80th cohort percentile as cut-off. 
Continuous variables are presented as mean (±SD) or as median (IQR) when appropriate. 
Discrete data are presented as frequencies and percentages. To compare baseline 
characteristics and plaque composition of patients across high and low Lp(a) groups, 
Pearson’s chi-squared test was used for categorical data, Student’s t-test for continuous data 
and Mann-Whitney U-test for non-normally distributed variables. The MACE-free survival 
after 30 days and 3 years of follow-up of patients in high and low Lp(a) categories was 
estimated with Kaplan-Meier survival analysis. Survival was compared by performing the 
log-rank test. Cox proportional hazard regression was used to calculate the hazard ratio 
(HR) with 95% confidence interval (95% CI) for the association between Lp(a) and the 
occurrence of MACE during follow-up. Based on literature: age, sex, smoking status, systolic 
blood pressure, diabetes, LDL, HDL, history of peripheral artery disease (PAD) and/or 
coronary artery disease (CAD), and presence of contralateral carotid stenosis were identified 
as potential confounders.1,4,6,21 LDL cholesterol was corrected for the Lp(a) contribution by 
subtracting 30% of total Lp(a) mass (corresponding to the cholesterol content in 
lipoprotein(a)) from LDL cholesterol. Across the selected confounders the proportion 
missing values was analyzed (Table 1). Missing values were imputed using a multiple 
imputation procedure.22,23 The selected confounders were included in a multivariable Cox 
proportional hazards model. All p values were 2-tailed, with a value <0.05 considered to 
indicate statistical significance. Statistical analyses were performed with R Studio Version 
1.1.456 (R Foundation for Statistical Computing, Vienna, Austria).24
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Table 1. Baseline Characteristics of study population 

Lipoprotein(a) (nmol/l)

Total ≤137 >137 p-value Missing 
Values

n=944 n=755 n=189 n (%)

Age (years) 69.7(9) 69.7(9) 69.4(10) 0.63 0(0)

Gender, women 293(31) 212(28) 81(43) <0.01 0(0)

BMI (kg/m2) 26.2(4) 26.2(4) 26.3(4) 0.85 24(2.5)

Hypertension 668(73) 536(73) 132(70) 0.51 27(2.9)

Systolic BP (mmHg) 151(25) 152(25) 148(26) 0.08 115(12.2)

Diastolic BP (mmHg) 80(13) 81(13) 79(14) 0.25 116(12.3)

eGFR (ml/min per 1.73m2) 74[60,88] 74[60,88] 76[62,89] 0.46 71(7.5)

Current smoker 321(34) 265(35) 56(30) 0.17 9(1.0)

Diabetes 209(22) 174(23) 35(18) 0.20 0(0)

Insulin use 59(6) 54(7) 5(3) 0.02 1(0.1)

Oral glucose inhibitor use 149(16) 125(17) 24(13) 0.22 1(0.1)

Hypercholesterolaemia 591(71) 455(68) 136(81) <0.01 113(12.0)

Triglycerides (mg/dl) 1.5[1.1,2.0] 1.5[1.1,2.0] 1.5[1.1,2.0] 0.61 4(0.42)

LDL (mmol/L) 2.0[1.5,2.6] 2.1[1.5,2.6] 1.8[1.3,2.4] <0.01 4(0.42)

HDL (mg/dl) 1.1(0.3) 1.0(0.3) 1.1(0.3) <0.01 4(0.42)

Total cholesterol (mg/dl) 4.1(1.1) 4.1(1.1) 4.4(1.0) <0.01 4(0.42)

Anticoagulant use 92(10) 78(10) 14(7) 0.27 1(0.1)

Antiplatelet use 833(88) 663(88) 170(90) 0.71 3(0.3)

Statin use 753(80) 594(79) 159(84) 0.16 1(0.1)

History of CAD 268(28) 207(28) 61(32) 0.24 1(0.1)

History of Stroke 314(33) 254(34) 60(32) 0.65 0(0)

History of PAD 182(19) 146(19) 36(19) 0.98 1(0.1)

Preprocedural neurologic symptoms 0.87 12(1.3)

Asymptomatic 119(13) 94(13) 25(13)

Ocular 267(29) 218(29) 49(26)

TIA 160(17) 126(17) 34(18)

Stroke 387(42) 308(41) 79(42)

Contralateral stenosis 0.14 122(12.9)

0-50% 465(57) 378(58) 87(51)

50-100% 358(44) 275(42) 83(49)

Time between last event and surgery 
(days)

23.0[12.0,50.8] 24[12.0,50.0] 22.5[11.7,51.0] 0.87 175(18.5)

Data are presented as n (%), mean ± stand deviation (±SD)or median [interquartile range] [IQR]. Abbreviations: 
BMI, Body Mass Index; BP blood pressure; eGFR, estimated Glomerular Filtration Rate; LDL, Low-density 
Lipoprotein; HDL, High-density Lipoprotein; CAD, coronary artery disease; PAD, peripheral artery disease; TIA, 
Transient Ischemic Attack. Bold values were considered statistically significant with a p<0.05.
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Results 

Patient population & Baseline characteristics
944 Patients who underwent CEA with available lipid profile measurements were identified 
for the current study (Figure 1). Baseline characteristics of the study population are 
presented in Table 1. The mean age of all patients was 69.7 years (±9) and 31% (n=293) 
were women. Based on the 80th percentile as cut-off, patients were stratified in to high 
>137nmol/L (n=190) and low ≤137 nmol/L (n=755) Lp(a) levels. The number of women 
was higher in the high Lp(a) group (43% vs 28%, p<0.001) compared to the low Lp(a) group. 
The mean follow-up time was 2.57 (±0.85) years, during which 102 out of 944 (10.8%) 
patients reached the endpoint MACE. MACE consisted of 27 MI, 63 strokes and 12 
cardiovascular-related deaths. 

Elevated Lp(a) levels are associated with MACE in 30 days follow-up
Kaplan-Meier cumulative event rates for MACE after 3 years follow-up were 15.4% in 
patients with high Lp(a) levels and 10.2% in patients with low Lp(a) levels (p=0.047) (Figure 
2). High Lp(a) levels (above 80th percentile; >137 nmol/L) were significantly associated with 
3-year MACE with a HR of 1.54 (95%CI 1.00-2.39), compared to patients with low Lp(a) 
levels (below 80th percentile; < 137 nmol/L). Adjustment for risk factors led to a more 
pronounced association with a HR of 1.69 (95% CI 1.07-2.66) for patients with high Lp(a) 
levels compared to patients with low Lp(a) levels (Figure 3). 
However, out of the 102 patients who reached the endpoint MACE, one-third of the patients 
(35 patients) had MACE within 30 days post-surgery. We therefore further analyzed the 
relation of elevated Lp(a) and the number of MACE that occurred during this 30-day 
perioperative period. In the subgroup of patients that had perioperative MACE, 6 patients 
underwent CEA for asymptomatic carotid stenosis and the remaining for symptomatic 
carotid stenosis. Presenting symptoms that were the reason for CEA were: 10 ocular 
symptoms (Amaurosis Fugax, ocular ischemic symptoms), 11 TIA, 7 stroke and 1 was 
unclear to localize. Median time from event to intervention was 23 days [IQR 12.5-46.5]. 
30-Day MACE consisted of 28 strokes, 6 MI and 1 cardiovascular related death. Kaplan-
Meier analysis for 30-day MACE revealed a significant difference in MACE-free survival 
between patients with high and low Lp(a) levels (p=0.032) (Figure 4A). After adjustment 
for sex and age a strong association was found between high Lp(a) levels and the risk of 
30-day MACE, with a HR of 2.05 (95% CI 1.01-4.17) (Figure 3). Since the association with 
30-day MACE seemed much stronger compared to 3-year MACE, Kaplan-Meier curves 
were plotted excluding the cases within the first 30 days post-surgery. This revealed no 
significant association between high Lp(a) levels and MACE from timepoint 30 days to 3 
years onward (Figure 4B). 
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Elevated Lp(a) levels are not associated with plaque characteristics
To investigate whether high Lp(a) levels result in more MACE due to its association with 
more vulnerable plaque characteristics, we related plaque characteristics to Lp(a) levels. 
Using semi-quantitative analysis, plaque characteristics, (such as calcification, collagen, 
lipid core, intraplaque haemorrhage, macrophage and smooth muscle cell) were compared 
between patients with low and high levels of Lp(a). Quantitative measurement was done 
for vessel density, number of microvessels, macrophage staining and smooth muscle cell 
staining. For both semi-quantitative as quantitative analysis, no significant differences were 
found in plaque histology between both groups (Table 2).

Figure 2. Kaplan–Meier curves according to high and low Lp(a) levels for the endpoint 3 years MACE
Low Lp(a) corresponds to the value of ≤137 nmol/L (≤80th cohort percentile), high Lp(a) corresponds to the 
value of >137 nmol/L (>80th cohort percentile). P-value of log-rank test. The inset shows the same data on an 
enlarged y-axis.
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Discussion

In the present study, we show that elevated Lp(a) levels (>137 nmol/L; > 80th cohort 
percentile) are associated with high risk of postoperative MACE, extending the impact of 
Lp(a) on overall CVD-risk from primary to secondary cardiovascular patients. Strikingly, 
the association between high Lp(a) and 3-year risk of MACE was completely driven by the 
events in the first 30 days after CEA. 

Observational studies4–6,25 have established the association of Lp(a) with cardiovascular 
disease risk. The evidence on recurrent cardiovascular events and Lp(a), however, is limited. 
A general population study on individuals with pre-existing cardiovascular disease revealed 
that high concentrations of Lp(a) were associated with a high risk of recurrent cardiovascular 
events8. This association was also found in a cohort of patients with established CAD10. 
Carotid endarterectomy patients, however, were not included in both studies. Accordingly, 
we measured Lp(a) levels in a large cohort of 944 consecutive CEA patients. In this large 
cohort, more women were present in the high Lp(a) group, which is likely ascribed to the 
inclusion of older postmenopausal women (mean age total high Lp(a) group 69.4 years). 
This is in line with previous results from a cohort study among patients without ischemic 
stroke at baseline21. Earlier studies in carotid atherosclerosis have shown that high Lp(a) 
plasma levels are associated with the presence or progression of carotid atherosclerotic 

Figure 3. Cox regression analysis according to high Lp(a) (>137 nmol/l, >80th cohort percentile) and low 
Lp(a) (≤137 nmol/L, ≤80th cohort percentile) for the endpoint 3-year MACE and 30-day MACE
Unadjusted hazard ratios (blue rhombus), adjusted hazard ratios for age and sex (green square) and cardiovascular 
risk factors (CVRF) (orange circle) age, sex, systolic blood pressure, smoking status, diabetes, LDL, HDL, history 
of PAD and/or CAD and presence of contralateral carotid stenosis.
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plaque visualized by different imaging modalities in patients without a cardiovascular 
history26–29. In contrast, in other studies in young adults without cardiovascular risk 
factors30,31, in statin-treated familial hypercholesterolemia patients32 and in a cohort of 
patients with premature CAD33, no association was found between high Lp(a) levels and 
atherosclerotic changes in the carotid artery. We now show for the first time that elevated 
Lp(a) levels are associated with MACE 30-days after CEA.

Adjustment for cardiovascular risk factors resulted in an even stronger association between 
high Lp(a) levels and 3-year MACE, indicating that Lp(a) promotes atherosclerosis in the 
presence of other risk factors30. Evidence supporting this, arises from imaging studies that 
demonstrate an increase in intima-media thickness in patients with elevated Lp(a) levels, 
in a cohort of  dialysis patients34,  and patients with concurrent severe hypercholesterolaemia35 
or diabetes36. This is also supported by studies performed in young adults30,31 or in 
populations without risk factors32, where no association between Lp(a) levels and presence 
of atherosclerotic changes in the carotid artery were found. 

Figure 4. Kaplan–Meier curves according to high and low Lp(a) levels for the endpoint 30-day MACE (A) 
and 3-year MACE from timepoint 30 days to 3 years (B)
Low Lp(a) corresponds to the value of ≤137 nmol/L (≤80th cohort percentile), high Lp(a) corresponds to the 
value of >137 nmol/L (>80th cohort percentile). P-value of log-rank test. The inset shows the same data on an 
enlarged y- axis.  
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The threshold to define Lp(a) elevation is a matter of debate. The cut-off in current study 
was based on the 80th percentile, as proposed in several previous studies and 
guidelines.4,7,19,20 For patients with established coronary heart disease, a non-continuous 
relation with Lp(a) levels and secondary cardiovascular events has recently been reported 
wherein patients in the highest quintile had an increased risk.10 Furthermore, Lp(a) has 
a skewed concentration distribution with a tail toward extremely high levels. We believe 
Lp(a) measurements in patients with extreme levels have the potential to substantially 
improve risk prediction. This is supported by other study groups8,21,37–39, and underscored 
by our additional results for extreme Lp(a) levels (Supplemental Figure I and Supplemental 
Table I). 

In this study, further analysis for 30-day risk of MACE revealed that the 3-year risk of 
MACE was driven by the events in the first 30 days. Furthermore, the association with 
elevated Lp(a) levels was much stronger compared to 3-year MACE. The main outcome, 
3-year MACE was mostly determined by stroke (63 out of 102), of these 28 where within 
30 days post-surgery. Periprocedural stroke is an important complication of carotid 
endarterectomy and severely limits the absolute benefit of the procedure40,41. When 
excluding the cases within the first 30 days post-surgery, no significant association was 
found between high Lp(a) levels and MACE from 30 days to 3 years onward. These data 

Table 2. Semi quantitative and continuous plaque characteristics stratified by high and low Lp(a) levels

Semi-quantitative plaque characteristics 

Lipoprotein(a) (nmol/l) p-value

≤137
n=755

>137
n=189

Moderate/heavy calcification (%) 264(42) 66(48)  0.32

Moderate/heavy collagen staining (%) 481(78) 108(77)  0.91

Presence of lipid core ≥ 10% (%) 438(70) 98(70)  0.91

Presence of intraplaque hemorrhage (%) 337(54) 80(57)  0.60

Moderate/heavy macrophage infiltration (%) 312(51) 72(53)  0.76

Moderate or heavy smooth muscle staining (%) 403(65) 101(72)  0.16

Vessel density ≥ median (%) 245(48) 63(55)  0.18

Continous quantified plaque characteristics      
Median number of microvessels per hotspot  
(median [IQR]) 6.30[3.00,11.00] 7.00[3.67,13.00]  0.10

% of positive macrophage staining per plaque  
(median [IQR]) 0.22[0.05,0.76] 0.25[0.07,0.71]  0.66

% of positive smooth muscle staining per plaque 
(median [IQR]) 1.23[0.48,2.44] 1.13[0.50,2.71]  0.75

Abbreviations: IQR; interquartile range
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imply that the association of elevated Lp(a) levels and MACE is driven by 30-day stroke 
outcome. To validate these important findings, studies in larger cohorts are warranted, 
since the number of perioperative events was low. In literature, the vast majority of studies 
report an increased risk of primary ischemic stroke in patients with elevated Lp(a) 
levels6,21,42–44, while only a small number of studies report contrasting results45,46.  However, 
the reported association in these studies, is weaker compared to the risk associated with 
coronary heart disease. In the present study, a much stronger association between elevated 
Lp(a) levels and the composite endpoint MACE is observed, with HR 2.05 (95% CI 1.01- 
4.17) for 30-day risk of MACE (Figure 3). Nevertheless, our findings extend to recurrent 
events, since patients included in the Athero-Express biobank all have an indication for 
CEA and thus already had their primary event. Furthermore, the risk of early recurrent 
stroke is related to the underlying pathology, where patients with large artery cerebrovascular 
disease have a higher early risk of recurrent stroke compared to etiologic subgroups such 
as small-vessel strokes.47 A higher risk of recurrent vascular events in patients with elevated 
Lp(a) levels (>30mg/dl), after first ischemic stroke has been reported in a previous study, 
with an adjusted HR of 2.60 (95% CI, 1.19-5.67)48. We therefore extend the results from 
the previous study and highlight the importance of Lp(a) in patients with cerebrovascular 
symptoms caused by carotid stenosis.

Several pathophysiological mechanisms through which Lp(a) is able to mediate 
atherogenesis have been proposed. First, as with LDL, Lp(a) was shown to accumulate both 
in progressive lesions and  in ruptured plaques49, suggesting that high levels of Lp(a) in 
plaque is associated with rupture-prone plaque phenotype. Second, a large body of evidence 
shows that Lp(a) exerts its pro-inflammatory properties by the oxidized phospholipids 
bound to apolipoprotein(a) [apo(a)]7. Recent studies have shown that oxidized phospholipids 
bound to Lp(a) is able to elicit an inflammatory response in the endothelium, a process 
fueled by increased endothelial glycolysis and which are corroborated in patients from the 
Athero-Express biobank50. Finally, the structural homology of apolipoprotein(a) with 
plasminogen can reduce fibrinolytic activity, resulting in reduced thrombus degradation 
plaque rupture and subsequently larger number of ischemic events. It is proposed that high 
Lp(a) levels might promote cardiovascular events by its prothrombotic properties 30,51. For 
this, we also assessed the association between high Lp(a) and plaque phenotype (Table 2). 
Specific plaque characteristics such as large lipid core, inflammation, thin fibrous cap and 
intraplaque hemorrhage (IPH) are associated with plaque rupture17,52–57. However, no 
statistically significant association between plaque phenotype and Lp(a) levels was found 
(Table 2), even though high Lp(a) levels were associated with MACE. In corroboration, the 
association between plaque characteristics and the outcome 3-year MACE did not show 
differences between both groups (Supplemental Table II). These results suggest that with 
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this dichotomization, Lp(a) does not appear to affect plaque modification, but may play a 
role in enhancing a prothrombotic state. A mouse model of ischemic stroke showed that 
reduced blood plasminogen levels increase infarct size58. In humans it was shown that blood 
Tissue Plasminogen Activator and Plasminogen Activator Inhibitor-1 levels are higher in 
stroke patients versus controls, suggesting an altered fibrinolytic system in stroke patients59. 
Also the amount of plasminogen bound and plasmin formed at the surface of fibrin are 
directly related to in vivo variations in the circulating concentration of Lp(a)60. More studies 
are warranted to investigate if the role of elevated Lp(a) in modulating fibrinolytic activity 
leads to a higher risk of stroke within 30 days of surgery in CEA patients. Particular during 
this time period these patients are prone for carotid embolization: 1) as a consequence of 
manipulation of the carotid plaque during surgery, 2) the endarterectomized surface that 
can form emboli or 3) emboli that can originate from a loose intimal flap40. 

If elevated Lp(a) levels are related to the risk of secondary MACE, this could have impact 
on clinical decision making. Pre-operatively, Lp(a) could be used as part of multiscale 
treatment algorithms to facilitate patient-specific treatment. For instance, patients with 
high Lp(a) levels in combination with other determinants, could be assigned to CEA as 
treatment strategy, over carotid stenting (CAS), since CEA is associated with a lower risk 
of perioperative stroke compared to CAS. However, in order for this to be implemented, 
future studies in stented carotid stenosis populations are warranted. In addition, this will 
also have marked consequences for secondary prevention. A recent study investigated 
whether lipid-lowering treatment with Evolocumab, an anti-Proprotein Convertase 
Subtilisin/Kexin type 9 monoclonal antibody, alters arterial wall inflammation in patients 
with elevated Lp(a). Therapy with Evolocumab leads to potent LDL-c reduction (-60%) 
and a modest Lp(a) reduction (-14%). Interestingly, this did not reduce arterial wall 
inflammation, possibly attributable to the residually elevated Lp(a) levels. Hence, Lp(a) 
lowering therapy, for example using Apo(a) antisense oligonucleotides, is strongly advised61, 
since only lowering the classical modifiable risk factors will leave a high residual risk of 
MACE in patient with elevated Lp(a) levels62. 

Strengths and limitations
For proper interpretation of the study results, some limitations need to be considered.  
While the continuity of the Athero-Express is unparalleled, it should be noted that over 
the broad inclusion period, improvements of treatment options, in-hospital care and timing 
of the surgery have occurred. However, the distribution of MACE and Lp(a) levels, show 
no evident relationship with surgery year over time (Supplemental Table III and 
Supplemental Figure II). 
Next, the changes in lipid levels or lipid-lowering treatments during the three years of 
follow-up could not be taken into account. As for the endpoints, we could not determine 

202132 binnenwerk_Nathalie Timmerman.indd   154202132 binnenwerk_Nathalie Timmerman.indd   154 23-09-2021   11:1723-09-2021   11:17



Elevated Lp(a) increases risk of MACE after CEA

155

7

the proportion of strokes caused by thrombo-embolic events attributable to atrial fibrillation. 
However, all endpoints, were prespecified and assessed by two outcome assessors, ensuring 
clear differentiation of the outcomes. Even though, the number of stroke events was limited 
and stroke specific analysis could not be performed, this study provides evidence for future 
studies to investigate the association of Lp(a) and 30-day risk of stroke as this will be 
important in determining the indication for CEA or CAS. Finally, it has to be noted that 
this study population consisted of Caucasians, making these findings difficult to extrapolate 
to other ethnicities, since  race is a modifying variable in Lp(a) related risk27. A strength of 
this study is that we are the first to show a strong association between elevated Lp(a) levels 
and secondary MACE in CEA patients with available plaque histology in a large biobank 
that is unique in its kind. 

Conclusion 

In a carotid endarterectomy population, we demonstrated that elevated Lp(a) levels (>137 
nmol/L; >80th cohort percentile) are associated with an increased risk of 30-day MACE 
mainly composed of perioperative stroke. This study identifies elevated Lp(a) levels as a 
new and additional risk factor for secondary cardiovascular events, potentially identifying 
patients at highest preoperative risk. 
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Supplemental materials 

Supplemental Tables II-III and Supplemental Figures I-II can be found online.

Supplemental Table I. Results of the cox-regression analysis for extreme elevated Lp(a) levels divided in three 
groups for the endpoint 3-year MACE

Univariate analysis
HR (95%CI)

Number of MACE

<80 Reference 74

80-90 1.34(0.75-2.36) 14

>90 1.81(1.02-3.21) 14

Lp(a) <80th cohort percentile corresponds to the value of <137 nmol/L, Lp(a) between 80th – 90th percentile 
corresponds to the value of 137-205 nmol/L -  and Lp(a) >90th cohort percentile corresponds to > 205 nmol/L. 
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Abstract

Objective
Tenascin-C (TN-C) is a large extracellular matrix glycoprotein. TN-C expression in 
atherosclerotic plaques is associated with plaque rupture and localizes in areas of high 
macrophage infiltration. After carotid endarterectomy (CEA), patients remain at high risk 
for major adverse cardiovascular events (MACE). Previous studies identified plasma or 
serum levels of TN-C as a potential circulating biomarker for prognosis of cardiovascular 
events. The association of MACE and TN-C measured in plasma extracellular vesicles (EVs) 
has not been explored yet. We investigated whether plasma EV TN-C levels in CEA patients 
are associated with the 3-year postoperative risk of MACE. 

Methods
Plasma EV TN-C levels were determined in pre-operative blood samples of 837 symptomatic 
and asymptomatic CEA patients included in the Athero-Express Biobank study. The 
association of EV TN-C levels and MACE was analyzed with Cox-regression analysis 
adjusted for cardiovascular risk factors. Logistic and linear regression models were used to 
assess the association of EV TN-C levels and plaque characteristics. 

Results 
Cox-regression analysis revealed a significant association of plasma EV TN-C levels and 
future MACE with a HR of 1.30 (95% CI 1.12-1.54) per SD increase of EV TN-C on a 
logarithmic scale. TN-C was associated with moderate/heavy collagen staining; OR 1.28 
(95% CI 1.03-1.60) and moderate/heavy macrophage content; OR 1.33 (95% CI 1.11-1.60) 
and more microvessels with an adjusted beta of 0.07 (95%CI 0.01-0.13). 

Conclusion
Plasma EV TN-C levels are independently associated with an increased 3-year risk of MACE 
in patients undergoing CEA. This identifies EV TN-C as a possible prognostic aid in CEA 
patients. 

Highlights 
• TN-C is measurable in plasma extracellular vesicles 
• Increased levels of circulating TN-C in plasma extracellular vesicles are independently 

associated with an increased 3-year risk of MACE 
• High TN-C EV levels were independently associated with plaques composed of high 

collagen content, heavy macrophage infiltration and more microvessels. 
• TN-C EV levels could aid as a prognostic biomarker in risk-stratification of CEA patients. 
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Introduction

In symptomatic patients with high degree carotid stenosis, carotid endarterectomy (CEA) 
is the preferred treatment to prevent recurrent ischemic events.1 Successful CEA, however, 
does not fully eliminate the risk for future cardiovascular events (CVE). Due to the systemic 
nature of atherosclerosis, patients with manifest atherosclerotic disease are prone to develop 
secondary events. These events are often caused by plaque destabilization at other sites of 
the vascular bed.1,2 Identification of patients that are at high-risk for secondary events 
remains challenging as these patients often have a high atherosclerotic plaque burden that 
has been present for decades. Despite control of risk factors with secondary prevention 
therapy, the residual risk for secondary CVE after CEA is estimated to be up to 20%3.  
According to current European guidelines4 all CEA patients are considered to be part of 
the very-high risk group and thus eligible for further intensification of secondary prevention 
therapies. Recent studies however, have established that the true risk of future secondary 
CVE varies among individuals.5 As intensification of secondary prevention is often costly 
there is a pressing need for prognostic biomarkers to identify patients that are truly part of 
the very-high risk group.  Until now, clinical models and existing circulating biomarkers 
do not accurately predict the risk associated with secondary CVE. 5,6

Extracellular vesicles (EVs) are nanometer size structures consisting of a lipid bilayer 
membrane, and include exosomes, microvesicles and microparticles.7 They are released in 
almost all biological fluids and contain proteins, lipids and nucleic acids from the cell of 
origin. For this, EVs are often referred to as liquid biopsies as pathological changes in the 
cell of origin are reflected in the number of circulating EVs and/or EV content released 
from this cell.7–9 Plasma EV protein content has already proven to be associated with future 
CVE in patients with clinically manifest vascular disease.8 

Tenascin C (TN-C) is a large extracellular matrix (ECM) glycoprotein. In healthy tissue it 
has a restricted distribution10. It could, however, potentially be a useful marker for disease, 
as higher levels have been identified in areas of wound healing, cancer and cardiovascular 
disease.11 In atherosclerosis, plaque TN-C is associated with plaque formation, plaque 
rupture and localizes in areas of high macrophage infiltration.11–14 Elevated levels of TN-C 
have been detected in plasma and have been related to future CVE in cardiomyopathy 
patients, chronic kidney disease patients and patients after MI.10,15–17 These previous studies 
identified plasma or serum levels of TN-C as a potential circulating biomarker for prognosis 
of CVE. Only a few studies have demonstrated that TN-C is also measurable in EVs and is 
associated with the pathological state of the cell of origin.18–21 These studies were mainly 
performed in the field of oncology until date no studies in cardiovascular research have 
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identified TN-C in EVs in relation to future CVE and no studies have explored this relation 
in CEA patients. Measuring TN-C in EVs has the potential to enhance our understanding 
of crosstalk between vascular cells and their atherosclerotic microenvironment, while also 
identifying potential biomarkers of patients with severe atherosclerotic disease.  Therefore, 
in this study, we measured EV TN-C levels in a large cohort of CEA patients and determined 
whether there is an association with an increased risk of future MACE. 

Methods 

The data that support the findings of this study are available from the corresponding author 
upon reasonable request.

Study population 
For the current study all patients undergoing CEA for symptomatic or asymptomatic 
stenosis between 2002-2016 from the Athero-Express Biobank with available citrate blood 
plasma samples and follow-up data, were considered eligible. Patients who underwent CEA 
for restenosis were excluded. A detailed description of the study design has been published 
previously.22 In summary, the Athero-Express Biobank is an ongoing prospective biobank 
study that includes consecutive patients scheduled for CEA in two tertiary referral hospitals 
(the St. Antonius hospital Nieuwegein (inclusions stopped after 2014) and University 
Medical Center Utrecht, the Netherlands). Indications for CEA were adjudicated by a 
multidisciplinary vascular team and surgery was performed by experienced surgeons in 
accordance with local and international guidelines.1,23–26 Blood samples were collected 
during hospital admission prior to surgery and stored in -80oC freezer until further use. 
For the current study citrate plasma samples (collected 2000 g for 10 min at RT) were used. 
Plasma was aliquoted and samples were stored at -80 C within 2 hours after collection. The 
atherosclerotic plaque was obtained during CEA and transferred to the laboratory for 
further histological analyses. Baseline patient characteristics and basic laboratory parameters 
were collected through standardized preoperative questionnaires and medical records. 
Follow-up data on CVE or hospital admissions was collected through annual questionnaires 
for the first three consecutive years after CEA. If an outcome event was reported, this was 
validated with hospital medical records or discharge letters from the institution were the 
event occurred. In case of no response to questionnaires, the general practitioner was 
consulted for follow-up information. The medical ethics board of both hospitals approved 
the study and all study participants provided written informed consent. The study is 
conducted in accordance with the declaration of Helsinki.
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Tissue processing and histopathological assessment
As previously has been described, histological assessment was performed according to a 
standardized protocol on paraffin embedded consecutive sections of the culprit segment.3,22 
Plaques were stained with haematoxylin eosin (HE) for a general overview including 
calcifications, CD68 for macrophages, alpha-actin for smooth muscle cells (SMC), 
picrosirius Red (PSR) for collagen and lipid content, CD34 for microvessels, and HE and 
fibrin for intraplaque hemorrhage. All stained sections were semi quantitatively assessed 
on microscope with 40x magnification by two independent observers according to 
predefined criteria.3 SMC, macrophages, collagen content and presence of calcifications, 
were scored either as no/minor (0) or moderate/heavy (1) staining. Lipid content was 
estimated as a percentage of total plaque area and stratified into less than 10% or above 
10% and less than 40% or above 40%. Intraplaque hemorrhage was defined as hemorrhage 
in the plaque or at the luminal border as a consequence of plaque disruption and rated as 
absent or present. Intraobserver and interobserver variability were examined previously 
and showed good reproducibility (κ 0.6-0.9).27 In addition, macrophage, SMC content and 
microvessel density were scored quantitatively using computerized analysis software 
AnalySIS 3.2 (Soft Imaging Systems GmbH, Münster, Germany). Macrophage and SMC 
content were reported as percentages of positive staining per plaque area. Microvessel 
density was determined by counting the number of CD34 positive vessels in 3 hotspots 
within every plaque and was expressed as the average number per square millimeter.28

Study outcome
The primary outcome was defined as the three-year postoperative risk of MACE. MACE 
was a composite endpoint encompassing fatal- or nonfatal myocardial infarction (MI), 
fatal- or nonfatal ischemic or hemorrhagic stroke, and CV death due to other causes, 
including sudden cardiac death, fatal aneurysm rupture and fatal cardiac failure. Endpoint 
criteria have been described previously22; all were adjudicated by two independent 
researchers. In case of disagreement, a third expert (GJdB) was consulted. 

Plasma extracellular vesicle isolation 
TN-C was measured in the EV subset that co-precipitated with Low-Density Lipid particles 
(LDL). This LDL subfraction was obtained from 25uL plasma diluted in 80uL phosphate 
buffered saline (PBS) (Gibco) and 5µL magnetic dextran nanoparticles (Nanomag®-D, 
130mm,1:25) (Micromod). To be able to correct for loss of the pellet during isolation, 15µL 
of a standard amount of synthetic liposomes, coated with DSG-PEG2000 (Nanocs) and 
fluorescently labeled with 18:1 liss rhod pe (Merck), was added to each plasma sample. A 
total volume of 125μl was reached and Dextran Sulphate (DS, 0.05%, MP Biomedicals) and 
Manganese II Chloride (MnCl2, 0.05M, Sigma-Aldrich) were added to the plasma samples. 
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The mixture was incubated for 5 min at room temperature (RT). Subsequently, the samples 
were placed on a Bio-plex 200 systems handheld magnet (Bio-Rad) and incubated for 15 
min at RT. The precipitate containing the EVs was lysed with 125µL Roche complete lysis-M 
with protease inhibitors (Roche). Samples were centrifugated at 3200xg for 10 min to 
remove magnetic beads and other debris. Fluorescence of the synthetic liposomes were 
measured with SpectraMax® Multi-Mode Microplate reader (Molecular Devices) directly 
after completion of the isolation protocol.

EV characterization
The extracellular vesicle characterization is described in detail in previously published 
papers.9,29,30 In short, density gradient centrifugation of the LDL subfraction, precipitated 
as described above, was performed to obtain 10 density gradient fractions. Previous studies 
already established with western blot analysis9,29,30 that the LDL density gradient fractions 
1.02-1.08 contain the highest levels of CD9, an EV specific marker.  Next, in the density 
gradient fractions LDL lipid particles were identified using ApoB and TN-C was quantified 
with Human Tenascin C ELISA kit (AB213831). High TN-C was present in the 3th density 
gradient fraction which also was positive for CD9 in the western blot analysis29 (Table I, 
supplemental materials), from which can be concluded that TN-C is indeed expressed in 
EVs. The peak value measured in the 7th subfraction suggests that TN-C release occurs in 
two formats: TN-C protein associated with EVs and soluble TN-C protein.21 The presence 
of EVs was previously9,29,30 confirmed also with electron microscopy (EM) showing the 
typical bilayer EVs.29 To get easy access to these published data an EV-track ID was created: 
EV200044. 

Quantification of Tenascin-C in the plasma extracellular vesicle LDL subfraction
Having established with the density gradient experiment and the Westernblot analysis that 
TN-C is present in the EV fraction that co-precipitated with LDL particles, we quantified 
TN-C in the lysed precipitate of the LDL subfraction using an electrochemiluminescence 
immunoassay (Quickplex SQ120, Meso Scale Discovery, MSD) following manufacturer’s 
protocol. These measurements were used for further analysis. 

Tenascin-C plasma measurements 
TN-C levels in plasma were assessed in a 30 vs. 30 matched case-control study from the 
same study population. Patients were matched on: sex, age, history of PAD/CAD, diabetes, 
current smoking, GFR and hypertension. Tenascin-C was quantified using an 
electrochemiluminescence immunoassay (Quickplex SQ120, Meso Scale Discovery, MSD) 
following manufacturer’s protocol in Human Tenascin C ELISA kit (AB213831).

202132 binnenwerk_Nathalie Timmerman.indd   166202132 binnenwerk_Nathalie Timmerman.indd   166 23-09-2021   11:1723-09-2021   11:17



Plasma EV TN-C levels and MACE in CEA patients

167

8

All research materials listed in the Materials and Methods can be found in the Major 
Resources Table in the Supplemental Materials.  

Statistical analysis 
Continuous variables are summarized as mean ± standard deviation (SD) or median and 
interquartile range (IQR) where appropriate. Categorical data are expressed as frequencies 
and percentages. To compare baseline characteristics across patients with and without 
MACE during follow-up; Student’s t-test was used for continuous data, Mann-Whitney 
U-test for non-normally distributed variables and Pearson’s chi-squared test or Fisher’s 
exact test was used for categorical data where appropriate. EV TN-C levels (pg/ml) were 
divided by the synthetic liposomes (SVs) to serve as internal control for the loss of pellet 
during isolation. To obtain a normal distribution the corrected EV TN-C levels and 
creatinine levels were logarithmically transformed. To facilitate the comparability between 
continuous variables in the models, age, log creatinine levels and log EV TN-C levels were 
standardized to Z-scores. 

For more in depth exploration of the association of EV TN-C levels with the occurrence 
of MACE during the 3-year follow-up, EV TN-C levels were divided in quartiles and 
visualized with Kaplan-Meier survival analysis. For further insight in clinical applicability, 
the optimal cut-off value was determined, which was used to differentiate the risk of high 
and low EV TN-C levels. The overall MACE-free survival across quartiles and high and 
low levels of TN-C was compared by performing the log-rank test.

To assess the association between plasma EV TN-C levels in logarithmic scale and the 
occurrence of MACE during 3-year follow-up, multivariable Cox proportional hazards 
regression was used to calculate the hazard ratio (HR) expressed per SD with 95% 
confidence interval (95% CI). For this analysis EV TN-C levels were used as a continuous 
variable and as the categories mentioned above and added to a clinical model including 
only cardiovascular risk factors (CVRF). Based on literature following variables were 
identified as potential confounders: age, sex, current smoking, creatinine levels, diabetes, 
hypertension, antihypertension drug use, lipid lowering drug use, history of coronary artery 
disease (CAD) and/or history of peripheral artery occlusive disease (PAOD), history of 
stroke or transient ischemic attack (TIA), preprocedural cerebrovascular symptoms and 
presence of contralateral carotid artery stenosis of 50-100%.2,6 Across the selected 
confounders the proportion missing values was analyzed (Table 1). As presence of missing 
values was minimal, no additional approaches to handle missing data were necessary. 
Selected confounders were included in a multivariable Cox proportional hazards model 
and model reduction using Akaike information criterion in a stepwise backward regression 
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resulted in the final clinical model including cardiovascular risk factors (CVRF): age, 
creatinine levels, diabetes, current smoking, history of CAD/PAOD and preprocedural 
cerebrovascular symptoms. 

To explore the model’s potential as a prediction tool, model performance was assessed. First 
internal validation was performed with bootstrapping techniques. Calibration was evaluated 
by visual inspection of calibration plots. The C-index31 and the net reclassification 
improvement32,33 (NRI) were used to quantify the added predictive value of TN-C beyond 
a model including only CVRF. (Methods in Supplementary Data). Finally, considering high 
TN-C plaque expression previously has been associated with vulnerable plaque 
characteristics,13,34 we further investigated whether the same association could be found 
with circulating EV TN-C levels (Methods in Supplementary Data). All p-values were 
2-tailed, with a value <0.05 considered to indicate statistical significance. Statistical analyses 
were performed with R version 3.6.0 (R Foundation for Statistical Computing, Vienna, 
Austria).35

Results 

Study population and baseline characteristics 
In the current study, 837 patients who underwent CEA were included (Figure 1). Baseline 
characteristics for the overall study population are presented in Table 1, and stratified by 
occurrence of MACE in Table II, supplemental materials. Included patients were mainly 
operated for symptomatic, high degree (70-99%) carotid stenosis. The overall mean age 
was 69 (±9) years and 70% (n=589) of the study population were male. Cardiovascular risk 
factors were highly prevalent since 35% of the patients had a history of CAD or PAD, also 
illustrated by the high number of patients on lipid lowering drugs (79%) and antiplatelet 
therapy (88%) at the time of study inclusion. The distribution of raw EV TN-C levels was 
right skewed with a median of 224.3 pg/ml [IQR 137.6,356.1 pg/ml] (Figure I, supplemental 
materials). Overall EV levels did not differ between patients with high and low TN-C EV 
levels (data not shown).

Outcome analysis 
During a median follow-up time of 3.0 years [IQR 2.2-3.0], 137 patients (16.4%) reached 
the endpoint MACE. MACE consisted of 73 stroke, 43 MI and 21 other cardiovascular-
related deaths. EV TN-C levels were divided in quartiles for more in depth exploration of 
its association with the occurrence of MACE. As illustrated in the Kaplan-Meier survival 
analysis (Figure 2A), MACE rates increased in the upper quartile indicating a high-risk 
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Table 1. Baseline characteristics of study population 

  Total Missing

  n=837 %

Age (years) 69 (±9) 0.0

Sex, male 589 (70)  0.0

Ipsilateral carotid artery stenosis degree    2.4

0-50% 5 (1)    

50-70% 59 (7)    

70-99% 753 (92)    

BMI (kg/m2) 26 [24,28] 3.8

Creatinine (µmol/L) 88 [76, 106] 0.5

eGFR (ml/min per 1.73m2) 73 (±21) 5.7

Current smoker 278 (33)  0.1

Diabetes 192 (23)  0.0

Hypertension 588 (72)  3.0

Hypercholesterolemia 527 (70)  9.9

Triglycerides (mg/dl) 1.5 [1.1, 2.1] 4.1

LDL (mmol/L) 2.3 [1.8, 3.0] 4.1

HDL (mg/dl) 1.0 [0.9, 1.3] 3.5

Total cholesterol (mg/dl) 4.2 [3.5, 5.1] 3.1

Contralateral carotid artery stenosis of 50-100% 349 (46)  9.1

Anticoagulants 87 (10)  0.2

Antiplatelets 734 (88)  0.5

Lipid lowering drugs 663 (79)  0.2

Statins 655 (78)  0.2

Hypertension drugs 627 (75)  0.2

History of CAD or PAD    0.0

none 475 (57)    

CAD or PAD 294 (35)    

CAD and PAD 68 (8)    

History of stroke or TIA 643 (77)  0.0

Preprocedural cerebrovascular symptoms    0.0

asymptomatic 338 (40)    

ocular 90 (11)    

TIA 232 (28)    

Stroke 177 (21)    

Time between last event and surgery (days) 24 [13, 51] 44.7

Data are presented as n (%), mean ± standard deviation (SD) or median [interquartile range] [IQR]. 
Abbreviations: BMI, Body Mass Index; eGFR, estimated Glomerular Filtration Rate; LDL, Low-density 
Lipoprotein; HDL, High-density Lipoprotein; CAD, coronary artery disease; PAD, peripheral artery disease; 
TIA, Transient Ischemic Attack.
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population. For further insight in clinical applicability, the optimal cut-off value was 
determined at 0.57 pg/ml (Figure II, supplemental materials). This cut-off was used to 
differentiate between the risk of high and low EV TN-C levels which is shown in figure 2B. 
Cox-regression analysis revealed a significant association of EV TN-C levels and future 
MACE with a HR of 1.30 (95% CI 1.12-1.54) per SD increase of TN-C on a logarithmic 
scale after adjustment for CVRF (including age, creatinine, diabetes, current smoking, 
history of CAD/PAOD and preprocedural cerebrovascular symptoms). Cox-regression 
analysis for EV TN-C levels divided in quartiles and high and low values are displayed in 
figure 3A and 3B, with respectively a HR of 2.30 for patients in the highest quartile (95% 
CI 1.39-3.78) compared to the lowest quartile and a HR of 1.93 (95% CI 1.36-2.74) for high 
TN-C values compared to low values. Plasma measurements of TN-C (Figure III, 
supplemental materials) showed no association with MACE as cox-regression analysis 
revealed an HR of 1.00 (95% CI 1.00-1.00). 

Tenascin-C and prediction of Major Adverse Cardiovascular Events 
The shrinkage factor calculated with bootstrapping was 0.86 for both models. Corrected 
regression coefficients of the final predictors for both the clinical model (including CVRF) 
and the biomarker model with addition of TN-C are presented in Table III, supplemental 
materials. After shrinkage of both models, visual inspection of the calibration plot for the 

Figure 1. Flowchart of study population
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model containing EV TN-C levels, showed better prediction for the 3-year MACE risks 
within the range of 0-22% and an overestimation of the risk among patients with a 3-year 
MACE risk of >22% (Figure IV, supplemental materials) compared to the model with only 
clinical variables.  The C-statistic for prediction of MACE after three years of follow-up 
marginally increased with addition of TN-C, C-index 0.685 (95% CI 0.63-0.74), compared 
to the clinical model consisting of CVRF with C-index 0.667 (95% CI 0.61-0.72). The 
difference however was not significant (p=0.06). 
Addition of TN-C to the clinical model with CVRF led to an NRI of 0.083 (95% CI 
-0.011-0.176), 0.044 (95% CI -0.042-0.129) for MACE and 0.039 (95% CI 0.002-0.076) 
for no MACE. Estimates of the expected number of reclassifications per risk category for 
MACE and no MACE are provided in the reclassification tables (Table IV, supplemental 
materials). 

Plasma EV Tenascin-C levels and plaque characteristics 
Considering high TN-C expression in plaques has been associated with vulnerable plaque 
characteristics, we further investigated whether the same association could be found with 
EV TN-C as circulating biomarker. Table 2 summarizes the association of histological 

Figure 2. Kaplan Meier curves according to Tenascin-C quartiles (A) and optimal cut-off (B) for the 
endpoint MACE
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plaque characteristics with plasma EV TN-C. One SD increase in concentration of log 
Tenascin-C was associated with more collagen staining (adjusted OR for moderate/heavy 
staining of 1.28 (95% CI 1.03-1.60; p =0.02) and more macrophage content (adjusted OR 
for moderate/heavy staining of 1.33 (95% CI 1.11-1.60; p<0.01). TN-C was positively 
associated with a higher number of microvessels with an adjusted beta of 0.07 (95% CI 
0.01-0.13; p=0.03) (Table 2). A positive association of TN-C and the percentage of 
macrophage infiltration (per plaque area) was found with an adjusted beta of 0.05 (95% CI 
0.02-0.09; p=0.01) (Table 2).

Discussion 

In the present study, we show an independent association of plasma EV TN-C concentrations 
with a higher 3-year risk of postoperative MACE. Secondly, we also found positive 
associations of circulating plasma EV TN-C levels with histological plaque features such 
as the amount of collagen, macrophage infiltration and microvessels. 
As the systemic nature of atherosclerotic disease is well established, we hypothesized that 
local plaque content, in this case TN-C, could be measured systemically and be an 
informative source for a prognostic biomarker. Circulating concentrations of TN-C have 
been reported to be increased in patients with a range of cardiovascular problems such as 
acute myocardial infarction17, cardiomyopathy36, and pulmonary thromboembolism37, 

Figure 3. Adjusted survival curves for log transformed standardized version of Tenascin-C in quartiles (A) 
and according to the optimal cut-off (B) for the endpoint MACE
Cox regression analysis was adjusted for age, creatinine levels, diabetes, current smoking, history of CAD/PAOD 
and preprocedural cerebrovascular symptoms.
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however the number of included patients in these studies was limited and varied from 20-
44 patients. One study has reported high circulating TN-C concentrations in patients with 
large artery atherosclerotic stroke, however in this study patients with TIA were excluded.38 
These results are in line with our findings and contribute to the concept of circulating plaque 
proteins as biomarkers for risk stratification of patients with higher risk of MACE.39 
In this context, EVs are of particular interest. EVs are released in body fluids both under 
basal and pathological settings. They act as vectors of biological information from their 
cells of origin.7 It has been established that atherosclerotic lesions contain EVs40,41 and that 

Table 2. Univariable and multivariable measures of association of Tenascin-C and vulnerable carotid plaque 
characteristics

Binary plaque characteristics OR 95% CI p-value

Calcification UV 1.26 1.06,1.49 0.01

(moderate/heavy staining) MV 1.20 1.00,1.44 0.06

Collagen UV 1.31 1.07,1.60 0.01

(moderate/heavy staining) MV 1.28 1.03,1.60 0.02

Macrophages UV 1.33 1.12,1.58 <0.01

(moderate/heavy staining) MV 1.33 1.11,1.60 <0.01

SMC UV 1.11 0.92,1.34 0.26

(moderate/heavy staining) MV 1.05 0.86,1.28 0.62

Presence of UV 1.01 0.84,1.20 0.95

lipid core>10% MV 1.01 0.82,1.23 0.94

Presence of UV 0.93 0.77,1.12 0.46

lipid core>40% MV 0.93 0.76,1.14 0.48

Presence of IPH UV 1.00 0.85,1.18 1.00

MV 0.96 0.80,1.15 0.67

Continuous plaque characteristics beta 95% CI p-value

log Macrophages, UV 0.06 0.03,0.10 <0.01

% positive staining/total plaque MV 0.05 0.02,0.09 0.01

log SMCs, UV 0.03 -0.02,0.08 0.22

% positive staining/total plaque MV 0.01 -0.04,0.06 0.75

log Intraplaque vessels, UV 0.10 0.04,0.16 <0.01

mean number per hotspot MV 0.07 0.01,0.13 0.03

OR and betas are calculated per one standard deviation increase in concentration of log Tenascin-C. Abbreviations: 
SMC, smooth muscle cell; IPH, intraplaque hemorrhage; UV, univariable; MV, multivariable. Logistic and linear 
regression models were used for the binominal and continuous variables, respectively. Multivariable measures of 
association (MV) represent the values corrected for age, gender, creatinine, diabetes, history of coronary artery 
disease and/or peripheral artery disease, current smoking, hypertension, anticoagulant use, statin use, 
preprocedural cerebrovascular symptoms and year of surgery. Values in bold indicate p<0.05.
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these EVs contribute to initial atherosclerotic lesion formation and progression as a result 
of their effect on inflammation, thrombosis, neoangiogenesis and hemostasis. In 
cardiovascular disease, circulating levels of EVs are increased, making EVs an even more 
interesting prognostic biomarker source.7 Aforementioned studies have examined serum 
or plasma levels of TN-C17,36,37,42–45, however, this is the first study that assessed TN-C in 
EVs related to cardiovascular disease and in a large cohort of CEA patients. For comparison, 
we also assessed plasma TN-C levels. In plasma, we could not establish the same association 
with MACE as we found in EVs. We performed a Western blot analysis of plasma TN-C 
levels and TN-C in EVs to obtain more information on whether this difference could also 
be explained by difference in spliced variants of TN-C (Supplemental Methods). Previous 
studies have shown that there is considerable tissue and disease stage-specific variation in 
TN-C isoform expression. The Western blot, shows that TN-C in plasma and the LDL 
subfraction is different in separation by SDS-PAGE pointing to a different set of TN-C 
isoforms in EVs in the LDL subfraction. (Figure V, supplemental materials). Another 
possible explanation for this difference might be that previous studies performed in plasma 
are relatively small and do not study CEA patients. 

Prediction tools in secondary prevention to identify patients at risk of MACE have been 
studied extensively, but have poor ability to stratify patients into groups with high or low 
risk for secondary events. 46 Novel therapeutic options for risk reduction, such as proprotein 
convertase subtilisin/kexin type 9 inhibitors (PCSK-9 inhibitors) and anti-inflammatory 
agents (colchicine)5, are often costly or are accompanied with disabling side effects. 
Therefore, it is of utmost importance to identify those most likely to benefit from novel 
secondary prevention strategies. Currently, CEA patients are all considered as (very) high 
risk patients.4 However, it is established that there is great interindividual variations in the 
actual vascular prognosis.5 A one-size-fits-all secondary prevention approach is less 
appropriate, since all high risk patients would qualify for more intense medical treatment.4 

Biomarkers reflecting different disease pathways, could improve the performance of clinical 
prediction tools. In the present study, an overestimation of the risk among patients with 
3-year MACE risk of approximately >22% was seen when comparing the calibration of the 
model containing EV TN-C levels with the CVRF model only (figure S3). However, 
calibration of the model containing EV TN-C levels was better for the 3-year MACE risks 
within the range of 0-22% which is more relevant as this risk represents the majority of the 
patients seen in daily practice.2,46 Furthermore, an overestimation of the patients at high 
risk for MACE would not be problematic, as these patients already would qualify for 
intensified follow-up and secondary prevention. Addition of EV TN-C levels to a model 
consisting of CVRF yielded an NRI for no MACE of 0.04 (95% CI 0.002-0.076). In this 
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group 14.3% was reassigned to a lower risk category, which in practice could be useful as 
these patients would be identified as low risk and would not qualify for  intensive follow-up 
and intensified secondary preventive therapies.  The overall NRI and NRI for events were 
not significant, therefore further validation studies are warranted in a larger study 
population to prove this concept. Finally, novel biomarker risk stratification approaches 
may also be useful in guiding patient-specific treatment algorithms for carotid intervention, 
such as CEA or carotid stenting. 

High TN-C EV levels were independently associated with plaques composed of high 
collagen content, heavy macrophage infiltration and more microvessels. Heavy macrophage 
infiltration and high microvessel content are plaque characteristics that are considered as 
hallmarks for vulnerable plaques. Studies in tissue levels of TN-C already revealed a strong 
association of TN-C with advanced plaques and plaque rupture.13,34 A strong association 
and co-localization with macrophages was also found previously in other study populations 
34,47–49 and macrophages were identified as a source of TN-C expression in advanced 
atherosclerotic plaques.13 The observed association with microvessels is in line with previous 
studies, where TN-C was associated with endothelial cell activation and was important for 
angiogenesis.50 In patients with acute coronary syndrome, the same association was found 
for TN-C and microvessel formation.34 Although it has been proposed that organized 
intraplaque hemorrhage originates from rupture of microvessels51 and that it is a feature 
associated with rupture prone plaques and secondary MACE 28, in our study EV TN-C was 
not associated with intraplaque hemorrhage. This is in accordance with a study in Apo E/
TN-C double knock-out mice revealing accelerated lesion and extensive intraplaque 
hemorrhage development suggesting a partly protective role for TN-C in atherosclerosis.52 

Our results also indicated an association of EV TN-C levels with plaques consisting of more 
collagen. Although plaque rupture and subsequent thrombosis are often the cause of events, 
an event can also be caused by a thrombus without plaque rupture, which is classified as 
plaque erosion.53,54 Eroded plaques are rich in proteoglycans at the plaque/thrombus 
interface.55 Proteoglycans, collagen and lipids are highly reactive platelet-adhesive materials 
that are expressed in atherosclerotic plaques and are absent in healthy vessel walls. One 
could therefore speculate that the increased accumulation of TN-C might also provide a 
high risk for thrombosis. This is supported by a previous study that proposed that upon 
erosion or rupture of an atherosclerotic plaque, platelets attach to TN-C through Von 
Willebrand factor and become activated, implicating a role for TN-C in platelet physiology 
and atherothrombosis.56 

Although we consider our results to be valid, potential limitations need to be considered 
when interpreting them. First, it remains a challenge to identify the cellular origin of the 
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EVs that are measured, as parent cell specific cellular surface markers cannot be used on 
EVs to determine its origin. 57 Nevertheless, evidence of their cellular origin is also not 
provided when measuring TN-C in serum or plasma. We do not know if TN-C is inside 
or associated with EVs. The two peaks in the density gradient (Table I, supplemental 
materials) might suggest that in the LDL subfraction, we measure TN-C both associated 
in fractions not associated with CD9 and also inside EVs in fractions associated with CD9. 
For this study, however, we show that TN-C in de LDL subfraction is associated with MACE 
in contrast to TN-C in plasma. Furthermore, no data were available on alterations in risk 
factors due to risk factor management during follow-up, therefore this could not be 
considered in the analysis. Finally, external validation of the final prediction model 
consisting of EV TN-C levels and CVRF is warranted in another study population, before 
the model can be implemented in clinical practice. A strength of this study is that for the 
first time, we show a strong association between circulating TN-C EV levels and 3-year 
postoperative MACE in large cohort of CEA patients with systematically collected and 
scored histological and outcome data due to the unparalleled prospective design, continuity 
and outcome validation of the Athero-Express biobank. 

Conclusions 

Increased levels of circulating TN-C in plasma EVs are independently associated with an 
increased 3-year risk of major adverse cardiovascular events in a carotid endarterectomy 
population. High TN-C EV levels were also independently associated with plaques 
characteristics. These findings contribute to the concept of circulating plaque proteins in 
EVs for risk stratification of patients at high risk of secondary cardiovascular events. 
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Supplemental Materials

Supplemental Methods 

Methods for internal validation and model performance 
Since the performance is calculated on the same dataset in which the models were derived, 
bootstrapping was used to control for optimism and overfitting. In each bootstrap sample, 
the modeling process was repeated, resulting in shrinkage of the regression coefficients. 
The C-index and the net reclassification improvement1,2 (NRI) were used to quantify the 
added predictive value of TN-C beyond a model including only classical CVRF. 
Discriminative ability of the model was measured with the C-statistic3. Differences in 
C-statistics after the addition of TN-C to the model consisting of only CVRF were computed. 
For NRI analysis risk categories were defined based on the overall incidence of MACE (p) 
which was divided into 0.5p, p, 2p4, as there are no predefined clinical risk categories for 
secondary cardiovascular events. 

Methods for the association of EV TN-C levels and vulnerable plaque characteristics 
High TN-C plaque expression has previously been associated with vulnerable plaque 
characteristics.5,6 We further investigated whether the same association could be found with 
circulating TN-C levels. Logistic and linear regression models were used for the binomial 
and continuous histological variables, respectively. Based on literature: age, sex, creatinine, 
diabetes, history of CAD/PAOD, current smoking, hypertension, anticoagulant use, statin 
use, preprocedural cerebrovascular symptoms and year of surgery were identified as 
potential confounders and were adjusted for.7–15 

Methods for the Western blot analysis 
Western blot analysis was performed on a 4-12% gradient Bis/Tris gel (NuPage, Invitrogen). 
After blotting, the blot was incubated with the following  antibodies:1.Primary antibody: 
Human Tenascin C antibody (purified polyclonal goat anti-CD9 (AF3358) (R&D systems).
2.Secondary antibody: Rabbit anti-Goat-HRP 1/1000) (Invitrogen).Visualization was done 
with a Super Signal enhanced luminol-based chemiluminescent kit (Thermoscientific) and 
image capture and analysis was done on a Biorad Chemidoc MP.
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Supplemental Tables 

Table I. Distribution of TN-C in density sub-fractions of the LDL precipitate after density gradient 
centrifugation
After density gradient centrifugation of the LDL precipitate, the highest TN-C concentrations are present in 
fractions with density 1.00 - 1.04 and in fractions with density 1.09 - 1.16. We  previously showed17 that CD9 
bands were in the fractions with a density of 1.02-1.08. This shows that TN-C is indeed in EVs in the LDL 
precipitate. Since we also measured a peak value of TN-C in the 7th subfraction, suggesting that TN-C is not only 
in EVs. This is in accordance with a study showing that TN-C release occurs in two formats; TN-C protein 
associated with EVs and soluble TN-C protein.18

Subfraction Tenascin-C (pg/ml) Density CD9 Western17 

LDL UC 1 6.34 1.00 -

LDL UC 2 20.30 1.00 -

LDL UC 3 322.88 1.02 ++

LDL UC 4 37.60 1.04 +++

LDL UC 5 19.18 1.08 +

LDL UC 6 23.03 1.09 -

LDL UC 7 142.26 1.13 -

LDL UC 8 30.74 1.16 -

LDL UC 9 6.97 1.19 -

LDL UC 10 3.93 1.28 -

Abbreviations: LDL UC: LDL subfraction from density gradient ultracentrifugation
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Table II. Baseline characteristics of study population stratified by MACE

  No MACE MACE p-value
  n=700 n=137  
Age (years) 69 (±9) 72 (±9) <0.01
Sex, male 488 (70) 101 (74) 0.40
Ipsilateral carotid artery stenosis degree 0.17
  0-50% 4 (1) 1 (1) 
  50-70% 54 (8) 5 (4) 
  70-99% 626 (92) 127 (96) 
BMI (kg/m2) 26 [24, 28] 26 [24, 28] 0.33
Creatinine (µmol/L) 87 [75, 104] 95 [79, 114] <0.01
eGFR (ml/min per 1.73m2) 74 (±20) 67 (±21) <0.01
Current smoker 226 (32) 52 (38) 0.24
Diabetes 149 (21) 43 (31) 0.01
Hypertension 487 (72) 101 (76) 0.37
Hypercholesterolaemia 446 (70) 81 (69) 0.95
Triglycerides (mg/dl) 1.5 [1.1, 2.1] 1.5 [1.1, 2.0] 0.85
LDL (mmol/L) 2.3 [1.8, 3.0] 2.3[1.8, 3.0] 0.57
HDL (mg/dl) 1.1 [0.9, 1.3] 0.9 [0.8, 1.1] <0.01
Total cholesterol (mg/dl) 4.2 [3.5, 5.2] 4.1 [3.5, 5.0] 0.14
Contralateral carotid artery stenosis of 50-100% 283 (45) 66 (52) 0.16
Anticoagulants 67 (10) 20 (15) 0.10
Antiplatelets 617 (88) 117 (87) 0.67
Lipid lowering drugs 561 (80) 102 (75) 0.20
Statins 554 (79) 101 (74) 0.24
Hypertension drugs 519 (74) 108 (79) 0.24
History of CAD or PAD <0.01
  none 410 (59) 65 (47) 
  CAD or PAD 242 (35) 52 (38) 
  CAD and PAD 48 ( 7) 20 (15) 
History of stroke or TIA 534 (76) 109 (80) 0.47
Preprocedural cerebrovascular symptoms 0.10
  asymptomatic 294 (42) 44 (32) 
  ocular 74 (11) 16 (12) 
  TIA 193 (28) 39 (29) 
  Stroke 139 (20) 38 (28) 
Time between last event and surgery (days) 24 [13, 49] 28 [13, 56] 0.55

Data are presented as n (%) , mean ± standard deviation (SD) or median [interquartile range] [IQR]. Abbreviations: 
BMI, Body Mass Index; eGFR, estimated Glomerular Filtration Rate; LDL, Low-density Lipoprotein; HDL, High-
density Lipoprotein; CAD, coronary artery disease; PAD, peripheral artery disease; TIA, Transient Ischemic 
Attack.
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Table III. Predictors in clinical model consisting of only CVRF and biomarker model consisting of CVRF 
from clinical model and Tenascin-C. Regression coefficients before and after internal validation through 
bootstrapping

Predictors Coefficients 
clinical model

p-value Shrunk 
coefficients 

clinical model

Coefficients 
biomarker 

model 

p-value Shrunk 
coefficients 
biomarker 

model

Ln of Tenascin-C level N/A N/A N/A 0.2707 <0.01 0.2340

Age - y 0.3464 <0.01 0.2995 0.3626 <0.01 0.3134

Ln of serum creatine level 0.2071 0.02 0.1790 0.1695 0.06 0.1465

Current Smoking 0.4756 <0.01 0.4111 0.4439 0.02 0.3837

Diabetes 0.4143 0.02 0.3582 0.4112 0.03 0.3554

History of CAD/PAD

   none reference reference

   CAD or PAD 0.2326 0.22 0.2011 0.2035 0.28 0.1759

   CAD and PAD 0.8033 <0.01 0.6942 0.7639 <0.01 0.6603

Preprocedural cerebrovascular symptoms

   Asymptomatic reference reference

   ocular 0.3593 0.22 0.3106 0.3792 0.2 0.3278

   Transient ischemic attack 0.2428 0.27 0.2099 0.2606 0.24 0.2253

   Stroke 0.6379 <0.01 0.5514 0.6832 <0.01 0.5906

Abbreviations: CAD, coronary artery disease; PAD, peripheral artery disease

Table IV. Net reclassification improvement for endpoint MACE

Model 
consisting of 
only CVRF

Model consisting of CVRF and TN-C

<8% 8 to 
<16%

16 to 
<32%

≥ 32% Reclassified 
up, n(%)

Reclassified 
down, n(%)

NRI (95% CI)

MACE         21 (15.3) 15 (10.9) 0.044 (-0.042-0.129)

<8% 4 0 0 0

8 to <16% 5 28 10 0

16 to <32% 0 7 61 11

≥ 32% 0 0 3 8

No MACE         73 (10.5) 100 (14.3) 0.039 (0.002-0.076)

<8% 57 10 0 0

8 to <16% 38 283 45 0

16 to <32% 0 58 170 18

≥ 32% 0 0 4 12

Overall             0.083 (-0.011-0.176)
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Supplemental Figures

Figure II. Optimal cutpoint estimate of EV Tenascin-C, pg/ml. EV Tenascin-C levels are divided by synthetic 
liposomes, standardized and log transformed

Figure I. Density of EV Tenascin-C levels in the entire study population
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Figure IV. Calibration of model containing Tenascin-C and CVRF and model with only CVRF

Figure III. Boxplot of Tenascin-C plasma levels in a matched case-control sample from the same study 
population
No significant difference was found between patients with (median 2388 ng/ml; IQR1855-3295) and without 
(median 2240ng/ml;IQR 2046-2851) MACE after 3-years of follow-up. 
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Figure V. Western blotting of circulating TN-C
Line 2 consists of measurements in EVs and line 4 consists of measurements in plasma. In line 4 a TN-C band 
of 320 kDa was observed predominantly next to smaller isoforms. In line 2 bands of smaller molecular weight 
were present. Previous studies have shown that there is considerable tissue and disease stage-specifi c variation in 
TN-C isoform expression. TN-C can range in size from 180 to 330 kDa.16 Th e Western blot points to a diff erent 
set of TN-C isoforms measure in EVs in the LDL subfraction.
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Abstract 

Introduction
Ceramides and phosphatidylcholines (PCs) are bioactive lipids and lipid bilayer membrane 
components. Distinct ceramides/PCs (ratios) predict cardiovascular outcome in patients 
with coronary artery disease. Extracellular vesicles (EVs) are proposed biomarkers for 
cardiovascular disease and contain ceramides/PCs. Ceramides/PCs have not been studied 
in patients undergoing carotid endarterectomy (CEA) nor in EVs. We therefore investigated 
whether levels of ceramides/PCs in plasma and EVs are associated with postoperative risk 
of major adverse cardiovascular events (MACE) following CEA. 

Methods
In 873 patients undergoing CEA of the Athero-Express biobank, we quantitatively measured 
seven ceramides/PCs in preoperative blood samples: Cer(d18:1/16:0), Cer(d18:1/18:0), 
Cer(d18:1/24:0), Cer(d18:1/24:1), PC(14:0/22:6), PC(16:0/16:0) and PC(16:0/22:5) in 
plasma and two plasma EV-subfractions (LDL and TEX). We analyzed the association of 
ceramides, PCs and their predefined ratios with the three-year postoperative risk of MACE 
(including stroke, myocardial infarction and cardiovascular death). 

Results
A total of 138 patients (16%) developed MACE during the three-year follow-up. In the 
LDL-EV subfraction, higher levels of Cer(d18:1/24:1) and Cer(d18:1/16:0)/PC(16:0/22:5) 
ratio were significantly associated with an increased risk of MACE (adjusted HR per SD 
[95% CI] 1.24 [1.01-1.53] and 1.26 [1.04-1.52], respectively). In the TEX-EV subfraction, 
three ratios Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0) and 
Cer(d18:1/24:1)/Cer(d18:1/24:0) were positively associated with MACE (adjusted HR per 
SD 1.34 [1.06-1.70], 1.24 [1.01-1.51] and 1.31 [1.08-1.58], respectively). 

Conclusion
Distinct ceramides and PCs in plasma EVs determined in preoperative blood were 
independently associated with an increased three-year risk of MACE after CEA. These 
lipids are therefore potential markers to identify high-risk CEA patients qualifying for 
secondary preventive add-on therapy.
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Introduction

Carotid endarterectomy (CEA) is a common effective treatment to lower the risk of future 
ipsilateral stroke in patients with a high degree asymptomatic or symptomatic extracranial 
carotid artery stenosis. Despite CEA, the residual risk for future cardiovascular (CV) events 
after CEA is still markedly high with approximately 20% in the three years after CEA.1 CEA 
patients with high risk for secondary CV events qualify for more intensive medical 
treatment2, for instance by increasing the dose of statins or addition of PCSK-9 inhibitors. 
Also, anti-inflammatory drug therapies (such as colchicine) or addition of anticoagulants 
are potential options that are currently under investigation.3–7 These intensified treatments 
are often accompanied by high costs or detrimental side effects. Considering the varying 
risk of MACE across patients8, risk stratification tools that assist individualized secondary 
prevention are warranted. However, clinical prediction models including CV risk factors 
have poor predictive ability to discriminate between high and low risk CEA patients for 
future CV events.8,9 Biomarkers may improve risk stratification models to identify patients 
at high risk for future CV events.

Previous lipidomic studies have identified ceramides and phosphatidylcholines (PCs) as 
promising biomarkers for cardiovascular disease.10–16 Ceramides belong to sphingolipids 
consisting of a sphingosine backbone with an attached fatty acid. PCs are phospholipids 
that are characterized by a choline headgroup and two fatty acyl side chains. Both are main 
components of lipid bilayer membranes but also act as key signaling molecules.17 Ceramides 
and PCs are suggested to affect atherogenic processes and CV risk factors such as diabetes 
and obesity.17,18 In patients with established coronary artery disease (CAD), particular 
ceramides and PCs and their distinct ratios were predictive for CV death and future CV 
events.10–16 Until date, no studies have evaluated the role of ceramides and PCs for future 
CV events in patients following CEA. 

Plasma extracellular vesicles (EVs) are a novel source of biomarkers for cardiovascular 
disease.19 EVs are lipid bilayer membrane microstructures that transfer biological 
information including lipids (e.g. ceramides and PCs), proteins and RNA over distance 
from cell to cell. EVs originate either from budding of the outer cell membrane or subcellular 
compartments hereby including parent-cell membrane lipids and enclosing cytosolic 
material that could affect remote cells and influence pathophysiological processes.19 The 
biological information in EVs is derived from the cell of origin and can reflect its status. It 
is known that EV subsets vary in size and in their biological content.19,20 Protein content in 
EVs have been associated with recurrent CV events.21 However, the content of ceramides 
and PCs in plasma EVs in relation with CV events have not yet been studied.
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We therefore aimed to investigate whether circulating levels of ceramides and PCs in plasma 
and in two plasma EV subsets (the LDL- and TEX subfraction) are associated with the 
postoperative risk of MACE in patients undergoing CEA. 

Methods

Study participants 
Study participants originated from the Athero-Express Biobank. This ongoing prospective 
biobank study includes consecutive patients undergoing CEA in two tertiary referral 
hospitals (University Medical Center Utrecht and St. Antonius Hospital Nieuwegein, The 
Netherlands). A comprehensive description of the study design has been published earlier.1,22 
All patients undergoing CEA were asked for study participation. Indications for CEA were 
adjudicated by a multidisciplinary vascular team and based on recommendation from the 
European Carotid Surgery Trial 23 and the North American Symptomatic Carotid 
Endarterectomy Trial 24,25 for symptomatic patients and Asymptomatic Carotid Surgery 
Trial 26,27 for asymptomatic patients. Patients included in the Athero-Express Biobank from 
April 1st 2002 until December 31, 2016 were eligible for the current study. Inclusion criteria 
were availability of citrate blood plasma sample and follow-up data. Exclusion criteria were 
patients undergoing CEA for restenosis. All patients provided written informed consent. 
Ethical approval for study conduction was obtained from the ethical boards of both 
hospitals. Study conduction complied with the Declaration of Helsinki.

Data collection
Baseline characteristics were collected by standardized questionnaires that were verified 
against medical records including medical history, medication use, cardiovascular risk 
factors and basic laboratory parameters. A preoperative blood sample was taken and stored 
in -80C freezer until further use. The atherosclerotic plaque was freshly obtained during 
CEA and immediately transferred to the laboratory for further histological analyses. 

Follow-up
Patients underwent yearly follow-up for a total duration of three years after CEA through 
standardized questionnaires send by post inquiring whether a patient had experienced any 
CV event or had been admitted to a hospital in the past year. Follow-up questionnaires 
were cross-checked with hospital medical records. In case of no response to questionnaires 
or when additional information regarding a CV event was necessary, the general practitioner 
was consulted to provide additional follow-up information consisting of medical records 
and hospital discharge letters from institutions where the event had occurred. All 
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information regarding potential CV events were reviewed by two independent researchers. 
In case of disagreement, a third expert (GJdB) was consulted. 

Study outcomes
The primary outcome was defined as the three-year postoperative risk of major adverse 
CV events (MACE) including fatal- or nonfatal ischemic or hemorrhagic stroke, fatal- or 
nonfatal myocardial infarction (MI) and any CV death also including sudden cardiac death, 
fatal aneurysm rupture and fatal cardiac failure. Secondary outcomes were histological 
atherosclerotic carotid plaque characteristics: content of macrophages, smooth muscle cells 
(SMCs), collagen, calcification, intraplaque hemorrhage (IPH), intraplaque vessels and 
lipid core size. 

Biomarker selection
Selection of ceramides and phosphatidylcholines (PCs) was based on previous biomarker 
discovery and validation studies in CAD patients.10–13 Ratios of ceramide/ceramide or 
ceramide/PC were predefined based on proven associations with CV outcomes in CAD 
cohorts.10–13,15 

Measurement of ceramides/PCs in plasma and EV-subfractions
Levels of ceramides and PCs were measured in unfractionated plasma and in two 
subpopulations of plasma extracellular vesicles (EV) called the LDL-EV subfraction and 
TEX-EV subfraction. A detailed overview of the EV isolation procedure has been reported 
previously20 and is described in the Supplemental Materials (Figure S1). In brief, the LDL-
EV subfraction was precipitated using Dextran Sulphate (DS, 0.05%, MP Biomedicals) and 
Manganese II Chloride (MnCl2, 0.05M, Sigma-Aldrich), the TEX-EV fraction with Xtractt 
buffer (1:4, Cavadis BV). Magnetic dextran nanoparticles (nanomag®-D plain for the LDL-
EV fraction and Nano-mag®-D PEG-OH for the TEX-EV fraction) were added and EVs 
were isolated with use of a bio-plex handheld magnet. The pellet, containing the EVs, was 
lysed with lysis buffer to free its content. Magnetic nanoparticles and debris were separated 
and removed from the pellet by centrifugation. Ceramides and PC concentrations were 
quantified in plasma and in the LDL-EV and TEX-EV subfractions using liquid 
chromatography-mass spectrometry (LC-MS, Sciex TripleQuad 5500 mass spectrometer 
coupled to Sciex MPX LC system). Final concentrations of ceramides and PCs were 
expressed in µM. Details of the LC-MS quantification analyses of ceramides and PCs are 
stated in the Supplemental Materials. EV characterization in plasma EV subfractions have 
been described in previous studies.20,28,29 Previous Nanoparticle Tracking Analyzer (NTA) 
experiments showed the smallest EVs in the TEX-fraction (mean 84 nm) and relatively 
larger EVs in LDL-fraction (mean 101 nm).20 Additional density gradient analyses of EV 
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subfractions confirmed the presence of ceramides and PCs in EVs (see Supplemental 
Material for details; Figure S2, Figure S3 and Table S1). 

Histological atherosclerotic plaque characterization
Histological examination of the carotid atherosclerotic plaque was performed according 
to the standardized Athero-Express biobank protocol.1,22 Details are described in the 
Supplemental Materials.1,22 The carotid plaque was cross-sectionally cut into segments of 
5mm. The segment with the largest plaque volume was considered the culprit lesion was 
allocated to immunohistochemical analysis of collagen, smooth muscle cells (SMCs), 
macrophages, calcifications, intraplaque hemorrhage (IPH) and lipid core. Plaque 
characteristics were scored semi quantitatively as no/minor or moderate/heavy staining, 
except for IPH (scored as absent or present) and lipid core (size was visually estimated 
relative to the total plaque area and expressed as <10%, 10-40%, >40% of the total plaque 
area). In addition, SMCs, macrophages and intraplaque vessels were quantified by 
computerized analysis software (AnalySIS 3.2, Soft Imaging Systems GmbH, Munster, 
Germany). SMCs and macrophage infiltration were expressed as the percentage of positive 
staining of the total plaque area. CD34 positive intraplaque vessels were counted in three 
hotspots with highest vessel density and the average number per square millimeter was 
calculated, as described previously.30

Statistical analyses
Continuous baseline characteristics and categorical baseline characteristics were respectively 
compared by Students t-test or Mann Whitney U test and Pearson’s Chi-squared test. 
Cholesterol and creatinine levels were logarithmically transformed because of skewness. 
The associations of ceramides and PCs (ratio) levels with the three-year postoperative risk 
of MACE were analyzed by univariable, adjusted for LDL-C and HDL-C, and multivariable 
Cox proportional hazards models, similar to the previous CAD study.10 To facilitate easy 
comparison with existing literature ceramides and PCs (ratios) concentrations were 
standardized to Z-scores.10,11 Hazard ratios (HR) were expressed per one SD increase. 
Potential confounders for multivariable analyses were a priori selected based on available 
literature 9,10,13,15,31,32; age, history of coronary artery disease (CAD) and/or peripheral artery 
disease (PAD), preprocedural cerebrovascular symptoms, current smoking, hypertension, 
diabetes, lipid-lowering drug use, triglycerides, total cholesterol, creatinine and contralateral 
carotid artery stenosis of 50-100%. Model reduction using Akaike information criterion in 
a stepwise backward regression resulted in the final model including age, history of CAD 
and/or PAOD, cerebrovascular symptoms, current smoking, LDL-C and HDL-C. Percentage 
of missing covariates was low (range 0.0-4.2%), see Supplemental Table S2. To gain further 
insight in the association of ceramides and PCs (ratios) and the occurrence of MACE during 
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three-year follow-up, multivariable significant ceramides/PCs were visualized in quartiles 
by Kaplan-Meier graphs. 
To unravel potential underlying biological mechanisms, the association of multivariable 
significant ceramides and PCs (ratios) with histological atherosclerotic plaque characteristics 
were investigated by univariable and multivariable logistic or linear regression. Age, sex, 
LDL-C, HDL-C, triglycerides and total cholesterol were added as potential confounders 
for multivariable analyses of plaque characteristics.32,33 All p-values resulted from two-tailed 
hypothesis testing. A p-value<0.05 indicated statistically significance. Analyses were 
performed in R statistical software version 3.6.2 (R Foundation for Statistical Computing, 
Vienna, Austria; https://www.r-project.org/). 

Results

Study population
A total of 887 patients were included in the current study (Figure 1). Measurement of 
ceramides and PCs failed in 14 patients leaving 873 patients for analyses. Patient 
characteristics are summarized in Table 1. The overall mean age was 69 years, 70% were 
men and most were operated for high degree (70-99%) symptomatic carotid stenosis. The 
prevalence of CV risk factors, history of CAD and PAD were high, exemplified by the high 
frequency of antiplatelet and lipid lowering drug use at study inclusion. 

During a median postoperative follow-up duration of 3.0 years [IQR 2.2-3.0], 138 patients 
(15.8%) experienced MACE consisting of 74 (8.5%) fatal and non-fatal stroke, 44 (5%) fatal 
and non-fatal MI and 20 (2.3%) CV death due to other causes. Patients that experienced 
MACE were at inclusion significantly older, more often had diabetes, had lower HDL-C 
levels, higher creatinine levels and were more likely to have a history of CAD and/or PAD 
compared to patients who remained free from MACE (Table 1). Availability of ceramide 
and PC measurements, as well as absolute concentrations compared between patients that 
experienced MACE and those that did not, are shown in Supplemental Table S3. 

Associations with the 3-year postoperative risk of MACE
Univariable and multivariable associations of ceramides and PCs, measured in plasma and 
EV subfractions, with the 3-year risk of MACE are depicted in Table 2. After correction for 
all confounders (LDL-C, HDL-C, age, history of CAD and/or PAD, cerebrovascular 
symptoms and current smoking), one ceramide and four ceramide ratios remained 
significantly associated with MACE in the LDL-EV subfraction as well as in the TEX-EV 
subfraction (Table 2). 
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Table 1. Baseline characteristics

no MACE
(n=735)

MACE
(n=138)

p-value

Demographics

Age, mean (SD) 68.8 (9.2) 72.1 (9.0) <0.001
Male 508 (69.1) 103 (74.6) 0.231
Ipsilateral carotid artery stenosis degree
   50-70% 62 (8.7) 6 (4.5)
   70-99% 654 (91.3) 128 (95.5) 0.119
Risk factors
Contralateral carotid artery stenosis 
of 50-100% 

292 (44.0) 66 (51.6) 0.138

BMI, mean (SD) 26.3 (3.9) 26.7 (3.9) 0.250
Hypertension 609 (82.9) 118 (86.1) 0.412
Creatinine, median [IQR] 87.0 [75.0, 104.0] 95.0 [81.0, 114.0] 0.001
GFR, mL/min/1.73 m2, mean (SD) 74.1 (20.3) 67.7 (21.3) 0.001
Current smoking 235 (32.3) 52 (38.2) 0.210
Diabetes 156 (21.2) 43 (31.2) 0.015
Hypercholesterolemia 467 (69.6) 80 (67.8) 0.777
Triglycerides levels, mmol/L, median [IQR] 1.5 [1.1, 2.1] 1.5 [1.1, 2.0] 0.803
LDL levels, mmol/L, median [IQR] 2.3 [1.8, 3.0] 2.3 [1.8, 3.0] 0.496
HDL levels, mmol/L, median [IQR] 1.1 [0.9, 1.3] 0.9 [0.8, 1.1] <0.001
Total cholesterol levels, mmol/L, median 
[IQR]

4.2 [3.5, 5.2] 4.1 [3.5, 4.9] 0.125

Medical history
Cerebrovascular symptoms 0.206
   asymptomatic 306 (41.6) 45 (32.6)
   ocular 78 (10.6) 16 (11.6)
   TIA 204 (27.7) 39 (28.2)
   stroke 147 (20.0) 38 (27.5)
History of stroke or TIA 556 (75.6) 110 (79.7) 0.357
History of CAD or PAD 0.005
   no history of CAD and PAD 429 (58.7) 65 (47.1)
   history of CAD or PAD 249 (34.1) 53 (38.4)
   history of CAD and PAD 53 (7.3) 20 (14.5)
Drug therapy
Anticoagulants 70 (9.5) 20 (14.6) 0.102
Antiplatelets 648 (88.4) 118 (86.8) 0.690
Lipid lowering drugs 591 (80.5) 102 (74.5) 0.133

Values are displayed as frequency, n (%) unless otherwise indicated. Values in bold are p-value <0.05. Categorical 
baseline characteristics were compared by Pearson’s Chi-squared test. Continuous baseline characteristics were 
compared by Students t-test or Mann Whitney U based on the distribution of the data. Abbreviations: SD, standard 
deviation; IQR, interquartile range, BMI, Body mass index; CAD, coronary artery disease; PAD, peripheral artery 
disease; GFR, estimated glomerular filtration rate calculated by MDRD equation; TIA, transient ischemic attack; 
LDL, Low-density lipoprotein; HDL, high-density lipoprotein. Hypertension, diabetes and hypercholesterolemia 
were defined as diagnosed by a medical doctor or use of specific medication. Antiplatelet drug comprises the use 
of aspirin, dipyridamole or any ADP-inhibitor. Lipid lowering drug use comprises the use of any lipid lowering 
drug. History of stroke or TIA includes ipsilateral or contralateral stroke or TIA. Cerebrovascular symptoms refer 
to the ipsilateral symptoms on which the indication for CEA was based. Asymptomatic is defined as no experience 
of ipsilateral cerebrovascular symptoms in the six months prior to CEA. 

202132 binnenwerk_Nathalie Timmerman.indd   196202132 binnenwerk_Nathalie Timmerman.indd   196 23-09-2021   11:1723-09-2021   11:17



Ceramides and PCs are associated with MACE following CEA

197

9

In the LDL-EV subfraction, higher levels of Cer(d18:1/24:1) were independently associated 
with a higher 3-year postoperative risk of MACE with adjusted HR 1.24 per SD, 95% CI 
1.01-1.53 (p=0.040). A higher ratio of Cer(d18:1/16:0)/PC(16:0/22:5) in the LDL-EV 
subfraction was independently associated with a higher 3-year risk of MACE with adjusted 
HR of 1.26 per SD, 95% CI 1.04-1.52 (p=0.016). 
In the TEX-EV subfraction, three ceramide ratios were positively associated with the 3-year 
risk of MACE, namely Cer(d18:1/16:0)/Cer(d18:1/24:0) with adjusted HR 1.34 per SD, 95% 
CI 1.06-1.70 (p=0.016), Cer(d18:1/18:0)/Cer(d18:1/24:0) with adjusted HR 1.24 per SD, 
95% CI, 1.01-1.51 (p=0.042) and Cer(d18:1/24:1)/Cer(d18:1/24:0) with adjusted HR 1.31 
per SD, 95% CI 1.08-1.58 (p=0.005). 
In plasma, multiple ceramide ratios were significantly associated with MACE in univariable 
analyses, however, these became insignificant after correction for confounders.

As statins are known to modify ceramide/PC levels13, sub analyses with addition of statin 
use to multivariable models were performed (Supplemental Table S4). All the lipids or lipid 
ratios in the LDL-EV and two in the TEX-EV subfractions remained significantly associated 
with MACE after CEA, but Cer(d18:1/18:0)/Cer(d18:1/24:0) in TEX-EV subfraction 
became borderline non-significant (Supplemental Table S4). 

Figure 1. Flowchart of included patients in the present study
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In order to gain further insight in the association of ceramide/PC ratios with MACE, we 
analyzed quartile levels by Kaplan-Meier plots and Cox-regression analyses (Figures 2A-
2E). Non-linearity was found for the ratios of Cer(d18:1/16:0)/Cer(d18:1/24:0) and 
Cer(d18:1/18:0)/Cer(d18:1/24:0) in the TEX-EV fraction where patients in the 4th quartile 
were at relatively high risk (respective HR for patients in the 4th quartile versus those in the 
1st quartile were 2.15, 95% CI 1.33-3.49 and 1.66, 95% CI 1.05-2.63) (Figures 2A and 2B). 
The association of Cer(d18:1/24:1) in the LDL-EV fraction with MACE appeared to be 
dichotomous (Figure 2C). Patients with levels above the median had a HR of 1.44, 95% CI 
1.01-2.06, compared to patients with levels below the median. The 3rd and 4th quartiles of 
the Cer(d18:1/24:1)/Cer(d18:1/24:0) ratio in the TEX-EV subfraction and Cer(d18:1/16:0)/
PC(16:0/22:5) ratio in the LDL-EV subfraction seemed to be more linearly associated with 
increased risk of MACE (Figures 2D and 2E). 

Figure 2A. The three-year MACE-free 
survival probability of Cer(d18:1/16:0)/
Cer(d18:1/24:0) in the TEX-EV subfraction 

Figure 2B. The three-year MACE-free 
survival probability of Cer(d18:1/18:0)/
Cer(d18:1/24:0) in the TEX-EV subfraction

Figures 2A-2E. Kaplan–Meier estimates of major adverse cardiovascular event (MACE) for quartiles of 
multivariable significant associated ceramides/PC ratios
The p-value indicates the overall comparison of the MACE-free survival across quartile levels by the log-rank 
test. The hazard ratios in the legends indicate the univariable quartile-specific hazard relative to the first quartile. 
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Figure 2C. The three-year MACE-free 
survival probability of Cer(d18:1/24:1) in the 
LDL-EV subfraction 

Figure 2D. The three-year MACE-free 
survival probability of Cer(d18:1/24:1)/
Cer(d18:1/24:0) in the TEX-EV subfraction

Figure 2E. The three-year MACE-free survival 
probability of Cer(d18:1/16:0)/PC(16:0/22:5) 
in the LDL-EV subfraction
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Associations with histological atherosclerotic plaque characteristics
Having established an association of ceramide/PC EV-levels with MACE and considering 
that EVs probably reflect the status of the cell of origin, we investigated the association of 
the multivariable significant ceramides and PCs with histological plaque characteristics 
that are considered as key markers for plaque vulnerability. This might unravel potential 
underlying mechanisms how these lipid ratios contribute to cardiovascular event risk. 
Increased ratios of Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/24:1)/Cer(d18:1/24:0) 
in the TEX-EV fraction were inversely associated with the amount of SMCs in the plaque 
(respective adjusted odds ratio (OR) 0.76 for moderate/heavy SMC staining, 95% CI 0.61-
0.95, p=0.015) and adjusted beta of -0.26 for the percentage of SMCs staining, 95%CI -0.47 
to -0.04, p=0.020) (Table 3). An increased ratio of Cer(d18:1/16:0)/ PC(16:0/22:5) in the 
LDL-EV subfraction was positively associated with more macrophage infiltration (beta 
0.16, 0.05-0.28, p=0.007). Neither Cer(d18:1/24:1) in the LDL-EV fraction nor the ratio 
Cer(d18:1/16:0)/Cer(d18:1/24:0) in TEX-EV subfraction were associated with histological 
plaque characteristics.

Discussion

Despite CEA, there remains a high residual risk for future CV events in these patients after 
surgery. Early identification of these high-risk CEA patients would allow early initiation 
of add-on therapy to reduce cardiovascular event risk. In this study, we examined the 
association of circulating molecular lipids, previously associated with CV outcome in CAD 
patients, with future CV events in patients undergoing CEA. In plasma EVs, elevated levels 
of Cer(d18:1/24:1) and the ratios Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/
Cer(d18:1/24:0), Cer(d18:1/24:1)/Cer(d18:1/24:0) and Cer(d18:1/16:0)/PC(16:0/22:5) were 
associated with elevated risk of MACE during the three years follow-up independently of 
conventional cardiovascular risk factors. However, these associations were not found in 
unfractionated plasma. Thus, EV-derived ceramides/PCs ratios may be considered as 
biomarkers for high residual CV risk.

Previous studies investigated ceramides/PCs only in plasma and did show associations of 
particular ceramides/PCs (ratios) with an increased risk of CV death and future CV events 
in patients with acute coronary syndrome (ACS) or stable CAD.10–12,16 In the general 
population, elevated plasma levels of these specific ceramides were associated with both 
primary as well as recurrent MACE.15 Although we only found associations of these lipid 
ratios in plasma EVs subsets in a CEA population, our results further contribute to the 
concept of ceramides and PCs as markers for future CV events.
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This is the first study that examined levels of ceramides and PCs in plasma EVs whereas 
previous studies only investigated unfractionated plasma.10–12,16 Although univariable 
analysis showed significant associations of ceramides and PCs in both unfractionated 
plasma and plasma EVs, in multivariable analyses only the associations in plasma EVs 
remained significant. EV subpopulations differ in vesicle size and it is known that the 
biological composition and clearance mechanisms vary across subpopulations.19 Since 
unfractionated plasma contains all EV subpopulations next to other particles and complexes 
containing ceramides and PCs, differences in biological information between subpopulations 
might be masked and remain unnoticed. Therefore, the signal to noise ratio will probably 
be better for lipid levels in EV subpopulations than in unfractionated plasma. Our results 
suggest that lipid ratios in EVs may therefore be more potent biomarkers for MACE than 
in unfractionated plasma. 

In general, the ratios of ceramides or ceramides/PCs species were more strongly associated 
with MACE than the individual lipid species, which is in line with prior studies in CAD 
patients.10–12 Very long chain ceramides are produced by the Ceramide Synthase enzyme 
isotype 2 (CerS2; C24:0 or 24:1), while long chain (C16:0) are produced by other isoforms, 
CerS6 and CerS5.34 CerS2 haplo-insufficiency, however leads to compensatory increase of 
C16:0 ceramides showing that, despite they are produced by different enzymes, changes in 
ceramide ratios are more pronounced when ceramide pathways are changing.34,35 For this, 
ratios of different ceramides and PCs species may serve as a better reflection of the complex 
ongoing metabolic pathways and CV disease risk than individual ceramide and PC species.

Ceramides and PCs are related to CV events and modification of lipid profiles by medical 
or dietary interventions aiming to reduce cardiovascular event risk has increasingly gaining 
attention.32,36–39 In patients, statins and PCSK-9 inhibitors reduced high-risk ceramide and 
PC levels.13,32 Interestingly, PCSK-9 inhibition by loss-of-function mutation lowered 
relatively more high-risk ceramide levels than LDL-C levels, suggesting that PCSK-9 
inhibitors not solely act via reducing LDL-C but also through profound changes in the lipid 
metabolism.13 In patients with metabolic syndrome, treatment with pioglitazone (an 
antidiabetic drug) reduced high-risk ceramide levels and concomitantly enhanced insulin 
sensitivity.36 A post-hoc analyses indicated that in patients with elevated levels of high-risk 
ceramides, a Mediterranean diet may be favorable to reduce the cardiovascular event risk.37 
Interestingly, higher levels of PC(16:0/22:5) seemed to be protective for cardiovascular 
death in patients with CAD which is in line with our results.14 PC(16:0/22:5) belongs to 
omega-3 polyunsaturated fatty acids (PUFA) and  are abundantly present in fatty fish. They 
are suggested to reduce the risk of cardiac death potentially by lowering resting heart rate, 
blood pressure, plasma triglycerides and improving endothelial function.40 Previous studies 
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investigating omega-3 supplementation were inconsistent but two recent studies have shown 
a positive effect in reducing future CV event risk. 38,39 An interesting topic for future studies 
may be to examine whether ceramide/PC ratios could be useful in selecting patients that 
benefit most from dietary interventions or additional medical treatments in reducing 
cardiovascular risk.

Due to the observational study design, our findings cannot prove causality between 
ceramides/PCs and CV events. Based on evidence from experimental studies we could 
speculate, however, that these lipids contribute to atherosclerotic plaque vulnerability. We 
found that lipid ratios associated with MACE Cer(d18:1/24:1)/Cer(d18:1/24:0), 
Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/16:0)/PC(16:0/22:5) were also positively 
associated with a more vulnerable carotid atherosclerotic plaque phenotype suggesting 
putative underlying pathobiological mechanisms. Experimental studies have implied that 
ceramides drive main atherosclerotic processes such as LDL aggregation, LDL uptake across 
the endothelium, foam cell formation, production of reactive oxygen species, apoptosis, 
endothelial dysfunction and inflammatory processes.17 Studies on the relation of ceramides/
PCs and atherosclerotic plaque composition in patients are scarce. Two studies in CAD 
patients have revealed that increased levels of Cer(d18:1/16:0), Cer(d18:1/18:0) and 
Cer(d18:1/24:1) were associated with higher coronary plaque vulnerability, characterized 
with a higher lipid volume, necrotic core and a thinner fibrous cap using intravascular 
ultrasound and optical coherence tomography.16,41 In our study, high-risk ceramides/PCs 
ratios were also associated with a more vulnerable atherosclerotic plaque composed of 
fewer SMCs and more macrophage infiltration. Experimental data has shown that ceramides 
induce the activity of matrix metalloproteinases (MMPs) and proinflammatory cytokines.17 
In vitro, ceramides induced apoptosis of vascular smooth muscle cells (VSMCs).42 It is 
known that increase of MMPs and loss of VSMCs contributes to thinning of the fibrous 
cap and subsequent plaque disruption. Additionally, pharmacological inhibition of ceramide 
synthetic pathway reduced macrophage content and increased SMCs content in mice.43 
Our results further contribute to evidence of the potential role of ceramides in plaque 
instability. 

Another possible explanation for the association between EV-derived ceramides and MACE 
may be that high levels of ceramides reflect a general pathological state of the endothelium. 
The endothelium is an important source of plasma ceramides and are implicated in NO 
mediated vasodilatation.44 Moreover, it has been shown that the endothelium also generates 
EVs and, when activated by TNFα, EVs are generated with increased ceramide content.45 
Exact underlying mechanisms how EV-derived ceramides/PCs relate to increased risk of 
CV events remains to be elucidated. As the biological function of distinct ceramides and 
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PCs in atherogenesis is still poorly understood, future studies should determine whether 
ceramides and PCs are real effectors or solely markers of progression of atherosclerosis and 
subsequent CV events. Understanding the role of ceramides/PCs and related synthesizing 
or degrading biosynthetic enzymes in atherosclerotic diseases may lead to new potential 
therapeutic targets.46

Reported correlations of ceramides/PCs in plasma EVs with plaque characteristics in our 
study do not establish the origin of EVs. Determination of the cellular origin of EVs is 
challenging since expression of cellular surface markers on EVs are not specific to the parent 
cell types.47 It is known that EVs can be released by almost all cell types such as endothelial 
cells, cardiomyocytes, platelets, red- or white blood cells.19 The role of EVs in 
atherothrombotic processes has been well acknowledged, although exact mechanisms in 
vivo are unclear.19 Future studies should explore the cellular origin of EVs because this 
would provide more insight in the origin of high-risk lipids and underlying processes related 
to atherosclerotic events.

Potential study limitations need to be addressed. First, although previous CAD cohorts 
found stronger associations of ceramide ratios with CV death compared to MACE10,11,14,16, 
we were not able to perform analyses on separate outcomes due to a limited number of 
events. Second, during follow-up no data regarding dietary patterns, medication use or 
adherence were available. This may have modified the observed associations between 
molecular lipids and MACE. Last, subgroup analyses in patients undergoing CEA for 
asymptomatic carotid stenosis could not be performed due to low patient numbers. 
Ceramides and PCs may be relevant for risk stratification in this particular subgroup in 
light of the ongoing debate whether or not to perform CEA, but this should be further 
explored in appropriately designed future studies. Major strengths include that this is the 
first study investigating ceramides and PCs in CEA patients and investigating these lipids 
in both plasma EVs and plasma. Another strength is the prospective design with validated 
CV outcomes. Due to the unique design of the Athero-Express biobank we were able to 
concomitantly investigate CV outcomes and histological atherosclerotic plaque 
characteristics to generate hypotheses regarding possible biological mechanisms. 

To conclude, increased levels of ceramide and PCs ratios in plasma EVs, but not in 
unfractionated plasma, are independently associated with increased risk of MACE after 
CEA. These EV-derived ceramide- and ceramide/PC ratio are therefore potential biomarkers 
for MACE. Ceramides/PCs ratios in EVs may be useful biomarkers for selecting high-risk 
patients in need for intensified secondary preventive therapy, such as add-on therapy. 
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Supplemental Tables and Figures

Supplemental Table S2. Percentages of missing covariates 

Missing (%)

Age 0.0

Male 0.0

Current smoking 1.0

LDL-C 4.2

HDL-C 3.4

History of CAD or PAD 0.5

Cerebrovascular symptoms 0.0

Lipid lowering drug use 0.2

CAD, coronary artery disease; PAD, peripheral artery disease; LDL-C, Low-density lipoprotein cholesterol; 
HDL-C, high-density lipoprotein cholesterol.

Supplemental Figure S1. Overview of the isolation procedure of plasma EVs. 
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Supplemental Table S3. Median and interquartile ranges of ceramide/PC levels and the ratios in plasma and 
in the LDL- and TEX-EV subfractions

Biomarker No MACE (n=735) MACE (n=138) p-value Missing (%)

Cer(d18:1/16:0) plasma 0.200 [0.168, 0.238] 0.198 [0.170, 0.238] 0.902 5.5

LDL-EV 0.012 [0.010, 0.014] 0.013 [0.010, 0.015] 0.125 5.5

TEX-EV 0.009 [0.007, 0.012] 0.009 [0.007, 0.011] 0.523 1.8

Cer(d18:1/18:0) plasma 0.075 [0.060, 0.094] 0.076 [0.059, 0.099] 0.746 5.7

LDL-EV 0.004 [0.003, 0.005] 0.004 [0.003, 0.005] 0.953 5.7

TEX-EV 0.003 [0.002, 0.005] 0.003 [0.002, 0.005] 0.560 2.5

Cer(d18:1/24:0) plasma 2.208 [1.736, 2.683] 2.071 [1.616, 2.522] 0.025 5.2

LDL-EV 0.073 [0.060, 0.091] 0.070 [0.059, 0.085] 0.252 4.9

TEX-EV 0.115 [0.086, 0.157] 0.096 [0.073, 0.134] <0.001 3.1

Cer(d18:1/24:1) plasma 0.891 [0.755, 1.054] 0.887 [0.754, 1.083] 0.911 5.5

LDL-EV 0.043 [0.035, 0.053] 0.046 [0.039, 0.058] 0.056 5.7

TEX-EV 0.044 [0.033, 0.057] 0.044 [0.031, 0.059] 0.713 2.9

PC(14:0/22:6) plasma 0.411 [0.285, 0.565] 0.341 [0.272, 0.488] 0.021 5.4

LDL-EV 0.034 [0.023, 0.048] 0.029 [0.020, 0.043] 0.047 5.5

TEX-EV 0.010 [0.006, 0.017] 0.008 [0.004, 0.015] 0.033 8.7

PC(16:0/16:0) Plasma 9.073 [7.590, 11.04] 9.295 [7.630, 11.08] 0.914 5.2

LDL-EV 7.902 [6.913, 9.197] 7.984 [6.955, 9.280] 0.564 5.3

TEX-EV 24.66 [21.54, 27.80] 24.39 [20.84, 27.02] 0.140 2.1

PC(16:0/22:5) plasma 31.86 [26.14, 39.14] 29.36 [23.93, 38.37] 0.018 5.0

LDL-EV 2.706 [2.090, 3.374] 2.520 [1.998, 3.269] 0.174 5.2

TEX-EV 0.933 [0.690, 1.260] 0.863 [0.627, 1.119] 0.010 3.4

Cer(d18:1/16:0)/
Cer(d18:1/24:0)

plasma 0.091 [0.078, 0.107] 0.094 [0.079, 0.111] 0.081 5.5

LDL-EV 0.162 [0.133, 0.196] 0.170 [0.136, 0.203] 0.147 5.8

TEX-EV 0.075 [0.062, 0.091] 0.084 [0.067, 0.107] <0.001 2.4

Cer(d18:1/18:0)/
Cer(d18:1/24:0)

plasma 0.034 [0.028, 0.043] 0.037 [0.028, 0.046] 0.120 5.7

LDL-EV 0.052 [0.040, 0.067] 0.054 [0.039, 0.070] 0.737 5.6

TEX-EV 0.028 [0.021, 0.037] 0.032 [0.022, 0.046] 0.022 2.7

Cer(d18:1/24:1)/
Cer(d18:1/24:0)

plasma 0.410 [0.339, 0.490] 0.420 [0.365, 0.518] 0.070 5.4

LDL-EV 0.589 [0.480, 0.722] 0.646 [0.511, 0.749] 0.049 5.2

TEX-EV 0.379 [0.303, 0.463] 0.421 [0.330, 0.524] <0.001 2.3

Cer(d18:1/18:0)/
Cer(d18:1/16:0)

plasma 0.377 [0.322, 0.449] 0.372 [0.321, 0.458] 0.973 5.3

LDL-EV 0.323 [0.267, 0.390] 0.300 [0.252, 0.388] 0.345 5.2

TEX-EV 0.381 [0.298, 0.472] 0.379 [0.291, 0.476] 0.845 1.7

Cer(d18:1/16:0)/
PC(16:0/22:5)

plasma 0.006 [0.005, 0.008] 0.007 [0.006, 0.008] 0.012 5.6

LDL-EV 0.005 [0.004, 0.005] 0.005 [0.004, 0.006] 0.002 5.5

TEX-EV 0.010 [0.007, 0.013] 0.011 [0.008, 0.015] 0.005 1.8
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Biomarker No MACE (n=735) MACE (n=138) p-value Missing (%)

Cer(d18:1/18:0)/
PC(14:0/22:6)

plasma 0.182 [0.122, 0.271] 0.205 [0.135, 0.336] 0.035 5.8

LDL-EV 0.111 [0.078, 0.168] 0.124 [0.080, 0.205] 0.116 6.1

TEX-EV 0.329 [0.190, 0.595] 0.386 [0.207, 0.716] 0.193 8.5

Values are displayed as median [interquartile] concentrations in µM. P-values originate from comparison of 
median levels by Mann-Whitney U test between patients that experienced MACE versus those who did not. 
Values in bold indicate p<0.05. Missing measurements of ceramides/PCs were randomly divided across all 
samples and were due to technical failures. Cer, ceramide; PC, phosphatidylcholine. LDL-EV indicates the 
LDL-EV subfraction, TEX-EV indicates the TEX-EV subfraction. 

Supplemental Table S3. Continued

Supplemental Table S4. Subanalyses corrected for statin use

Biomarker HR (95% CI) p-value

Cer(d18:1/16:0) plasma 0.98 (0.77-1.23) 0.836

LDL-EV 1.22 (0.98-1.51) 0.069

TEX-EV 0.94 (0.56-1.57) 0.804

Cer(d18:1/18:0) plasma 1.00 (0.80-1.24) 0.985

LDL-EV 1.06 (0.86-1.30) 0.583

TEX-EV 0.93 (0.68-1.26) 0.618

Cer(d18:1/24:0) plasma 0.86 (0.68-1.07) 0.178

LDL-EV 1.05 (0.86-1.28) 0.648

TEX-EV 0.73 (0.53-1.02) 0.063

Cer(d18:1/24:1) plasma 0.94 (0.76-1.18) 0.607

LDL-EV 1.23 (1.00-1.52) 0.046

TEX-EV 0.92 (0.69-1.23) 0.588

PC(14:0/22:6) plasma 0.88 (0.70-1.10) 0.263

LDL-EV 0.94 (0.76-1.16) 0.557

TEX-EV 0.89 (0.71-1.12) 0.326

PC(16:0/16:0) plasma 1.09 (0.86-1.37) 0.481

LDL-EV 1.17 (0.94-1.46) 0.149

TEX-EV 0.94 (0.76-1.15) 0.540

PC(16:0/22:5) plasma 0.94 (0.76-1.15) 0.532

LDL-EV 0.98 (0.80-1.20) 0.867

TEX-EV 0.85 (0.67-1.07) 0.166

Cer(d18:1/16:0)/Cer(d18:1/24:0) plasma 1.09 (0.86-1.37) 0.485

LDL-EV 1.06 (0.85-1.33) 0.592

TEX-EV 1.31(1.03-1.67) 0.026
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Biomarker HR (95% CI) p-value

Cer(d18:1/18:0)/Cer(d18:1/24:0) plasma 1.08 (0.87-1.34) 0.470

LDL-EV 0.90 (0.72-1.12) 0.349

TEX-EV 1.22 (1.00-1.50) 0.052

Cer(d18:1/24:1)/Cer(d18:1/24:0) plasma 1.07 (0.86-1.32) 0.558

LDL-EV 1.06 (0.86-1.30) 0.616

TEX-EV 1.29 (1.07-1.56) 0.008

Cer(d18:1/18:0)/Cer(d18:1/16:0) plasma 0.96 (0.79-1.16) 0.657

LDL-EV 0.90 (0.74-1.09) 0.269

TEX-EV 0.93 (0.78-1.11) 0.427

Cer(d18:1/16:0)/PC(16:0/22:5) plasma 1.20 (0.97-1.49) 0.086

LDL-EV 1.24 (1.03-1.50) 0.025

TEX-EV 1.25 (0.88-1.77) 0.220

Cer(d18:1/18:0)/PC(14:0/22:6) plasma 1.10 (0.86-1.41) 0.453

LDL-EV 1.86 (0.35-9.99) 0.467

TEX-EV 0.80 (0.37-1.73) 0.569

Multivariable analyses were corrected for statin use, LDL-cholesterol and HDL-cholesterol, age, history of coronary 
artery disease, history of peripheral artery disease, cerebrovascular symptoms and current smoking. 
HR indicates the hazard ratio for the 3-year postoperative risk of MACE per one standard deviation increase in 
concentration of ceramides, PC or ratio either in plasma or plasma extracellular vesicles (EVs). Values in bold 
indicate p<0.05. CI, confidence interval. Cer, ceramides; PC, phosphatidylcholine. LDL-EV indicates LDL-EV 
subfraction, TEX-EV indicates TEX-EV subfraction

Supplemental Table S3. Continued
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Supplementary Methods

The following supplemental materials were omitted due to space limitations and can be 
requested from the authors:

- Characterization of plasma extracellular vesicles subfractions including Figure S2, Figure 
S3 and Table S1. 

- Quantification of ceramides and PCs concentrations by LC-MS/MS analysis
- Histological atherosclerotic plaque characterization

202132 binnenwerk_Nathalie Timmerman.indd   215202132 binnenwerk_Nathalie Timmerman.indd   215 23-09-2021   11:1723-09-2021   11:17



202132 binnenwerk_Nathalie Timmerman.indd   216202132 binnenwerk_Nathalie Timmerman.indd   216 23-09-2021   11:1723-09-2021   11:17



Risk Stratification Tools

PART IV

202132 binnenwerk_Nathalie Timmerman.indd   217202132 binnenwerk_Nathalie Timmerman.indd   217 23-09-2021   11:1723-09-2021   11:17



202132 binnenwerk_Nathalie Timmerman.indd   218202132 binnenwerk_Nathalie Timmerman.indd   218 23-09-2021   11:1723-09-2021   11:17



Nathalie Timmerman*
Farahnaz Waissi*

Mirthe Dekker
Jeffrey Kroon

Gert .J. de Borst 
Dominique P.V. de Kleijn 

*Joint first authorship

Combined plasma extracellular vesicle 
biomarkers improve risk stratification for 
major adverse cardiovascular events after 

carotid endarterectomy

Manuscript in preparation

CHAPTER 10

202132 binnenwerk_Nathalie Timmerman.indd   219202132 binnenwerk_Nathalie Timmerman.indd   219 23-09-2021   11:1723-09-2021   11:17



PART IV  |  Chapter 10

220

Abstract

Background 
Patients with carotid artery stenosis treated with carotid endarterectomy (CEA) remain at 
considerable residual risk for future cardiovascular (CV) events. With the emerging novel 
therapeutic options for secondary prevention in CV disease, accurate risk estimation tools 
identifying high-risk patients for secondary CV events are of major interest. Current clinical 
risk stratification tools for CEA patients have poor predictive value. Biomarkers could aid 
in optimizing risk stratification, especially when combining multiple biomarkers, using a 
multimarker approach. We recently reported different circulating markers in both plasma 
and extracellular vesicles (EVs) showing independent associations with postoperative CV 
events. In this study, we aimed to investigate whether a combined circulating biomarker 
strategy could improve the prediction of the 3-year risk of major adverse cardiovascular 
events (MACE) after CEA beyond predictions obtained from traditional CV risk factors 
only. 

Methods 
Measurements of 11 selected biomarkers in preoperative plasma were available in 847 
patients undergoing CEA included between 2002-2016 in the Athero-Express Biobank. 
MACE was composed of myocardial infarction (MI), ischemic or hemorrhagic stroke and 
cardiovascular death. The prognostic model including biomarkers and established CV risk 
factors (age, creatinine, current smoking, history of coronary artery disease/ peripheral 
arterial occlusive disease and preprocedural cerebrovascular symptoms) was built using 
Cox proportional hazards regression with backward stepwise elimination. The model was 
internally validated with bootstrapping and model performance was assessed in terms of 
calibration and discrimination compared to a model containing the established CV risk 
factors only. 

Results 
A total of 133 MACE occurred during three years of follow-up. The final biomarker model 
consisted of the CV risk factors and two biomarkers: the EV-derived ceramide ratio 
Cer(d18:1/24:1)/Cer(d18:1/24:0) and EV-derived protein CD14. Combining the CV risk 
factors with our biomarker panel showed improved prediction. Discrimination in terms 
of C-statistic were 0.68 (95% CI 0.63-0.73) for the biomarker model compared to 0.66 
(95% CI 0.61-0.71) for CV risk factors alone (p=0.07 for comparison). Addition of EV-
Cer(d18:1/24:1)/Cer(d18:1/24:0) and EV-CD14 had additional prognostic value over CV 
risk factors indicated by an overall Net Reclassification Improvement of 0.147 (0.038-
0.257).
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Conclusion
Addition of EV-derived ceramides and EV-derived CD14 on top of CV risk factors has 
superior predictive performance for future MACE in CEA patients. After external validation, 
this new prediction model could be used to optimize risk-stratification for management 
of individualized secondary prevention therapies. 

Introduction

With the emerging novel therapeutic options for secondary cardiovascular (CV) risk 
reduction, identifying patients at high risk for secondary CV events after carotid 
endarterectomy (CEA) is becoming increasingly important.1 In the past few years, 
secondary prevention strategies have continued to evolve and guidelines recommend 
intensified management of risk factors in patients at high risk for secondary CV events, 
for example with “add-on therapy” such as proprotein convertase subtilisin/kexin type 
9 (PCSK-9) inhibitors.2 Other options for add-on therapy in the future may be anti-
inflammatory medications (such as low-dose colchicine) or adding a direct oral 
anticoagulant (DOAC) next to aspirin.3–7 Accurate identification of individuals at high 
risk for secondary events will lead to more risk reduction by timely intensification of 
medical treatment with these add-on therapies. However, add-on therapy is often 
expensive and has potentially hazardous side effects. Risk prediction models to estimate 
the probability of developing secondary CV events after CEA in individual patients are 
thus very important to guide and improve personalized treatment regiments. Previously, 
multiple studies attempted to develop clinical prediction models for prediction of 
secondary CV events after CEA.1,8 These models contain classical risk factors that have 
been established to contribute to secondary manifestations of atherosclerotic disease.9 
However, due to high prevalence of these traditional CV risk factors among vascular 
patients, clinical models have low discriminative capability to identify patients at high 
risk for secondary CV events. This underpins the importance of improving risk prediction 
on top of the established CV risk factors in the individual patients. 

Studies on biomarkers have emerged in attempt to improve these risk estimations. We 
recently identified elevated plasma lipoprotein(a) [Lp(a)] levels, a well-known risk factor 
and causal factor for primary cardiovascular disease10–12, as an additional risk factor for 
secondary CV events in CEA patients.13 Another field with high potential are plasma 
extracellular vesicles (EVs) and their content.14–19 Now that EVs have proven useful as 
prognostic or diagnostic markers in the field of cancer20, the era for EVs as biomarker 
source in the cardiovascular field has come.21 EVs are nanometer-sized lipid-bilayer 
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membrane vesicles shed by cells in the extracellular space under physiological and 
pathophysiological conditions.21 They contain proteins, lipids and nucleic acid content of 
their parent cells and are therefore considered as liquid-based biopsies. Recent studies 
within the Athero-Express Biobank showed that preoperative levels of inflammatory and 
coagulation proteins (CD14, Cystatin C, Serpin F2 and Serpin C1), the extracellular matrix 
glycoprotein Tenascin-C and lipids (ceramides, ceramide-ceramide ratios, ceramide-
phosphatidylcholine ratios) in plasma EVs were strongly associated with future 
postoperative risk of MACE following CEA.a-c

Although previous studies in CEA patients focused on the added predictive value of a sole 
biomarker, capturing the complex nature of atherosclerosis in one biomarker may seem a 
fallacy. Different biomarkers represent distinct biological pathways, thus may offer 
complementary information in risk estimation. Such synergistic effects of biomarkers in 
predicting cardiovascular outcome have been demonstrated in patients with coronary artery 
disease.22–25 Until now, there are no studies reported that evaluated a multiple biomarker 
strategy for predicting future MACE after CEA. Therefore, in the current study we aimed 
to investigate whether a combination of previously established circulating biomarkers could 
improve the prediction of the 3-year risk of major adverse cardiovascular events (MACE) 
after CEA even further. 

Methods

Study population 
Biomarker data used for the current study were derived from four observational studies 
performed in CEA patients within the Athero-Express Biobank.13,a-c All study participants 
provided written informed consent. The studies were conducted in accordance with the 
declaration of Helsinki and were approved by the local medical ethics board. Study design 
of the Athero-Express Biobank and the previous studies are described in the Supplementary 
Methods section. 

Candidate predictors 
Based on available literature1,8,13,a-c  we identified the following potential clinical predictors: 
age, current smoking, creatinine levels, diabetes, systolic blood pressure, use of 
antihypertensive drugs, history of coronary artery disease (CAD) and/or history of 
peripheral artery occlusive disease (PAOD), preprocedural cerebrovascular symptoms and 
presence of contralateral carotid stenosis. Based on four previous Athero-Express studies13,a-c 
the following biomarkers were selected as candidates to study their added predictive value 
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for MACE: a selection of ceramides, phosphatidylcholines (PCs) and their ratios in EVs 
(Cer(d18:1/24:1), Cer(d18:1/16:0)/PC(16:0/22:5), Cer(d18:1/16:0)/Cer(d18:1/24:0), 
Cer(d18:1/18:0)/Cer(d18:1/24:0), Cer(d18:1/24:1)/Cer(d18:1/24:0))a; the proteins CD14, 
Cystatin C, Serpin F2 and Serpin C1b in EVs; extracellular matrix glycoprotein Tenascin-Cc 
in EVs; and Lipoprotein(a) in unfractionated plasma13. 

Quantification of candidate biomarkers 
Supplemental Table S1 gives an overview of the sample matrix in which the biomarkers 
were measured. For the biomarkers measured in EVs, three subsets of EVs were isolated 
from plasma: the LDL-EV subfraction, the HDL-EV subfraction and the TEX-EV 
subfraction. Levels of ceramides (μM) and PCs (μM) were quantified in the LDL-EV 
subfraction and TEX-EV subfraction using liquid chromatography-mass spectrometry 
(SciexTripleQuad 5500 mass spectrometer coupled to Sciex MPX LC system). The protein 
levels in the HDL-EV subfraction and Tenascin-C levels in the LDL-EV subfraction were 
measured by electrochemiluminescence immunoassay (Quickplex SQ120, Meso Scale 
Discovery, MSD) and concentrations were expressed in pg/mL. Lp(a) concentrations were 
measured with a latex-enhanced particle immunoturbidimetric assay in serum samples 
using the Cobas c702 (Roche) and the LPA2 Tinaquant Lp(a) Gen.2 kit from Cobas (LPA2: 
CAN 8723). A detailed description of the isolation of EV subsets and quantification of the 
biomarkers is included in the Supplemental Methods section. 

Study outcome
The primary outcome was defined as the three-year postoperative risk of MACE. MACE 
was composed of nonfatal or fatal myocardial infarction (MI), nonfatal or fatal ischemic 
or hemorrhagic stroke and cardiovascular death due to other causes (fatal heart failure, 
fatal abdominal aneurysm rupture and sudden cardiac death). Endpoints were adjudicated 
by two independent researchers; endpoint criteria have been described previously.26 In case 
of disagreement a third expert (GJdB) was consulted. 

Statistical analysis 
All analyses were performed with R version 3.6.2 (R Foundation for Statistical Computing, 
Vienna, Austria; https://www.r-project.org/). All statistical tests were two-sided, with a 
value <0.05 indicating statistical significance. 

Baseline characteristics are described as mean ± standard deviation (SD) or median and 
interquartile range (IQR) for continuous variables and frequencies and percentages for 
categorical data. To compare baseline characteristics across patients experiencing MACE 
and those not experiencing MACE, Student’s t-test or Mann-Whitney U-test was used for 
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continuous data and Pearson’s chi-squared test or Fisher’s exact test was used for categorical 
data. To obtain normal distributions creatinine levels, protein levels in EVs and EV TN-C 
levels were logarithmically transformed. To facilitate the comparability between continuous 
variables in the prediction model, age, log creatinine levels, ceramides and PCs (ratios) 
concentrations, log EV protein levels and log EV TN-C levels were standardized to Z-scores. 
Lipoprotein(a) was incorporated as binary variable, with the cut-off at >137 nmol/L; >80th 
cohort percentile, in line with our previous publication.13 There were no missing values in 
the candidate predictors (Table 1), therefore no additional approaches to handle missing 
data were necessary. 

Prediction model development
To assess the predictive value of the clinical model, we fitted a Cox proportional hazards 
model including age, current smoking, creatinine levels, diabetes, systolic blood pressure, 
use of antihypertensive drugs, history of coronary artery disease (CAD) and/or history of 
peripheral artery occlusive disease (PAOD), preprocedural cerebrovascular symptoms and 
presence of contralateral carotid stenosis as predictors and MACE occurrence at three year 
of follow up as the outcome. As incorporation of all these clinical variables in a model next 
to the biomarker candidates would lead to overcorrected models relative to the number of 
events in our cohort, we first reduced the clinical model using Akaike information criterion 
(AIC) in a stepwise backward regression. The final clinical model consisted of age, current 
smoking, creatinine levels, history of CAD/PAOD and preprocedural cerebrovascular 
symptoms (clinical model). Next, we fitted an extended Cox proportional hazards model 
by adding all candidate biomarkers simultaneously to the clinical model: Cer(d18:1/24:1), 
Cer(d18:1/16:0)/PC(16:0/22:5), Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/
Cer(d18:1/24:0), Cer(d18:1/24:1)/Cer(d18:1/24:0) , CD14, Cystatin C, Serpin F2, Serpin 
C1, Tenascin-C and Lipoprotein(a). The final biomarkermodel was constructed using AIC 
based backward elimination.

Internal validation and assessment of the incremental predictive value
Bootstrapping methods were used for internal validation to adjust for overfitting and 
optimism in predictive performance of the developed prediction models. In each bootstrap 
sample, the modeling process was repeated, resulting in a shrinkage factor. With this factor, 
the estimated regression coefficients of the final models were adjusted for overfitting. The 
predictive performance of the bootstrap adjusted models was assessed by analyzing 
calibration and discrimination. Calibration was evaluated by visual inspection of the 
calibration plots. Discriminative performance was assessed by the C-index27 and the net 
reclassification improvement (NRI).28,29 For NRI analysis, risk categories were predefined 
based on the overall incidence of MACE (p) which was divided into cutoff points at half 
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Table 1. Baseline characteristics of the total study population and stratified by MACE 

Total No MACE MACE p-value missing
  n=847 n=714 n=133
Age (years) 69 (9) 69 (9) 72 (9) <0.01 0
Gender, male 594 (70) 493 (69) 101 (76) 0.14 0
Ipsilateral carotid artery stenosis degree 0.16 3

50-70% 66 (8) 60 (9) 6 (5)
70-99% 758 (92) 635 (91) 123 (95)

BMI (kg/m2) 26 [24,28] 26 [24,28] 26 [24,28] 0.63 4
Creatinine (µmol/L) 88 [76,106] 87 [75,104] 95 [79,114] <0.01 0
eGFR (ml/min per 1.73m2) 73 (21) 74 (20) 68 (21) <0.01 5
Current smoker 280 (33) 228 (32) 52 (39) 0.13 0
Diabetes 193 (23) 153 (21) 40 (30) 0.04 0
Hypertension 588 (72) 491 (71) 97 (75) 0.37 3
Hypercholesterolemia 535 (70) 455 (70) 80 (69) 0.95 9
Triglycerides (mg/dl) 1.5 [1.1,2.1] 1.5 [1.1,2.1] 1.5 [1.1,2.0] 0.75 4
LDL (mmol/L) 2.3 [1.8,3.0] 2.3 [1.8,3.0] 2.3 [1.8,3.0] 0.48 4
HDL (mg/dl) 1.0 [0.9,1.3] 1.1 [0.9,1.3] 0.9 [0.8,1.2] <0.01 3
Total cholesterol (mg/dl) 4.2 [3.5,5.1] 4.2 [3.5,5.2] 4.1 [3.5,4.9] 0.14 3
Contralateral carotid artery stenosis of 
50-100%

351 (46) 286 (44) 65 (52) 0.12 9

Anticoagulants 88 (10) 69 (10) 19 (14) 0.15 0
Antiplatelets 746 (88) 631 (89) 115 (88) 0.93 0
Lipid lowering drugs 677 (80) 577 (81) 100 (75) 0.17 0
Statins 668 (79) 570 (80) 98 (74) 0.18 0
Hypertension drugs 636 (75) 532 (75) 104 (79) 0.35 0
History of CAD or PAD <0.01 0

none 483 (57) 420 (59) 63 (47)
Either CAD or PAOD 294 (35) 244 (34) 50 (38)
Both CAD and PAOD 70 (8) 50 (7) 20 (15)

History of stroke 282 (33) 229 (32) 53 (40) 0.10 0
Preprocedural cerebrovascular 
symptoms 

0.18 0

asymptomatic 340 (40) 296 (42) 44 (33)
ocular 93 (11) 77 (11) 16 (12)
TIA 236 (28) 199 (28) 37 (28)
Stroke 178 (21) 142 (20) 36 (27)

Time between last event and surgery 
(days)

25[13,52] 24 [13,51] 28 [13,56] 0.57 44

Data are presented as n (%), mean ± stand deviation (±SD) or median [interquartile range] [IQR]. Values in bold 
indicate p<0.05. Abbreviations: BMI, Body Mass Index; eGFR, estimated Glomerular Filtration Rate; LDL, Low-
density Lipoprotein; HDL, High-density Lipoprotein; CAD, coronary artery disease; PAOD, peripheral artery 
disease; TIA, Transient Ischemic Attack.
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of the overall incidence, the overall incidence and twice the overall incidence), since no 
predefined risk categories are available for risk prediction of secondary cardiovascular 
events.1,30

Results

Patient characteristics 
In the current study 847 patients were included for analyses. Baseline characteristics of the 
total study population are shown in Table 1. The mean age was 70 (±9) years and 70% of 
the patients were male. The cohort consisted mostly of patients with severe atherosclerotic 
disease: 30% has previously been diagnosed with CAD, 21% with PAOD and 33% with any 
kind of stroke. There was a high prevalence of cardiovascular risk factors and concomitantly 
high prevalence of secondary preventive medication, such as anticoagulants (10%), 
antiplatelet therapy (88%) and lipid-lowering therapies (79%). After 3 years of follow-up 
(with a median time-to-event of 3.0 [IQR 2.3-3.0]), 133 patients (15.7%) reached the 
endpoint MACE. MACE consisted of 70 strokes, 43 MI, 20 other CV related deaths. 

Clinical model and biomarker model 
The clinical model consisted of age, current smoking, creatinine levels, history of CAD/
PAOD, preprocedural cerebrovascular symptoms. The biomarker model consisted of these 
clinical variables with addition of two circulating biomarkers Cer(d18:1/24:1)/
Cer(d18:1/24:0) measured in TEX-EV subfraction and the EV protein CD14 measured in 
the HDL-EV subfraction. Corrected regression coefficients of the clinical model and 
biomarker model before and after shrinkage by bootstrapping are shown in Table 2. The 
clinical model showed slight underprediction at lower predicted probabilities (around the 
3-year MACE risk of 10%) as well as overprediction for the range of 12-15% (Figure 1). 

Figure 1. Calibration plots of the clinical model (left) and biomarker model (right)
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When extending the model with the two biomarkers, the accuracy of the predicted 
probabilities for the 3-year MACE risk within the range of 0-20% improved. Above 20% 
observed risk, the biomarker model showed modest overprediction (Figure 1). The C-index 
of the clinical model and the biomarker model was 0.66 (95% CI 0.61-0.71) and 0.68 (95% 
CI 0.63-0.73) (p=0.07), respectively. Predicted probabilities based on the biomarker and 
clinical model are displayed in Supplemental Table S2. Supplemental Table S2 illustrated 
that most patients (approximately 80%) fall within predicted risk category of 0-20%, thereby 
the modest overprediction is acceptable. 

Table 2. Clinical model and biomarker model

Predictors Clinical model Biomarker model

C
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SE p-
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*
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oe
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SE p-
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ru

nk
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effi

ci
en

ts
*

Age (year) 0.3467 0.1007 0.001 0.3021 0.3113 0.1024 0.002 0.2724

Creatinine (µmol/L) 0.2094 0.0835 0.012 0.1825 0.1650 0.0864 0.056 0.1444

History of CAD/PAOD

none reference reference

Either CAD or PAOD 0.2495 0.1931 0.196 0.2174 0.2377 0.1935 0.219 0.2079

Both CAD and PAOD 0.9034 0.2634 0.001 0.7872 0.7513 0.2732 0.006 0.6573

Current smoking 0.4901 0.1850 0.008 0.4271 0.3766 0.1882 0.045 0.3295

Preprocedural 
neurological symptoms 

asymptomatic reference reference

ocular 0.3534 0.2950 0.231 0.3079 0.4121 0.2968 0.165 0.3605

TIA 0.1972 0.2242 0.379 0.1718 0.2302 0.2265 0.310 0.2014

Stroke 0.5859 0.2322 0.012 0.5105 0.5140 0.2384 0.031 0.4497

Cer(d18:1/24:1)/
Cer(d18:1/24:0) (µM)

0.2015 0.1001 0.044 0.1763

CD14 (pg/ml) 0.2171 0.0677 0.001 0.1900

S0(3)= 0.86 (3-year baseline survival). CAD, coronary artery disease; PAD, peripheral artery disease; TIA, Transient 
Ischemic Attack.
Coefficients are expressed for the condition present in dichotomous variables and per 1 SD increase for continuous 
variables. *Regression coefficient multiplied with a shrinkage factor (obtained from bootstrapping procedure) of 
0.868 for the clinical model and 0.875 for the biomarker model. 
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Reclassification 
Results of the NRI analysis are summarized in Table 3. In 133 patients who developed 
MACE during 3-years of follow-up, the biomarker model improved reclassification of 30 
patients (23%) and incorrectly reclassify,ed 19 patients (14%) downwards, with a net gain 
in reclassification of 8.3% (NRI 0.083 95% CI -0.020-0.185). In the 714 patients that 
remained MACE-free during follow-up, the biomarker model reclassified 126 patients 
(18%) correctly downwards and 80 patients (11.2%) incorrectly upwards, with a net gain 
in reclassification of 6.4% (NRI 0.064, 95% CI 0.025-0.104). The overall NRI was 14.7% 
(NRI 0.147, 95% CI 0.038-0.257), indicating that the biomarkers have additional prognostic 
value on top of the clinical predictors. 

Discussion

In the present study, we evaluated the incremental value of preoperative levels of circulating 
biomarkers on top of traditional CV risk factors as predictors of the three-year postoperative 

Table 3. Classification of 3-year MACE risk comparing the clinical model with an extended model

Clinical 
model

Biomarker model

<8%
8 to 

<16%
16 to 
<32% ≥ 32%

Total Reclassified 
up, n(%)

Reclassified 
down, n(%)

NRI (95% CI) p-value

MACE 0.083 (-0.020-0.185) 0.113

<8% 6 1 0 0 7 30 (22.6%) 19 (14.3%)

8 to <16% 3 33 15 1 52

16 to <32% 0 12 39 13 64

≥ 32% 0 0 4 6 10

Total 9 46 58 20 133

No MACE 0.064 (0.025-0.104) 0.001

<8% 78 16 0 0 94 80 (11.2%) 126 (17.6%)

8 to <16% 60 279 50 3 392

16 to <32% 0 60 140 11 211

≥ 32% 0 0 6 11 17

Total 138 355 196 25 714

Overall 0.147 (0.038-0.257) 0.008

Marked in green are patients that are correctly reclassified if the combined biomarker model is used instead of 
the clinical model. Marked in red are patients that are wrongly reclassified if the combined biomarker model is 
used instead of the clinical model. In bold are the patients that remain in the same risk category using the 
biomarker or the clinical model.
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risk of MACE after CEA. The biomarker model containing a combination of two EV-derived 
biomarkers (Cer(d18:1/24:1)/Cer(d18:1/24:0) and CD14) next to CV risk factors (age, 
current smoking, creatinine levels, history of CAD/PAOD, preprocedural cerebrovascular 
symptoms) provided incremental prognostic information for MACE prediction compared 
to the clinical model containing only CV risk factors. The biomarker model showed 
improved performance metrics and resulted in a better reclassification of 14.7% of all 
patients according to their future postoperative risk of MACE compared to the clinical 
model. This prediction model can be used to stratify CEA patients more reliably in the 
preoperative phase for their future postoperative risk of MACE allowing for more 
personalized secondary prevention.
 
According to European guidelines2, patients with established clinical CV disease, such as 
CEA patients, are all classified in one group at very-high risk for secondary CV events. 
Variation in risk for secondary CV events, however, has been reported previously among 
individual patients with established CVD treated with secondary prevention according to 
guideline recommended targets.31 More accurate identification of individuals at high risk 
for secondary events will lead to more timely risk reduction by intensification of medical 
treatment with add-on therapies. Aggressive lowering of on-treatment cholesterol levels 
with proprotein convertase subtilisin/kexin type 9 (PCSK-9) inhibitors has already been 
implemented in the most recent ESC guidelines but have high costs.2 Anti-inflammatory 
medications (colchicine or canakinumab) have shown promising results in reduction of 
future cardiovascular events for coronary artery disease patients and might also become 
novel options as add-on therapy in the future.3–5 Addition of a direct oral anticoagulant 
(DOAC) to aspirin may be another future option to intensify medical therapy since studies 
have reported a positive effect on the reduction of future cardiovascular events but a major 
drawback is the increased bleeding risk.6,7 Hazardous side effects and high costs urge the 
need for careful selection of patients for add-on therapy. Prediction models or risk scores 
could aid to estimate the postprocedural long-term risk of patients undergoing CEA. An 
external validation study and a previous systematic review addressed that existing clinical 
risk predicting models have poor ability to predict postoperative CV events in CEA 
patients.8,32 We now show that addition of two EV-based biomarkers next to CV risk factors 
improve risk stratification in patients scheduled for CEA.

The EV-derived ceramide ratio Cer(d18:1/24:1)/Cer(d18:1/24:0) has been independently 
associated with the long-term risk of CV events in CEA patients as well as in patients 
diagnosed with coronary artery disease (CAD).33,34,a Ceramides have been linked to central 
atherosclerotic processes such as LDL-uptake, LDL-aggregation, endothelial dysfunction, 
apoptosis and inflammation.35 Previous studies have not reported an incremental predictive 
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value of Cer(d18:1/24:1)/Cer(d18:1/24:0) as sole marker for CV prediction in CEA and 
CAD cohorts. On the other hand, two ceramide risk scores (CERT-1 and CERT-2) including 
plasma Cer(d18:1/24:1)/Cer(d18:1/24:0) showed incremental prognostic value for CV death 
and CV events in CAD patients. We now show EV-derived Cer(d18:1/24:1)/Cer(d18:1/24:0) 
and CD14 have synergistic prognostic effects. The idea of biomarker synergy has been well 
recognized in both coronary cohorts and vascular surgery patients. Different types of 
biomarkers related to various processes such as proinflammatory pathways, endothelial 
activation, renal function and cardiac function may simultaneously enhance risk estimation 
since each marker has the ability to provide incremental prognostic information.24,25,36–39

Previously we demonstrated that EV-derived CD14 levels have incremental predictive 
ability for MACE prediction over CV risk factors.b Soluble CD14 is proinflammatory and 
known to be implicated in the innate immune response, whereas monocyte-derived EVs 
containing CD14 possess procoagulant and prothrombotic properties.40,41 Increased 
inflammatory response through soluble CD14 has also been proposed to be genetically 
determined by specific polymorphisms in patients with carotid atherosclerosis.42Addition 
of EV-derived CD14 to a clinical CV risk model improved overall reclassification (based 
on NRI) in 16% of all CEA patients according to their future risk of MACE.b However, this 
model underperformed in identification of patients that remain free from MACE since 
these were wrongfully reclassified in higher MACE risk categories. With the combined 
biomarker model composed of Cer(d18:1/24:1)/Cer(d18:1/24:0) and CD14, we propose a 
risk model that demonstrates improved discrimination and calibration. With this model 
reclassification of patients that remain MACE free improves significantly and in terms of 
calibration (the agreement in predicted risks by the model and observed risks) the combined 
biomarker model is superior to the biomarker model with EV-CD14 alone. The combined 
biomarker model showed slight overprediction in the 3-year risk of MACE above 20%, 
however the majority of the CEA patients (80% of all patients) are part of the risk category 
below 20%. Moreover, overprediction of the patients in high-risk categories would not have 
major impact in practice, as these patients would already qualify for aggressive secondary 
prevention and follow-up. Implementation of the biomarker model in clinical practice thus 
would have great advantage for patients in low risk categories as it would prevent 
overtreatment with add-on therapies, and for patients in high risk categories it will prevent 
undertreatment with add-on therapies.  

Apart from improving cost-efficient allocation of add-on therapy, biomarker-based risk 
stratification may have other future implications. Accurate risk estimation tools could 
enable physicians to quantify the patients’ future CV risk and this may promote awareness 
and motivation for patients’ adherence to lifestyle changes or preventive medications. In 
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general, therapy adherence of CV medications is a major issue and a substantial proportion 
of CVD events is likely to be attributed to poor adherence.43 

Risk stratification models could also be used as a tool to select eligible patients for 
randomized-controlled trials investigating new medical interventions for CVD reduction. 
As patients at highest risk for CV events are most likely to benefit from novel preventive 
medications, inclusion of the highest risk patients may subsequently improve trial efficiency 
and power to detect clinically relevant effects of investigated interventions and reduce 
trial-related costs. Ceramides and CD14 are both related to inflammation35,42 and may be 
relevant to select patients that may benefit from potential anti-inflammatory drugs for CVD 
risk reduction (such as recent studies with low-dose colchicine or canakinumab).3,4 This 
could be extended in investigating whether multiple measurements of these biomarkers 
during follow-up could assist in monitoring the individual response of a patient to known 
or upcoming preventive medications. 

Some limitations of this study should be mentioned. The goal of our study was to develop a 
combined biomarker-based risk prediction model consisting of preoperative characteristics 
to predict future risk of MACE for patients undergoing CEA. It is likely that modification 
of CV risk factors and medication changes during follow-up interfere with the risk of MACE. 
Unfortunately, changes in CV risk factors and medication use are not available in the Athero-
Express and therefore these factors could not be corrected for. Although pre-existing cardiac 
conditions such as atrial fibrillation and heart failure are important predictors for CV events 
in CEA patients8, these factors could not be considered in model development because this 
data was not available. It has been established that secondary CV event risk varies 
geographically44, therefore future studies should assess the generalizability of the current 
prediction model. In order to provide accurate and validated estimates, the biomarker model 
should be externally validated in other CEA populations. Furthermore, impact studies should 
be performed to investigate its effects on clinical decision-making. In order for it to be useful, 
clinical implementation of the biomarker model should improve therapeutic decision 
making, clinical outcome and cost-effectiveness of healthcare. Importantly, as no predefined 
risk scores in prevention for secondary CV events in CEA patients exist, we defined risk 
categories to calculate the NRI based on overall incidence, similar to previous studies.1,30 
Future impact studies should unravel whether these risk categories are appropriate in 
improving clinical care. Finally, in recent years a widespread of biomarkers associated with 
CV outcome have been identified.22,24,25,38,39,45 Independently the biomarkers estimate different 
aspects and reflect distinct biological processes involved in atherosclerosis and cardiovascular 
disease. It could be plausible that more biomarkers not under investigation in the present 
study may further improve the predictive value. Future collaboration of prospective biobanks 
or newly designed multicenter prospective studies in a sizeable study population may aid to 
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investigate whether combining more biomarkers on top of CD14 and Cer(d18:1/24:1)/
Cer(d18:1/24:0) could improve MACE prediction.  

Strengths include that this is the first large study in CEA patients showing that circulating 
biomarkers determined preoperatively have synergistic prognostic ability for estimation of 
future risk of MACE. After proven clinical relevance, this biomarker model could be easily 
incorporated into clinical practice as measurement methods are straightforward and could 
be robotized. After external validation, this model may more accurately identify patients 
at high risk for MACE and may be used to guide personalized secondary preventive 
management in order to reduce future MACE.

To conclude, extending the clinical model including CV risk factors with two preoperative 
circulating EV-derived biomarkers, CD14 and the ceramide ratio Cer(d18:1/24:1)/
Cer(d18:1/24:0), improved risk stratification for prediction of long-term postoperative risk 
of MACE in patients undergoing CEA. 
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Supplementary Material 

Supplemental Table S1. Overview of the candidate biomarkers and the matrix in which these were measured 

Candidate biomarkers Sample Matrix 

Cer(d18:1/24:1) LDL-EV subfraction

Cer(d18:1/16:0)/PC(16:0/22:5) LDL-EV subfraction

Cer(d18:1/16:0)/Cer(d18:1/24:0) TEX-EV subfraction

Cer(d18:1/18:0)/Cer(d18:1/24:0) TEX-EV subfraction

Cer(d18:1/24:1)/Cer(d18:1/24:0) TEX-EV subfraction

CD14 HDL-EV subfraction

Cystatin C HDL-EV subfraction

Serpin F2 HDL-EV subfraction

Serpin C1 HDL-EV subfraction

Tenascin-C LDL-EV subfraction

Lipoprotein(a) Unfractionated plasma 

Supplemental Table S2. Predicted number of patients per risk category for MACE at three-year follow-up 
based on the final biomarker model and clinical model with only CV risk factors

3-year risk of MACE Predicted number of patients  
according to the biomarker model

Predicted number of patients  
according to clinical model

0-10% 236 202

10-20% 443 476

20-30% 115 132

30-40% 39 27

40-50% 7 7

50-60% 2 1

60-100% 5 2

Total patients 847 847
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Supplementary Methods 

Description of study cohorts
The Athero-Express Biobank 
All previous biomarker studies were performed in the Athero-Express Biobank in CEA 
patients included from 2002-2016. The Athero-Express Biobank is an ongoing prospective 
cohort study initiated in 2002 in two tertiary referral hospitals (the St. Antonius Hospital 
Nieuwegein (inclusions stopped after 2014) and University Medical Center Utrecht, The 
Netherlands). Consecutive patients scheduled for CEA are asked for study participation. 
A multidisciplinary vascular team adjudicated indications for CEA in accordance with local 
and international guidelines and surgery was performed by experienced surgeons.26,46–50 
During hospital admission, preoperative blood samples were collected and stored at -80oC 
until further use. Baseline patient characteristics were collected by standardized preoperative 
questionnaires and medical records. Patients were followed up for the three consecutive 
years after CEA on cardiovascular events (CVE) and hospital admissions by standardized 
questionnaires. When an outcome event was reported, additional documentation regarding 
the event were requested from the institution where the event occurred and the general 
practitioner. In case a patient did not respond to questionnaires, the general practitioner 
was consulted for follow-up information. An extensive description of the Athero-Express 
study design has been published previously.26,51 

Ceramides and PCsa

This study analyzed 873 patients and measured seven ceramides and PC lipids: 
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0), Cer(d18:1/24:1), PC(14:0/22:6), 
PC(16:0/16:0) and PC(16:0/22:5) in plasma and two plasma EV-subfractions (LDL and 
TEX). The primary aim was to investigate whether circulating levels of ceramides and PCs 
in plasma and in two plasma EV subsets were associated with the postoperative risk of 
MACE in patients undergoing CEA. Inclusion criteria were availability of citrate blood 
plasma samples and follow-up data. Exclusion criteria were patients undergoing CEA for 
restenosis. During a median postoperative follow-up time of 3.0 years [IQR 2.2-3.0], 138 
patients (15.8%) experienced MACE consisting of 74 (8.5%) fatal and non-fatal stroke, 44 
(5%) fatal and non-fatal MI and 20 (2.3%) CV death due to other causes. Main results of 
the study were that in the LDL-EV subfraction, higher levels of Cer(d18:1/24:1) and 
Cer(d18:1/16:0)/PC(16:0/22:5) ratio were significantly associated with an increased risk of 
MACE. In the TEX-EV subfraction, three ratios Cer(d18:1/16:0)/Cer(d18:1/24:0), 
Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/24:1)/Cer(d18:1/24:0) were positively 
associated with an increased three-year risk of MACE after CEA. Details of the study design 
have been published earlier.a
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EV-proteinsb

The primary aim of this study was to investigate whether levels of CVD-related proteins 
(Cystatin C, Serpin C1, Serpin G1, Serpin F2 and CD14) in EV plasma subsets (LDL-, 
HDL- and TEX EV-subfraction) were associated with the 3-year risk of MACE after CEA. 
Final analyses were performed on 864 patients with at least one valid protein measurement. 
Inclusion criteria were availability of citrate plasma samples and follow-up data. Patients 
operated for restenosis were excluded. After a median follow-up time of 3.0 years [IQR: 
2.2.-3.0 years], 137 (16%) patients with MACE were observed of which 73 (8.4%) patients 
had stroke as first event, 44 (5.1%) had MI and 20 (2.3%) died due to other cardiovascular 
causes. This study concluded that EV-derived plasma levels of Cystatin C, Serpin C1, CD14 
and Serpin F2 determined in preoperative blood were independently associated with a 
higher long-term risk of MACE following CEA. An extensive description of the study design 
has been published previously. b

Tenascin-Cc

Plasma EV TN-C levels were determined in pre-operative blood samples of 837 symptomatic 
and asymptomatic CEA patients. Inclusion criteria were available citrate blood plasma 
samples and follow-up data. Patients who underwent CEA for restenosis were excluded. 
The primary aim was to investigate whether plasma EV TN-C levels in CEA patients were 
associated with the 3-year postoperative risk of MACE. Median follow-up time was 3.0 
years [IQR 2.2-3.0], in which 137 patients (16.4%) reached the endpoint MACE. MACE 
consisted of 73 (8.7%) stroke, 43 (5.1%) MI and 21 (2.5%) other cardiovascular-related 
deaths. Plasma EV TN-C levels were independently associated with an increased 3-year 
risk of MACE after CEA. A more detailed description of the study design has been published 
previously.c 

Lipoprotein(a)13

The primary aim of this study was to assess the association of elevated Lp(a) levels with the 
risk of secondary MACE in patients undergoing CEA. Lp(a) concentrations were determined 
in preoperative blood samples of 944 CEA patients included in the Athero-Express Biobank 
between 2002 and 2016 with available lipid profile measurements. Patients undergoing 
CEA for restenosis were excluded. The mean follow-up time was 2.57 (±0.85) years, during 
which 102 (10.8%) patients reached the end point MACE. MACE consisted of 27 (2.9%) 
myocardial infarction, 63 (6.7%) strokes, and 12 (1.3%) cardiovascular-related deaths. 
Elevated Lp(a) levels (>137 nmol/L; >80th cohort percentile) were associated with an 
increased risk of 30-day MACE mainly composed of perioperative stroke. This study 
identified elevated Lp(a) levels as a new and additional risk factor for secondary 
cardiovascular events, potentially identifying patients at highest periprocedural risk.
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Extracellular vesicle isolation and characterization 
Detailed description of the isolation protocol can be found in previously published 
papers.52–54 In short, distinct EV subsets co-fractionate with Low-Density Lipid particles 
(LDL), High-Density Lipid particles (HDL) and with the independent TEX subfraction. 
The LDL and HDL subfractions are precipitated from plasma using sequential isolation 
with Dextran Sulphate (DS) (MP Biomedicals), Manganese (II) Chloride (MnCl2) (Sigma-
Aldrich) solutions. The TEX subfraction is obtained from plasma with Xtractt buffer (1:4) 
(Cavadis BV). Isolation of EVs were performed with magnetic dextran nanoparticles 
(Nanomag®-D plain, Nanomag®-D PEG-OH, Micromod) and a bio-plex handheld magnet 
(Bio-Rad). The pellets with EVs were lysed with complete lysis-M including protease 
inhibitors (Roche). To be able to correct for loss of pellet during the isolation steps, a 
standard quantity of synthetic liposomes (coated with DSG-PEG2000, Sunbright and 
fluorescently labelled with 18:1 Liss Rhod PE, MERCK) was added to each plasma sample 
and quantified afterwards.

Biomarker quantification
Quantification of ceramides and PCs 
Ceramides and PCs concentrations were quantified in plasma, LDL-EV and TEX-EV 
subfractions using liquid chromatography-mass spectrometry (LC-MS/MS analysis) 
conducted on a Sciex TripleQuad 5500 mass spectrometer coupled to Sciex MPX LC system. 
Electrospray ionization in positive ion mode was used with multiple reaction monitoring. 
Instrument and data acquisition were controlled using Analyst® (version 1.7). The final 
concentrations of ceramides and PCs were expressed in µM. A more detailed description 
can be found in the original publication.a

Quantification of EV protein levels 
With an electrochemiluminescence immunoassay (Quickplex SQ120, Meso Scale 
Discovery) concentrations of CD14, Cystatin C, Serpin F2, Serpin G1 and Serpin C1 were 
quantified in all three EV-subfractions. For Cystatin C and Serpin F2, standard antibody 
sets of Meso Scale were used, the antibody set for Serpin C1, Serpin G1 and CD14 were 
custom-made. SoftMax Pro 7 Software (Molecular Devices) was used to analyze the data. 
Protein concentrations were expressed in pg/mL and were divided by a standard quantity 
of synthetic liposomes to be able to correct for loss of pellet during the isolation steps. 
Additional information on specific antibodies can be found in the Supplemental Material 
section of our previous publication.b
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Quantification of Tenascin-C EV levels 
Tenascin-C was quantified in the LDL-EV subfraction with a Human Tenascin C ELISA 
kit (AB213831) using an electrochemiluminescence immunoassay (Quickplex SQ120, Meso 
Scale Discovery, MSD) following manufacturer’s protocol. EV TN-C levels were expressed 
in pg/ml and were divided by the quantity measured synthetic liposomes which serves as 
internal control for the loss of pellet during isolation.c

Quantification of Lp(a)
Lp(a) concentrations were measured with a latex-enhanced particle immunoturbidimetric 
assay in serum samples using the Cobas c702 (Roche) and the LPA2 Tinaquant Lp(a) Gen.2 
kit from Cobas (LPA2: CAN 8723). Lp(a) was measured in nanomoles per liter with a 
particle enhanced immunoturbidimetric assay, where Lp(a) agglutinates with latex particles 
coated with anti-Lp(a) antibodies. The precipitate is determined turbidimetrically at 800/660 
nm. The measuring range of this assay is between 7 and 240 nmol/L. More information 
regarding specific performance data, the repeatability, and intermediate precision can be 
found in the manufacturers’ instructions. For more details on Lp(a) quantification we refer 
to the original publication.13
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Abstract

Introduction 
Asymptomatic carotid artery stenosis (ACAS) may cause future stroke and therefore 
patients with ACAS require best medical treatment. Patients at high risk for stroke may opt 
for additional revascularization (either surgery or stenting) but the future stroke risk should 
outweigh the risk for peri/post-operative stroke/death. Current risk-stratification for 
patients with ACAS is largely based on outdated randomized controlled trials that lack the 
integration of improved medical therapies and risk factor control. Furthermore, recent 
circulating and imaging biomarkers for stroke have never been included in a risk 
stratification model. The TAXINOMISIS Project aims to develop a new risk stratification 
model for cerebrovascular complications in patients with ACAS and this will be tested 
through a prospective observational multicenter clinical trial performed in six major 
European vascular surgery centers.

Methods and analysis
The risk stratification model will compromise clinical-, circulating-, plaque- and imaging 
biomarkers. The prospective multicenter observational study will include 300 patients with 
50-99% ACAS. The primary endpoint is the three-year incidence of cerebrovascular 
complications. Biomarkers will be retrieved from plasma samples, brain MRI, carotid MRA 
and duplex ultrasound. The TAXINOMISIS Project will serve as a platform for the 
development of new computer tools that assess plaque progression based on radiology 
images and a lab-on-chip with genetic variants that could predict medication response in 
individual patients. 

Conclusion
Results from the TAXINOMISIS study could potentially improve future risk stratification 
in patients with ACAS to assist personalized evidence-based treatment decision-making.

Strengths and limitations of this study 
- This study will lead to the discovery of new biomarkers by investigating potential 

underlying pathobiological processes and combining existing data from European 
biobanks and cohort studies.

- Promising circulating biomarkers will be explored for carotid artery stenosis patients in 
the same biobanks.

- This is the first study that combines known and newly identified biomarkers of any kind 
(clinical-, imaging- and circulating biomarkers) in a multilevel risk stratification model.

- This new multilevel risk stratification model could potentially guide treatment decision 
for asymptomatic carotid artery stenosis.
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- Limitations include the need for external validation of this model in future studies that 
also take into account procedural risks of revascularization interventions. Thereafter, 
health technology assessment including feasibility and cost-effectiveness needs to be 
performed before implementation of the model in clinical practice. 

Introduction

Stroke prevention is of utmost importance as it is associated with high mortality rates, 
accounting for 1.1 million deaths annually in Europe hereby being the third cause of death.1 
Furthermore, stroke causes high morbidity with long-term disability and therefore accounts 
for a high socioeconomic burden. Moderate to severe carotid artery stenosis caused by 
atherosclerotic plaque formation resulting in progressive narrowing of the lumen is one of 
the major causes of ischemic stroke. Rupture or erosion of the plaque surface could lead to 
cerebrovascular thromboembolism and presentation of cerebral symptoms such as stroke, 
transient ischemic attack (TIA), or ocular symptoms such as amaurosis fugax or retinal 
infarction. Thromboembolisms are believed to account for 80% of all cerebrovascular 
symptoms while the remaining 20% is deemed to be of hemodynamic origin.1–3

Current treatment of patients with asymptomatic carotid artery stenosis (ACAS) consists 
of best medical treatment (BMT); including antiplatelet-, antihypertensive- and statin 
therapy, risk factor control and lifestyle coaching.1 If indicated, additional intervention with 
either surgery by carotid endarterectomy (CEA) or endovascular intervention (CAS, carotid 
artery stenting) may be considered. However, the criteria for defining a high-risk ACAS 
that necessitates revascularization are still not supported by high-level evidence according 
to the latest European Society for Vascular Surgery (ESVS) guidelines.1 Furthermore, as 
CEA and CAS are associated with a 30-day stroke/death rate of 1.7-3.1%4, accurate patient 
risk stratification regarding future stroke risk is important for weighing up the indication 
for intervention. 

For symptomatic patients, defined as those that presented with ipsilateral cerebrovascular 
symptoms in the previous six months, CEA and CAS have been proven to be effective in 
significant reduction of future stroke and stroke-related death.1 However, CEA or CAS for 
asymptomatic carotid artery stenosis (e.g. those that did not have ipsilateral cerebrovascular 
symptoms in the previous six months) remains controversial.1,4 Previous randomized-
controlled trials (RCTs) suggested a modest benefit of CEA in asymptomatic patients, 
mainly in men younger than 75-80 years with ≥60% stenosis with an average surgical risk 
(meaning no risk factors that increase procedural complications).4–7 However, these RCTs 
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are outdated, with patient inclusion up to 19935,7 or at maximum 20036, when BMT did not 
consist of statins and antihypertensive therapy and more patients were active smokers. 
Therefore stroke risks in contemporary ACAS patients are considered to be lower, 
challenging the benefit of CEA.4,8 

Previous studies have indicated subgroups of ACAS patients with high risk of stroke under 
BMT in which revascularization as addition to BMT may be beneficial. Markers for 
increased stroke risk on BMT include clinical factors (e.g. contralateral TIA or stroke 9–11), 
cerebral imaging characteristics (e.g. silent infarction12, impaired cerebrovascular reserve13) 
as well as plaque characteristics on either duplex ultrasound (e.g. stenosis progression9,14, 
juxtaluminal black area15, plaque echolucency10,16 or plaque area10) or magnetic resonance 
angiography (MRA) (intraplaque hemorrhage17,18), as proposed in the latest ESVS guideline 
(2017).1 However, supporting evidence for these markers is based on small studies or non-
prespecified subgroup analyses with BMT that is not analogous to current BMT. 
Furthermore, follow-up data regarding medication are often lacking and are thus not taken 
into account.11,19 More importantly, while combination of these markers could improve 
discriminative predicted ability for risk stratification10,15, thus far no studies have investigated 
the combination of all these high stroke risk markers. Furthermore, biobank initiatives 
across Europe 20–24, analyzing blood samples and atherosclerotic plaque tissue, have 
identified potential circulating biomarkers which are associated with cardiovascular and 
cerebrovascular risk.25 However, current guidelines do not take these into account in 
advising patient risk stratification and treatment decision. Therefore, a prospective study 
in ACAS under current BMT is warranted to evaluate all potential predictors (clinical-, 
imaging characteristics and circulating biomarkers) combined in a risk stratification 
algorithm for stroke.

In addition to the change in pharmaceutical treatment and lifestyle management, recent 
reports also reveal a paradigm shift in the pathobiological concepts of the atherosclerotic 
plaque underlying the development of a major cardiovascular event. New pathobiological 
insights challenging the concept of the vulnerable plaque as sole underlying mechanism of 
symptomatic plaques have become available.26 Vulnerable plaques are characterized by a 
thin fibrous cap, a large necrotic core and abundant presence of inflammatory cells which 
have been shown to be the culprit lesions that rupture in fatal myocardial infarction and 
stroke.3 Studies have suggested that from all plaques with a vulnerable phenotype only a 
very small proportion (estimated at <5%) will rupture, whereas the remaining ones do not 
cause clinical events.27,28 Although vulnerable plaques are considered responsible for the 
majority of symptomatic patients, an increasing proportion of acute cerebrovascular events 
seems to originate from phenotypically stable plaques that lack these vulnerable 
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characteristics with significant proteoglycan or glycosaminoglycan accumulation and higher 
collagen levels.3,26,29 Embolism originating from phenotypically stable plaque is probably 
caused by mechanisms of plaque erosion, yet such mechanisms are not fully understood. 
Conversely, it has been demonstrated that vulnerable plaques can lose their vulnerable 
characteristics, while stable plaques can become vulnerable over time depending on 
exogenous factors, such as medical treatment and lifestyle.30 Indeed, previous research 
showed a shift in carotid atherosclerotic plaque characteristics over the past decade. From 
2002 to 2015, 50% reduction of lipid-rich plaques and intraplaque hemorrhage was observed 
for both symptomatic and asymptomatic carotid plaques, concomitantly with improvement 
in cardiovascular risk factor management.31 

The need for improvement in risk stratification to guide treatment for ACAS and new 
insights in underlying pathobiology have led to the initiation of the TAXINOMISIS project: 
“A multidisciplinary approach for risk stratification of patients with carotid artery disease”. 
The Greek word TAXINOMISIS means “stratification”. The overall aim of the project is to 
develop a novel multilevel risk stratification model for contemporary patients with ACAS 
in a prospective multicenter observational clinical trial (Objective 5, Table 1). This multilevel 
model will potentially integrate clinical-, plaque- and cerebral imaging characteristics as 
well as circulating biomarkers. During earlier phases of the TAXINOMISIS Project new 
potential biomarkers and risk stratification tools will be explored (Objectives 1-4, Table 1). 
This present report aims to describe the rationale and summarized objectives of the 
European TAXINOMISIS Project. 

Methods and Analysis

The overall aim of the TAXINOMISIS project is to provide a novel multilevel risk 
stratification model for stroke in patients with ACAS. The main objectives of the project 
are stated in Table 1 and illustrated in Figure 1. First, underlying pathobiology of 
symptomatic carotid atherosclerotic plaques will be explored by studying gene expression 
profiles, cellular composition of plaques in combination with proteomic data (Objective 1). 
Second, new circulating biomarkers will be investigated with the aim to improve 
cardiovascular event risk prediction (Objective 1). Third, machine learning techniques will 
be used to combine available data from existing cohort- and biobank studies and explore 
additional susceptibility and protection factors for cerebrovascular symptoms (Objective 
2). Fourth, the final novel multilevel risk stratification model will be developed in a 
prospective multicenter observational clinical trial (Objective 5). Fifth, new software tools 
will be developed including computerized models for plaque growth prediction (Objective 
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3) and lab-on-chip pharmacogenomics (Objective 4) for assessment of preventive medication 
responsiveness. The plaque growth tool and lab-on-a-chip will be validated in the 
observational clinical trial (Objective 5). Finally, a cost-effectiveness analyses of the new 
risk stratification model as well as of novel computer tools will be performed (Objective 6). 
The project has been initiated at January 1st, 2018 and will last until December 31st, 2023. 
A total of 15 research centers and hospitals in 10 different European countries are involved 
in one or more of the objectives of the TAXINOMISIS Project (Table 1). The observational 
clinical study is performed in six major vascular centers (Athens, Barcelona, Belgrade, 
Genoa, Munich and Utrecht). Reporting of this study conforms to broad EQUATOR 
guidelines.32 

Unraveling the pathobiology underlying symptomatic plaques
The gross histopathological classification of a vulnerable plaque is not sufficient to predict 
all cerebrovascular symptoms.26 It is therefore important to further identify molecular 
mechanisms that contribute to the thrombogenic potential of plaques. In Objective 1 the 
gene expression profiles (using bulk-RNA sequencing) and the cellular composition (using 
mass cytometry, CyTOF, in combination with single-cell RNA sequencing33) of symptomatic 
and asymptomatic plaques will be studied. This will be combined with available genomic, 
methylomic and proteomic data in order to identify key biological mechanisms of 
symptomatic plaques. These new insights could potentially lead to additional plaque- or 
circulating biomarkers that could be candidate markers for the risk stratification model 
(Objective 5).

Figure 1. Concept of the TAXINOMISIS Project
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New potential circulating biomarkers 
Plasma extracellular vesicles (EVs) and ceramides are potential circulating biomarkers for 
cardiovascular disease risk and will be specifically evaluated for carotid artery stenosis 
patients in Objective 1. EVs are bilayer membrane particles secreted by every cell of the 
body into body fluids such as blood. EVs contain lipids, nucleic acids and proteins of the 
cell of origin, therefore EVs are often referred to as a “liquid biopsy” of the cell/tissue of 
origin.34 EVs are involved in (patho)physiological processes including intercellular 
communication, coagulation and inflammation. Content of EVs was previously associated 
with acute coronary syndrome and metabolic syndrome.34,35. Also, four proteins in EVs 
(Cystatin C, Serpin G1, Serpin F2 and CD14) were associated with an increased risk of 
future vascular events in patients with manifest cardiovascular disease of any kind.36 In 
Objective 1 the predictive ability of these four EVs proteins for cerebrovascular disease risk 
will be investigated in patients with carotid artery stenosis. 
Plasma ceramides are clinically relevant predictors for cardiovascular events.37 Elevated 
concentrations of circulating ceramides are associated with atherosclerotic plaque 
formation, ischemic heart disease, myocardial infarction, hypertension, type 2 diabetes 
mellitus, insulin resistance and obesity. In particular, specific plasma ceramides 
Cer(d18:1/16:0), Cer(d18:1/18:0) and Cer(d18:1/24:1) and its ratios with Cer(d18:1/24:0) 

Table 1. Summary of the main objectives of the TAXINOMISIS Project 

Objective 1 Exploring new risk and susceptibility factors for symptomatic carotid disease.
Unravel pathobiological mechanisms underlying symptomatic plaques by characterizing global 
gene expression profiles and cellular composition of symptomatic and asymptomatic 
atherosclerotic carotid lesions.
Assess the predictive ability of circulating biomarkers for carotid artery stenosis patients (plasma 
ceramides and extracellular vesicles).

Objective 2 Integration of data from longitudinal cohort studies and biobanks (including clinical data, omics 
data, plaque and circulating biomarkers) to dissect mechanisms mediating symptomatic carotid 
artery disease for identification of susceptibility and protection factors by machine learning 
techniques.

Objective 3 Development of novel computer tools for MRI and duplex ultrasound to predict plaque growth. 
These tools will be validated in Objective 5.

Objective 4 Development of a lab-on-chip technology incorporating SNPs related to medical therapy 
effectiveness and resistance to guide personalized medical treatment. Validation will be 
performed in Objective 5. 

Objective 5 Development of the multilevel risk stratification model in an observational multicenter clinical 
trial including clinical, plaque- and brain imaging characteristics and circulating biomarkers
This multilevel risk stratification model will include possible predictors from Objective 1 and 2 
and known predictors from literature to evaluate the best combination of predictors for the risk 
stratification model.

Objective 6 To perform cost-effective analyses of the multilevel risk stratification model, plaque growth 
computer tools and lab-on chip device.
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were associated with cardiovascular death in three large coronary artery disease cohorts.38 
Still, in carotid artery disease the potential predictive ability of plasma ceramides remains 
unexplored, and therefore, in Objective 1 the predictive ability of these circulating 
biomarkers for the risk of acute cerebrovascular complications in carotid artery disease will 
be evaluated. If EVs and/or plasma ceramides showed to be predictive for stroke, these will 
be incorporated as possible candidates for the final risk stratification model (Objective 5). 

Evaluating new biomarker signatures by integration of biobanks and longitudinal 
cohorts
In Objective 2 available data from longitudinal cohort studies and biobanks (e.g. Athero-
Express22, Munich Vascular Biobank20, Tampere Vascular Study23 and Young Finns Study24) 
will be combined and integrated. Types of available data are clinical, lifestyle, demographics, 
histopathological plaque data as well as “omics” data (including genomics, methylomics, 
transcriptomics and proteomics) and blood and serum biomarkers (proteins and lipids). 
Furthermore, data from Objective 1, also derived from the same patients in these biobanks, 
will be incorporated.22–24 Using machine learning techniques and mathematical models 
(e.g. data mining, cluster analysis, latent variable models and multivariate data analysis 
such as partial list squares), susceptibility and protection factors as well as molecular or 
biomarker signatures for cerebrovascular symptoms can be investigated. These could 
potentially be candidate predictors for the novel risk stratification model (Objective 5). 

Computational models for plaque growth 
The interest in advanced computational models as tools to predict plaque development and 
plaque growth has fast developed.39–43 Previously, 3D-reconstruction tools were developed 
using patient radiology imaging (MRA for carotid arteries42 or computed tomography 
angiography (CTA) for coronary arteries39) to analyze atherosclerotic plaque and 
morphology characteristics. Proof-of-concept studies have demonstrated that using 
mathematical models and simulations of blow flow as well as simulations of different stages 
contributing to atherosclerotic plaque formation (LDL transport into the vessel wall, 
recruitment and infiltration of monocytes, oxidation of LDL, differentiation of macrophages 
into foam cells and proliferation of smooth muscle cells), it was possible to predict regions 
that are prone to plaque progression. 39–43 In Objective 3, using retrospective radiology data 
from TAXINOMISIS participating centers, a computational model for carotid arteries on 
CTA will be further developed based on the methodology previously used in coronary 
arteries 39,44 and the MRA computational model for carotid arteries40–42 will be further 
refined for advanced carotid plaque lesions. Finally, both software tools will be validated 
for prediction of plaque growth in the prospective observational multicenter study 
(Objective 5) and its clinical utility in risk stratification will be established by relating plaque 
progression to future cerebrovascular symptoms.
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Lab-on-chip pharmacogenomics
Clopidogrel and statins are known for interpatient variability in efficacy and side effects. 
Part of this individual variability could be explained by genetic variations (single-nucleotide 
polymorphisms, SNPs) that influence pharmacokinetics and pharmacodynamics of drugs. 
Well-known are the CYP2C19*2/ CYP2C19*3 loss-of-function alleles for clopidogrel. The 
prodrug clopidogrel requires biotransformation into its active metabolite by the CYP2C19-
enzyme in the liver. Patients with these loss-of-function alleles have lower active metabolite 
concentrations, therefore diminished platelet inhibition and lower efficacy in preventing 
cardiovascular complications.45 For statins, multiple SNPs are identified that affect its 
pharmacokinetics, some influence protein transporters that are responsible for uptake or 
efflux of statins in the liver cell and others influencing the metabolism of statins (influencing 
CYP-isoenzymes). Some SNPs lead to decreased statin efficacy whereas others result in 
higher efficacy inducing toxicity (e.g. rhabdomyolysis).46 In Objective 4 a lab-on-chip device 
will be developed including the important SNPs for statins, clopidogrel and aspirin to assess 
drug response in the individual patient. A systematic literature search will be performed 
to identify most clinically relevant SNPs. A proof-of-concept lab-on-chip device has 
previously been developed and will be extended for more SNPs.47 This lab-on-chip could 
potentially guide personalized treatment by identifying non-responders and prevent 
unnecessary side effects. The lab-on-chip device will be validated in the observational 
clinical trial (Objective 5).

Prospective observational multicenter clinical trial 
A prospective observational multicenter clinical trial will be performed to develop a new 
multilevel risk stratification model for cerebrovascular symptoms for patients with ACAS. 
Participating centers are six major vascular surgery clinics across Europe (Athens, Barcelona, 
Belgrade, Genoa, Munich and Utrecht). All hospitals have obtained ethical approval by 
their local ethics committees. The study will be conducted according to the Declaration of 
Helsinki. All patients must provide written informed consent before study participation. 
Patients with extracranial ACAS of 50-99% are eligible for study participation. Full inclusion 
and exclusion criteria are displayed in Table 2. According to the 2017 ESVS guideline1, 
patients are defined as asymptomatic if they have not experienced ipsilateral cerebrovascular 
symptoms in the past six months. The recruitment period lasts from March 31, 2018 until 
December 31, 2020. Baseline characteristics of included patients by August 2020 are stated 
in Table 3.

Candidate predictors for the risk stratification model
The risk stratification model will potentially compromise clinical parameters, imaging 
(plaque and brain) characteristics and circulating biomarkers. Candidate predictors will 
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be selected based on literature and new biomarkers identified in the earlier phase of the 
TAXINOMISIS project (Objective 1-2). Candidate predictors for the model based on 
previous studies include: (a) clinical parameters (demographics such as age, male sex48, 
medical comorbidities such as worse kidney function11,49, medical history of previous or 
contralateral stroke or TIA11,50, coronary artery disease, peripheral artery disease and 
cardiovascular risk factors50 such as diabetes, hypertension, smoking, 
hypercholesterolemia, high body mass index), (b) radiological characteristics of carotid 
plaque such as contralateral occlusion1, stenosis progression14, plaque morphology by 
duplex ultrasound (plaque echolucency16, grayscale median10, juxtaluminal black area15, 
plaque area10), plaque morphology by MRI17,18 (intraplaque hemorrhage, lipid-rich 
necrotic core, thinning/rupture of the fibrous cap) and, (c) circulating biomarkers such 
as LDL, HDL50, triglycerides, cholesterol, Lp(a),51 lipoprotein-associated phospholipase 
A2 activity52, CRP53,54, homocysteine55, osteopontine23,56,57, matrix metalloproteinases20, 
plasma ceramides38, ApoA-1 auto-antibodies58, myeloperoxidase58, cystatin C, Serpin F2, 
Serpin G1 and CD1436.

Table 2. An overview of the multicenter observational clinical study of TAXINOMISIS 

Primary aim To develop a new multilevel risk stratification model for the three-year risks of 
cerebrovascular complications (ipsilateral stroke, TIA, transient or permanent retinal 
infarction and silent brain ischemia) in patients with ACAS

Secondary aim To validate computational models for plaque growth
To validate lab-on-chip pharmacogenomics for prediction drug response and side effects

Study design European multicenter observational clinical trial with three years of follow-up

Inclusion criteria ACAS of 50%-99% (in the carotid bifurcation or internal carotid artery) assessed by 
ultrasound (according to the NASCET criteria) 62. 
Patient is 18 years or older
Ability of the patient to participate in the follow-up examinations
Personally able and willing to give informed consent

Exclusion criteria Carotid stenosis due to non-atherosclerotic causes (e.g. dissection, fibromuscular dysplasia, 
carotid aneurysm or post-irradiation lesions) 
Tandem carotid lesions (concomitantly stenosis of proximal common carotid artery or 
brachiocephalic artery)
Restenosis after CEA or CAS
Increased risk of thromboembolic events (e.g. congenital or acquired hypercoagulability 
conditions, active untreated cancer, atrial fibrillation, severe cardiomyopathy with ejection 
fraction lower than 30%)
Intracranial angioma or aneurysms
Previous hemorrhagic stroke
Planned any major surgery
Life expectancy < 3 years due to a pre-existing condition
Contra-indications to best medical therapy (statins, aspirin, clopidogrel) or contra-
indications for MRI examination
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Table 3. Baseline characteristics of included patients 

Total cohort (n=275)

Demographics

Male, n(%) 176 (64.0)

Age, mean (SD) 70.0 (8.5)

Medical history

Ipsilateral carotid stenosis, n(%)

   50-70% 133 (48.4)

   70-99% 142 (51.6)

Contralateral carotid stenosis, n(%)

   0-50% 160 (58.2)

   50-70% 72 (26.2)

   70-99% 28 (10.2)

   100% 15 (5.4)

History of TIA or stroke, n (%) 65 (24.3)

History of stroke, n(%) 37 (13.8)

Previous contralateral CEA or CAS, n(%) 54 (19.6)

History of PAD, n(%) 52 (18.9)

History of CAD, n(%) 71 (27.3)

COPD, n(%) 23 (8.4)

Diabetes, n(%) 81 (29.5)

Risk factors

Smoking, n(%)

   Never 75 (27.3)

   Current 74 (26.9)

   Former 126 (45.8)

LDL levels, mmol/L, median [IQR] 2.4 [1.9, 3.0]

HDL levels, mmol/L, median [IQR] 1.3 [1.1, 1.5]

Total cholesterol levels, mmol/L, median [IQR] 4.3 [3.6, 5.0]

Triglycerides levels, mmol/L, median [IQR] 1.3 [1.0, 1.9]

Hypertension, n(%) 218 (83.2)

Glomerular filtration rate, mL/min/1.73m2, median [IQR] 76.7 [60.0, 89.5]

BMI, mean (SD) 26.7 (3.9)

Drug therapy

Antiplatelets, n(%) 247 (89.8)

Anticoagulants, n(%) 12 (4.4)

Lipid lowering drugs, n(%) 238 (86.5)

History of stroke or TIA includes ipsilateral (more than six months prior to inclusion) or contralateral stroke, 
TIA, amaurosis fugax or retinal infarction. PAD is defined as atherosclerotic lesions in aorta-iliac or iliofemoral 
arteries, either treated conservatively or by intervention. CAD is defined as history of angina, myocardial infarction, 
percutaneous intervention or coronary bypass surgery. Hypertension and diabetes were defined as diagnosed by 
a medical doctor or use of specific medication. Antiplatelet drug comprises the use of aspirin, dipyridamole or 
any ADP-inhibitor. Lipid lowering drug use comprises the use of any lipid lowering drug. 
Abbreviations: n(%), frequencies; SD, standard deviation; IQR, interquartile range; TIA, transient ischemic attack, 
CEA, carotid endarterectomy; CAS, carotid artery stenting; PAD, peripheral artery disease; CAD, coronary artery 
disease; COPD, chronic obstructive pulmonary disease; LDL, Low-density lipoprotein; HDL, high-density 
lipoprotein, BMI, Body mass index.
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Outcomes
The primary aim is to develop a risk stratification model for cerebrovascular symptoms for 
patients with ACAS. The primary endpoint is a composite endpoint including 
cerebrovascular symptoms (stroke, TIA, transient or permanent retinal ischemia and silent 
brain ischemia) during three years of follow-up. Secondary endpoints include peri-
procedural events, other cardiovascular events (myocardial infarction, abdominal aneurysm 
rupture or cardiovascular death), plaque progression determined by duplex or MRA and 
time to revascularization (CEA or CAS) during three years of follow-up.

Sample size 
A total of 300 patients will be enrolled across all centers. The prespecified number of 
inclusion per center are: Utrecht (UMC), The Netherlands, 50 patients; University of 
Belgrade (UBEO), Serbia, 100 patients; Technischen Universität München (TUM), 
Germany: 50 patients; University of Genoa (USMI) Italy, 30 patients; University of Athens 
(NKUA) Greece, 50 patients; University of Barcelona (FCRB) Spain, 20 patients. A drop-
out of 10% is estimated. Based on previous studies, the combined incidence of TIA, stroke 
and ocular ischemia was estimated as 5% per year10,11,15 and silent brain ischemia as 10% 
per year 12,59,60, resulting in a combined event-rate of 15% per year. After three year follow-
up, 121 patients would reach the primary endpoint. According to the rule of thumb, 10 
events per 1 predictor are needed for reliable prediction modelling.61 In the final prediction 
model a maximum of 12 predictors will be allowed which is considered sufficient and 
clinically applicable.

Study procedures 
Study procedures include collection of clinical data (demographics, medical history and 
medication use), MRA and duplex ultrasound imaging of both carotid arteries to assess 
stenosis degree and carotid plaque characteristics, MRI brain for detecting silent brain 
ischemia and venous blood sampling for basic laboratory tests (creatinine, lipids, glucose, 
CRP, homocysteine, Hb and Ht) and circulating biomarkers. These study procedures will 
be performed at study inclusion and once per year thereafter for a total duration of three 
years and will be combined with the regular follow-up visits at the outpatient clinic. Venous 
blood samples will be stored in freezers of participating centers at -80°C. At the end of the 
study, circulating biomarkers will be measured centrally to avoid measurement error across 
centers. During follow-up additional clinical data regarding cerebrovascular events and 
other cardiovascular events (including myocardial infarction, abdominal aneurysm rupture, 
cardiovascular death or all-cause mortality) and medication use will be collected. As the 
study is observational, this study will not interfere with physician’s treatment policy for 
patients with ACAS. When the treating vascular surgeon decides that CEA or CAS is 
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required, patients can still be included in this study. This will be taken into account in data-
analysis. Biomarker data (brain ischemia on MRI brain, carotid plaque characteristics on 
MRA and ultrasound of carotid arteries and circulating biomarkers) collected in the 
observational study is centrally analyzed by independent researchers. Biomarker data are 
blinded to the treating vascular surgeons to avoid interference with the treatment decision 
of their ACAS patients.
During CEA, the atherosclerotic plaque will be collected. Immunohistochemical staining 
for histological plaque characteristics will be performed to determine plaque vulnerability 
by assessing the amount of lipid core, smooth muscle cells, macrophages, calcification, 
intraplaque hemorrhage, intraplaque microvessels and collagen. The well-validated and 
appreciated standardized protocol of the Athero-Express Biobank will be used for plaque 
analyses.22 

Data management
Data will be collected in a predefined electronic case-report forms (eCRF) through a secured 
web-implementation in Open Clinica. Radiology images will be stored in DICOM format 
and will be collected in a secured online application, specially developed for TAXINOMISIS. 
Central evaluation of biomarker data (MRI, MRA, ultrasound) and measurements 
(regarding circulating markers) ensures uniformity of data analyses. Data will be regularly 
checked for completeness, consistency and quality. Participating centers will be contacted 
to complement missing or incomplete data. The TAXINOMISIS Project complies with 
General Data Protection Regulation (GDPR) of the European Union. 

Statistical analysis
Cox-proportional hazard regression modelling will be used for model development. 
Potential biomarkers that show an independent association with cerebrovascular events 
will be included. This model will be further reduced using backward stepwise regression 
analyses based on Akaike information criterion. Calibration of the model will be evaluated 
through visual inspection of the calibration plot. The discriminative performance of the 
model will be expressed by Harrell’s c-index and the net-reclassification index (NRI). 
Bootstrapping will be used for internal validation to estimate the final model’s potential for 
optimism and overfitting.61 Association of biomarkers with secondary endpoints (including 
peri-procedural events, plaque progression and other cardiovascular events will be analyzed 
in sub analyses by Cox-proportional hazard regression analyses in case of time-to-event 
data or where appropriate by linear or logistic regression analyses.
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Discussion

In the TAXINOMISIS Project a novel multilevel risk stratification model for cerebrovascular 
complications of patients with ACAS will be developed. While previous studies have 
suggested clinical risk factors and imaging- and circulating biomarkers for high-risk 
patients, this is the first study that combines all these markers in one risk stratification 
model in patients receiving current standards of BMT. This model could potentially guide 
personalized treatment decision by identifying those at high risk of future cerebrovascular 
events that qualify for revascularization procedure in addition to BMT. The main limitation 
is that this risk stratification model will still need external validation in future studies. It 
should be noted that this model does not incorporate procedural risks of CEA or CAS, an 
important factor in determining the indication of revascularization. Procedural risks differ 
between CEA or CAS, with higher stroke/death rate after CAS, and depend on surgeons’ 
or interventionists’ experience as well as patient characteristics such as anatomy and 
comorbidities.1 Indeed, previous reports based on real-world registry data have noticed 
high variability in stroke/death rates across clinics.1 Since the number of revascularization 
procedures in this study is expected to be low as well as the observational study design, this 
factor could not be incorporated in the model and should require further attention in future 
studies. Before possible application of a model in clinical practice, health technology 
assessment including the feasibility and cost-effectiveness needs to be performed.

Conclusions

A new multilevel risk stratification model for patients with ACAS will be developed 
combining clinical-, imaging- and circulating biomarkers that have been associated with 
increased risk of future cerebrovascular symptoms. After external validation, this model 
aims to guide treatment decision making by identifying high-risk patients that opt for 
revascularization and prevent unnecessary procedural risks of revascularization in low-risk 
patients.
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Identification of patients at highest risk for secondary cardiovascular events is becoming 
increasingly important considering the recent progress made in novel preventive therapies 
(add-on therapies).1–6 Since add-on therapies are accompanied by potentially hazardous 
side effects and high costs, patient-tailored treatment strategies are necessary. Risk 
stratification tools could assist physicians in selecting which patients benefit the most from 
intensive medical prevention. 
The present thesis described different types of biomarkers for future cardiovascular events 
in patients undergoing carotid endarterectomy (CEA). These biomarkers were also 
associated to histological characteristics of the carotid plaque in order to increase our 
understanding of the complex mechanisms of atherosclerosis. This chapter provides a 
summarizing discussion and future perspectives in light of this thesis. 

A polygenic risk score as predictor for future cardiovascular events
Recent studies have implied that a polygenic risk score (MetaGRS) summarizing 1.7 million 
genetic variants (SNPs) for coronary artery disease is predictive for first- and recurrent 
coronary events.7,8 In Chapter 3 we demonstrated that high genetic risk patients (high 
MetaGRS) had a higher 3-year risk for secondary cardiovascular events after CEA compared 
to low genetic risk patients. Surprisingly, this association was independent from traditional 
cardiovascular risk factors including a positive family history for cardiovascular disease 
(CVD). Moreover, we found that a positive family history for CVD was also related to an 
increased risk of secondary cardiovascular events, independent from MetaGRS. Our 
findings highlight that MetaGRS and family history, to some extent, capture different 
prognostic information regarding cardiovascular event risk. These non-overlapping 
associations may be explained by the hypothesis that the MetaGRS captures common 
genetic variants associated with CVD at population level, whereas CVD in families may 
arise from rare family-specific genetic variants. In addition, family history of CVD may 
also capture other non-genetic (environmental) factors influencing CVD risk. Future studies 
should explore the added prognostic value of MetaGRS for risk prediction of secondary 
events in CEA patients. 

Cerebral imaging characteristics in relation to recurrent or postoperative events
Silent brain ischemia on MRI diffusion weighted imaging (DWI-lesions) and white matter 
lesions (WMLs) are proposed markers for perioperative and long-term cerebrovascular 
events.9 DWI-lesions become apparent within minutes after a hypoxic moment (either due 
to thromboembolisms or hypoperfusion) and resolve after days. DWI-lesions generally do 
not result in clinical neurological symptoms or permanent brain damage on imaging10, but 
these DWI-lesions are established markers for increased procedural and future 
cerebrovascular events.11,12 In Chapter 4 we showed that symptomatic patients who suffered 
from recurrent ischemia (detected on MR-DWI) during the waiting period before CEA, 
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more frequently had histological intraplaque hemorrhage (IPH) in their carotid plaque 
compared to those without recurrent ischemia. This identifies IPH as a marker for recurrent 
brain ischemia, also illustrated by other studies that examined IPH in vivo on MR plaque 
imaging.13,14 However, the specificity of the marker IPH could be low, exemplified by the 
finding that a large proportion of patients without recurrent brain ischemia also showed 
histological IPH. Since different stages of IPH have been recognized15 and can be visualized 
by MR imaging16, it would be relevant for future studies to determine the predictive value 
of different IPH stages in order to increase its specificity. In the future, IPH (or specific 
stages of IPH) on MR plaque imaging at hospital presentation may be a useful marker to 
prioritize patients most at risk for recurrent ischemia in whom urgent or expedited CEA 
may be appropriate. 

As opposed to MR plaque, cerebral imaging (MRI or CT) is part of the diagnostic work-up 
for CEA patients. Cerebral white matter lesions (WMLs) are surrogates for cerebral small 
vessel disease and have been associated with future cerebrovascular events, cognitive decline 
and dementia.17–19 In Chapter 5 we addressed the clinical relevance of reported cerebral 
small vessel disease (composed of WMLs and lacunar infarct) on routine preoperative 
imaging for the postoperative outcome of symptomatic CEA patients. Reported small vessel 
disease was related to a generally increased 3-year risk of cardiovascular death, but not 
specifically related to an increased stroke risk. Future studies should examine whether it is 
relevant to incorporate this easy obtainable marker in risk prediction algorithms estimating 
individual cardiovascular outcome for patient-tailored preventive treatment. 

Circulating biomarkers for future cardiovascular events
Chapters 6, 7, 8, 9 and 10 highlighted several circulating markers, determined in 
preoperative plasma and plasma extracellular vesicles (EVs), that were associated with 
increased 3-year postoperative risk of major cardiovascular events (MACE) after CEA. Most 
markers have been previously associated with primary- or secondary events in coronary 
artery disease populations but have never been investigated in CEA patients or in plasma 
EVs. High levels of plasma lipoprotein (a), Lp(a), were associated with increased 3-year 
risk of MACE, mainly driven by the increased perioperative (30 day) risk of MACE 
(Chapter 7). In plasma EVs, increased protein levels (CD14, Cystatin C, Serpin F2, Serpin 
C1 and Tenascin-C) and bioactive lipids (1 ceramide and 4 ratios of ceramides) were 
associated with increased 3-year risk of MACE after CEA (Chapter 6, 8, 9 and 10). Since 
nonlinear associations with the risk of MACE were observed, future studies should validate 
clinically relevant cut-off values of these markers for risk prediction. In general, our studies 
highlight that particular biomarkers derived from EVs are more powerful than from 
unfractionated plasma because associations were exclusively found in plasma EVs and not 
in unfractionated plasma (Chapter 8 and 9).20 EVs consist of different subsets that vary in 
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size, properties and composition.21 Although currently there is no consensus how to 
distinguish between EV subsets22,23, looking at specific subsets, rather than the entire EV 
population, improves the signal-to-noise ratio and could therefore provide more accurate 
prognostic information. Hence, we advocate the importance of EV subsets in biomarker 
research as observed associations were related to specific EV subsets (Chapter 6, 8, and 
9).20 Few studies have suggested that EV content could change over time, possibly due to 
dietary or medical interventions or change in disease pathology. 24,25 Therefore it would be 
highly interesting for future studies to explore the role of serial biomarker EV measurements 
in terms of risk estimation.

Future perspectives

Multimarker algorithms to improve risk estimation 
To improve risk estimation for future cardiovascular events, future studies should focus on 
combining multiple biomarkers into one algorithm in addition to easily obtainable clinical 
characteristics. Since atherosclerosis is a complex multifactorial disease, it is intuitive that 
an approach of combining multiple biomarkers has more chance of success than focusing 
on the incremental prognostic value of a sole biomarker. Different biomarkers may represent 
distinct pathophysiological pathways and therefore may provide complementary prognostic 
information. The potency of combining biomarkers is illustrated in Chapter 10. After 
combining all established circulating biomarkers in this thesis, we found that the 
combination of two EV markers (CD14 and the ceramide ratio Cer(d18:1/24:1)/
Cer(d18:1/24:0)) significantly improved risk stratification on top of clinical risk factors for 
the 3-year risk of MACE after CEA (Figure 1). Future studies should also consider whether 
addition of radiological (carotid plaque and cerebral imaging), genetic or other circulating 
biomarkers previously identified in other cohorts and biobanks could further improve risk 
stratification. For asymptomatic carotid stenosis patients such a “multilevel biomarker 
approach” is currently investigated for the prediction of future stroke risk in a prospective 
multinational observational study (Chapter 11). Following a similar study design, a 
prediction algorithm for symptomatic patients undergoing CEA to estimate the risk of 
postoperative cardiovascular events can be developed. Another way to develop a prediction 
algorithm is through a collaboration of existing international vascular biobanks 
encompassing CEA patients (such as the Munich Vascular Biobank26, The Oxford Plaque 
Study27, Biobank of Karolinska Endarterectomies28). To achieve this, existing vascular 
biobanks need to be harmonized regarding uniform indications to perform CEA, biomarker 
measurements, outcome definitions and follow-up protocols that include data regarding 
risk factor control and medication use. 
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Before a prediction algorithm could be of clinical utility, it should meet several requirements. 
First, prediction algorithms should provide accurate and validated risk estimates. Therefore, 
external validation studies must be performed in other, similar, study populations. Since 
cardiovascular event rates vary geographically, geographic external validation is also 
important.29 Second, it is known that differences exist between men and women in 
cardiovascular disease symptomatology, prognosis and biological mechanisms which may 
affect the performance of biomarkers.30 Thus, potential sex-differences in prognostic 
performance of prediction models need to be determined. Taken all of the requirements 
together, these should help determine the generalizability of the prediction algorithm. 
Thoughtfully developed and investigated prediction algorithms should guide physician’s 
clinical decision making that accordingly translates into improved clinical outcome of 
patients. Currently, no clinically relevant risk categories for secondary cardiovascular events 
exist. In this thesis we pragmatically defined “high risk patients” as those having twice the 
average risk of future cardiovascular events in our study population and “low risk patients” 
as those having half the average risk. Although this approach is common in research31, 
future studies should define absolute risk thresholds relevant to clinical decision making 
(such as allocation or withholding add-on therapy). Clinical impact studies are needed to 
prove that change in treatment, guided by these prediction algorithms, also leads to 
improved individual outcomes. Also, the cost-effectiveness of the prediction algorithm 
needs to be determined. Although a prediction algorithm can reduce overtreatment with 
add-on therapy thereby saving healthcare costs, this may be counterbalanced by required 
expensive or labor-intensive biomarker measurements.

Besides selecting appropriate patients for add-on therapy, risk prediction algorithms can 
have more purposes (Figure 1). Risk prediction algorithms could inform patients about 
their individual prognosis. Personalized risk estimates could increase awareness about their 
chronic disease and the accompanied risks. This could encourage patients to adopt a healthy 
lifestyle and improve therapy compliance. Poor compliance to cardiovascular medications 
remains a major issue and accounts for potentially preventable CVD events.32 Mobile apps 
providing personalized advices to patients about cardiovascular risk factor management are 
already available.33 Integrating risk prediction algorithms with these mobile apps may further 
contribute to improved secondary prevention of cardiovascular diseases in the future.

Risk stratification tools could also be useful in selecting study populations for clinical trials 
investigating new therapeutic strategies for CVD. As patients at highest risk for 
cardiovascular events most likely benefit most from new drugs, selective enrolment of 
high-risk patients will allow for smaller sample sizes to detect significant effects. This leads 
to higher efficiency and cost reduction of clinical trials.
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Predicting treatment response in individuals
Apart from identifying patients at high risk for MACE, biomarkers could also serve as a 
tool to predict the effi  cacy of medical or lifestyle interventions in certain individuals. Th is 
allows for further precision medicine. For example, a Mediterranean diet could be eff ective 
in patients with high levels of ceramides.34 Moreover, patients with a high genetic risk score 
for CVD appeared to have a greater benefi t in terms of cardiovascular event reduction from 
proprotein convertase subtilisin/kexin type-9 (PCSK-9) inhibitors or statins than those 
with low genetic risk, independent of the extent of LDL reduction.35 Conversely, elevated 
levels of Lp(a) are not modifi ed by statins36 and are only lowered modestly by PCSK-9 
inhibitors37,38, underscoring the need for specifi c Lp(a) lowering treatments. Also, 
pharmacogenetics can assist personalized medicine in the future. Multiple SNPs infl uencing 
the pharmacokinetics or pharmacodynamics of clopidogrel, aspirin and statins have already 
been discovered.39,40 Future studies should determine whether genetic testing in individual 
patients could be used to identify drug resistance or drug intolerance and whether this has 
impact on better clinical outcomes. 

Figure 1. Biomarkers improve risk stratifi cation on top of clinical risk factors
Th e daily clinical practice is displayed on the left . Th e potential future stratifi cation by use of the biomarker-
based prediction algorithm is shown on the right. Th is fi gure illustrates a population of 847 CEA patients. In the 
following 3 years aft er CEA, 133 patients develop a MACE (cases) whereas 714 patients do not suff er a MACE 
(non-cases). 
Left : with use of clinical characteristics alone, both cases and controls are classifi ed in one group (grey) at 
intermediate risk and receive the same treatment with add-on therapy. 
Right: using biomarker measurements preoperatively, we could better predict which patients will suff er a MACE 
in the future (and need add-on therapy) and which will not suff er a MACE (and do not need add-on therapy). 
Using biomarkers, we see that patients with MACE are relatively more predicted as high risk individuals for 
MACE (red) whether patients without MACE (non-cases) are relatively more predicted to be at low risk for 
MACE (blue). 
Adapted from: Tsimikas S, A Test in Context: Lipoprotein (a), JACC 2017
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Increase our understanding of atherosclerosis 
Studying biomarkers could help increase our understanding of the complex mechanisms 
of atherosclerosis. Ultimately, this may lead to the discovery of potential new drug targets 
to combat atherosclerotic diseases. In this thesis, biomarkers were related to carotid 
atherosclerotic plaque characteristics. Although we cannot derive conclusions about 
causality because plaques and biomarkers were cross-sectionally studied, our findings 
give rise to hypotheses about underlying mechanisms that could serve as a basis for future 
studies. Preoperative blood pressure was associated with a more vulnerable plaque 
phenotype including IPH, whilst IPH is a known predictor for secondary cardiovascular 
events41 (Chapter 2). Other biomarkers were also related to a more vulnerable 
atherosclerotic plaque phenotype (e.g. the MetaGRS, the EV proteins Cystatin C, Serpin 
F2, Serpin C1 and Tenascin C, and EV ceramides, Chapters 3, 6, 8 and 9) suggesting 
that these may be somehow involved in atherosclerotic plaque development, progression 
or destabilization. Future experimental studies should unravel exact biological 
mechanisms underlying the increased risk of CVD. Mapping SNPs of the MetaGRS to 
pathophysiological functions may help, for instance, to elucidate contributing mechanisms 
to CVD.42 This is however hampered by the fact that many SNPs are located outside non-
protein coding regions with unknown functions.42 As for ceramides, animal models have 
already shown that specific targeting of key enzymes of the ceramide biosynthetic 
pathways can cause regression of atherosclerotic plaques.43 To date, no human studies 
with these specific ceramide drugs have been performed. Whether drugs modifying 
plasma ceramide levels translate to reduction in cardiovascular events has yet to be 
determined. Fortunately, more success has been achieved for Lp(a) as drug target. 
Accumulating insights in the genetic determination and metabolism of Lp(a) levels have 
contributed to the development of pharmacological treatments that specifically lower 
Lp(a). Recently, promising results were achieved with an antisense nucleotide drug 
targeting mRNA encoding for apo(a) (one of the main components of Lp(a)). This drug 
caused significant lowering of Lp(a) levels in patients during a phase II clinical trial.44 
Whether this drug is also effective in lowering cardiovascular events is being investigated 
in a phase III clinical trial (clinicaltrials.gov; NCT04023552). 

Conclusion

This thesis highlights the great potential of biomarkers to improve risk estimation of future 
cardiovascular events for patients undergoing CEA, especially if different biomarkers are 
used in combination. In my point of view, plasma EVs as biomarker source hold the greatest 
promise as these showed incremental prognostic information on top clinical features. There 
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are definitely hurdles to overcome before physicians can use biomarker-based algorithms 
to optimize personalized treatment of patients in daily practice. But I am convinced that 
this era will arrive in the near future.
    
Nathalie Timmerman, May 2021
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Hart- en vaatziekten & atherosclerose
Hart- en vaatziekten (HVZ) zijn de belangrijkste doodsoorzaak wereldwijd. In Nederland 
sterft 25% van de mensen aan HVZ, bijvoorbeeld door een hartinfarct of een herseninfarct. 
Belangrijke risicofactoren zijn roken, een hoog cholesterol, een hoge bloeddruk, suikerziekte, 
overgewicht, weinig lichaamsbeweging, oudere leeftijd en erfelijke aanleg. De oorzaak van 
de meeste HVZ is atherosclerose (in de volksmond: slagaderverkalking). Atherosclerose is 
een complex proces waarbij ophopingen van onder andere vetten (cholesterol) en 
ontstekingscellen in de vaatwand ontstaan (atherosclerotische plaques). Deze plaques 
kunnen het bloedvat vernauwen. Tijdens inspanning kunnen klachten zoals pijn op de 
borst of pijn in de benen ontstaan omdat achterliggende organen te weinig bloed en zuurstof 
krijgen. Ook kan de atherosclerotische plaque plotseling scheuren (plaque ruptuur), wat 
leidt tot de vorming van bloedstolsels (trombus) die acuut een bloedvat occluderen. 
Achterliggende organen krijgen dan geen zuurstof meer en er ontstaat weefselschade. Zo 
ontstaat een hartinfarct, herseninfarct of ischemisch been afhankelijk van welk vat is 
aangedaan.

Carotisstenose
Een carotisstenose is een vernauwing van de halsslagader (arteria carotis) door een 
atherosclerotische plaque. De halsslagaderen vervoeren zuurstofrijk bloed naar de hersenen 
en zijn belangrijk voor een adequate hersenfunctie. Bloedstolsels vanuit een plaque in de 
carotis kunnen de bloedtoevoer naar delen van de hersenen blokkeren waardoor 
kortdurende, reversibele hersenschade (transient ischemic attack (TIA)) of permanente 
hersenschade (herseninfarct) kan ontstaan. Dit veroorzaakt neurologische 
uitvalsverschijnselen zoals eenzijdige verlammingen, gevoelsstoornissen aan de ledematen, 
een scheve mond of verwarde spraak of taal. 

Behandeling van een carotisstenose
Ter preventie van een herseninfarct worden patiënten met een carotisstenose behandeld 
met medicijnen zoals cholesterolverlagers (statines), bloedverdunners 
(plaatjesaggregratieremmers, zoals clopidogrel of aspirine) en bloeddrukverlagers. 
Daarnaast kan de carotisplaque operatief worden verwijderd middels een carotis 
endarterectomie (CEA, Figuur 1) of worden uitgeschakeld door middel van het plaatsen 
van een stent (carotid artery stenting (CAS)). Interventies zijn helaas nooit zonder risico’s. 
Een ernstige complicatie van een CEA of CAS is het perioperatief herseninfarct. Daarom 
is het belangrijk dat per patiënt het toekomstig risico en het perioperatief risico op een 
herseninfarct tegen elkaar worden afgewogen. 
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13Preventie van secundaire cardiovasculaire (CV) events na een CEA
Atherosclerose is een systemische ziekte die meerdere slagaderen van het lichaam aantast. 
Daarom hebben deze patiënten ook na operatie van de carotisstenose met een CEA nog 
steeds een hoog risico op het krijgen van een tweede cardiovasculair (CV) event, 
bijvoorbeeld vanuit een ander vaatbed. Ongeveer 25% van de patiënten krijgt een tweede 
CV-event binnen drie jaar na een CEA- operatie. Het is belangrijk om vroegtijdig patiënten 
te identificeren met een hoog risico op een secundair CV-event omdat zij baat kunnen 
hebben bij frequentere controles en/of extra medicijnen (add-on therapy). Omdat zulke 
medicijnen bijwerkingen kunnen hebben of kostbaar zijn, zijn ze niet voor alle patiënten 
geschikt. Het is daarom van belang om alleen hoog-risico patiënten te behandelen met 
add-on therapy, waarbij het voordeel (verlaging van het cardiovasculair risico) opweegt 
tegen de nadelen (bijwerkingen en kosten). 

Figuur 1. De carotis endarterectomie operatie
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Predictie van CV-events
In dit proefschrift worden biomarkers onderzocht om beter te kunnen voorspellen welke 
CEA-patiënten een hoog risico hebben op een secundair CV-event. Biomarkers zijn 
biologische indicatoren voor (patho-)fysiologische processen. Voorbeelden zijn stoffen in 
het bloed, kenmerken op beeldvorming of genetische markers. De onderzoeken uit dit 
proefschrift zijn uitgevoerd in de Athero-Express Biobank-studie. De Athero-Express 
includeert patiënten die een CEA ondergaan. Van deze patiënten worden preoperatieve 
bloedsamples en het carotis plaqueweefsel (verwijderd tijdens de CEA-operatie) verzameld, 
tezamen met klinische informatie. Door het plaqueweefsel te bestuderen kan meer inzicht 
worden verkregen in onderliggende pathofysiologische mechanismen van HVZ.  

Deel I – Klinische factoren en genetica

Preoperatieve bloeddruk en atherosclerotische plaque karakteristieken
In hoofdstuk 2 is de relatie tussen een preoperatieve hoge bloeddruk en histologische 
kenmerken van de carotisplaque onderzocht. Bij patiënten die preoperatief een hogere 
systolische en/of diastolische bloeddruk hadden, bleek de atherosclerotische plaque meer 
instabiele kenmerken (dat wil zeggen een hogere kans op plaque ruptuur) te vertonen.  
Eerdere studies hebben aangetoond dat met name intraplaque-bloedingen een voorspeller 
zijn voor het optreden van secundaire CV-events. Onze resultaten suggereren een relatie 
tussen een hoge bloeddruk en plaque-instabiliteit, waaruit mogelijk het hogere risico op 
CV-events te verklaren is. Onze resultaten benadrukken het belang van behandeling van 
de bloeddruk. In toekomstige studies zou het interessant zijn te onderzoeken of intensievere 
bloeddrukverlaging in deze patiëntengroep leidt tot minder CV-events. 

Positieve familieanamnese en genetische predispositie 
Erfelijke aanleg is een belangrijke risicofactor voor HVZ. In de praktijk wordt een positieve 
familieanamnese (wanneer een eerstegraads familielid voor het 60e levensjaar HVZ 
doorgemaakt heeft) als surrogaat hiervoor gebruikt. Hoofdstuk 3 laat zien dat een positieve 
familieanamnese ook een onafhankelijke voorspeller is voor een hoger risico op secundaire 
CV-events na een CEA. Daarnaast werd de erfelijke aanleg bestudeerd aan de hand van 
genetische risicovarianten. Van elke patiënt zijn alle genetische risicovarianten voor HVZ 
bij elkaar opgeteld tot een zogenaamde polygene risico score (PRS). Een hoge PRS-score 
(hoog genetische risico voor HVZ) blijkt onafhankelijk gerelateerd aan een hoger risico op 
secundaire CV-events. Interessant genoeg blijken een hoge PRS en een positieve 
familieanamnese ook onafhankelijk van elkaar gerelateerd te zijn aan secundaire CV-events. 
Dit suggereert dat er mogelijk verschillende onderliggende mechanismen ten grondslag 
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liggen. Onze hypothese is dat de PRS veelvoorkomende genetische varianten omvat terwijl 
een positieve familieanamnese waarschijnlijk ook zeldzame genetische varianten omvat 
die worden doorgegeven binnen families. Familieanamnese weerspiegelt daarnaast ook 
niet-genetische factoren, zoals sociale economische status of ongezonde levensstijl.

Deel II – Radiologische markers

Radiologische kenmerken op hersenscans kunnen prognostische informatie bevatten. 
Diffusion weighted imaging laesies (DWI-laesies) weerspiegelen afwijkingen in de hersenen 
met een tijdelijk zuurstoftekort. DWI-laesies komen niet tot uiting in klinische symptomen 
(stille ischemie). Uit eerdere studies weten we dat DWI-laesies wel een relatie hebben met 
een verhoogd risico op een toekomstig herseninfarct. De resultaten van hoofdstuk 4 tonen 
aan dat patiënten die nieuwe DWI-laesies ontwikkelden in de dagen tussen het eerste 
symptoom en het wachten op de CEA-operatie ook meer intraplaque bloedingen in het 
weefsel van de carotis hadden. Mogelijk kan in de toekomst detectie van intraplaque 
bloedingen op beeldvorming (bijvoorbeeld op MRI) bijdragen aan welke patiënten voorrang 
moeten krijgen voor een CEA.  Hoofdstuk 5 beschrijft de klinische relevantie van een 
andere radiologische marker, namelijk wittestofafwijkingen. Patiënten die 
wittestofafwijkingen hadden op de preoperatieve hersenscan, beschreven door de radioloog 
in het verslag, bleken een hoger toekomstig risico te hebben om dood te gaan aan HVZ 
binnen drie jaar na de operatie. Wittestofafwijkingen bleken niet specifiek geassocieerd te 
zijn met een toekomstig herseninfarct. 

Deel III - Circulerende markers in plasma en extracellulaire vesicles (EVs)

In hoofstukken 6 t/m 9 onderzochten we verschillende circulerende biomarkers gemeten 
in preoperatieve bloedafnames. We onderzochten of deze biomarkers voorspellers konden 
zijn voor het optreden van secundaire major cardiovasculaire events (MACE) gedurende 
drie jaar na een CEA-operatie. MACE is een verzamelnaam voor het optreden van een 
herseninfarct, hartinfarct of cardiovasculaire dood. Biomarkers (eiwitten en lipiden) werden 
gemeten in plasma en in plasma extracellulaire vesicles (EVs). Plasma EVs zijn 
dubbelmembraanblaasjes die materiaal zoals eiwitten, lipiden, RNA en DNA transporteren 
tussen cellen. Ze zijn dus belangrijk voor de intercellulaire communicatie. De inhoud van 
EVs kan informatie geven over pathologische processen die gaande zijn. Het bestuderen 
van de inhoud van EVs geeft daarom mogelijk waardevolle prognostische informatie over 
ziektes. De resultaten van hoofdstuk 6 laten zien dat hogere concentraties van de eiwitten 
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Cystatin C, Serpin C1, Serpin F2 and CD14 in EVs gerelateerd zijn aan een hoger 
postoperatief 3-jaars risico op MACE. Hoofdstuk 7 toont dat patiënten met hogere 
plasmaconcentraties van Lipoproteine a, Lp(a), een hoger risico op postoperatieve MACE 
hadden, met name gedurende de eerste 30 dagen na de CEA. Hoofdstuk 8 toont dat hogere 
concentraties van het extracellulaire matrix eiwit Tenascin-C in EVs gerelateerd zijn aan 
een hoger 3-jaars risico op postoperatieve MACE en aan een instabielere carotisplaque. In 
hoofdstuk 9 onderzochten we ceramides en phophatidylcholines (PCs), vetten die zich 
bevinden in celmembranen, maar ook fungeren als signaalmoleculen.   Bepaalde typen 
ceramides en PCs in EVs blijken gerelateerd aan een hoger toekomstig risico op MACE en 
aan een instabielere atherosclerotische plaque. Ceramides en PCs gemeten in plasma blijken 
niet voorspellend te zijn voor MACE. Dit suggereert dat biomarkers specifiek gemeten in 
EVs mogelijk sterkere voorspellers zijn dan biomarkers gemeten in plasma.  

Deel IV- Risicostratificatie 

Het verbeteren van de predictie op MACE na CEA
Na het vinden van verschillende biomarkers die geassocieerd zijn aan een verhoogd risico 
op MACE na CEA was de vraag welke biomarkers in de praktijk het meest waardevol zijn 
om het individuele risico van de patiënt in te schatten. Hiervoor hebben we in hoofdstuk 
10 onderzocht welke biomarkers samen met bekende klinische voorspellers (leeftijd, roken, 
nierfunctie, eerdere hartziekte of perifeer vaatlijden en cerebrovasculaire symptomen) de 
meest nauwkeurige risico-inschatting maken. Twee biomarkers, CD14 en de ceramide ratio 
Cer(d18:1/24:1)/Cer(d18:1/24:0), blijken een toegevoegde waarde te hebben naast de 
klinische factoren. Het voorspellingsmodel inclusief biomarkers blijkt 15% nauwkeuriger 
dan het model zonder biomarkers. Na validatie van onze resultaten in toekomstige studies 
zou dit biomarkermodel nuttig kunnen zijn om hoog-risicopatiënten voor postoperatief 
MACE vroegtijdig (preoperatief aan de CEA) te identificeren. Deze patiënten zouden 
intensiever behandeld kunnen worden met extra medicijnen om zo hun risico op MACE 
te verkleinen en, hopelijk, MACE te voorkomen. 

Risico predictie voor patiënten met asymptomatische carotisstenose
Hoewel CEA bewezen effectief is bij symptomatische patiënten met een carotisstenose 
(doorgemaakte TIA of herseninfarct), is het voordeel bij asymptomatische patiënten 
(gedefinieerd als geen neurologische klachten in het afgelopen half jaar) minder duidelijk. 
De meeste asymptomatische patiënten onder medicamenteuze behandeling hebben een 
laag risico op een toekomstig herseninfarct. Een interventie (CEA of CAS) met het risico 
op complicaties is daarom niet geïndiceerd. Eerdere studies hebben aangetoond dat 
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asymptomatische patiënten met bepaalde risicofactoren of biomarkers een veel hoger risico 
hebben op een herseninfarct en mogelijk wel beter af zijn met een operatie. Hoofdstuk 11 
beschrijft de opzet en rationale van een Europese, multicenter prospectieve observationele 
studie voor patiënten met een asymptomatische carotisstenose (TAXINOMISIS). Het doel 
van deze studie is het ontwikkelen van een voorspellingsmodel om de risico-inschatting 
op toekomstige cerebrovasculaire complicaties voor asymptomatische patiënten te 
verbeteren. In de praktijk zou deze tool gebruikt kunnen worden om individuele 
behandelstrategieën (een carotis interventie naast medicatie of alleen medicatie) af te 
stemmen. 
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goed onderzoek uit te voeren en heb jij mij wegwijs gemaakt in de wondere wereld van 
statistiek en SPSS/R scriptjes. Ook erna tijdens mijn promotietraject heb ik erg veel gehad 
aan jouw begeleiding. Dr. Sander van der Laan, hetzelfde geldt voor jou. Jouw enthousiasme 
en ideeën over nieuwe vraagstukken (die soms midden in de nacht in mijn mailbox 
verschenen) wisten mij altijd te motiveren. Sander en Saskia, samen tilden jullie het family 
history stuk naar een hoger niveau en we mogen trots zijn op het resultaat.
 
Alle medewerkers van de polikliniek en afdeling Vaatchirurgie van het UMC Utrecht, in 
het bijzonder prof. dr. Joost van Herwaarden, dr. Stijn Hazenberg, dr. Eline van Hattum, 
dr. Raechel Toorop, dr. Bart-Jeroen Petri, dr. Martin Teraa, PA’s Anouk Jansze en Trijntje 
Bloemert-Tuin. Veel dank voor de nuttige discussies tijdens de research meetings, 
kennisdeling en gezelligheid op congressen. Bedankt voor de gastvrijheid op de poli en 
verpleegafdeling voor het includeren van studie-patiënten.
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Beste Cobie, Cynthia en Susan, bedankt voor jullie hulp bij alle administratieve zaken. Zo 
fijn dat alles binnen no-time kon worden geregeld in een toch best wel bureaucratische 
omgeving zoals een ziekenhuis.
 
Mede-collegae Vaatonderzoekers, Farahnaz, Constance, Mirthe, Marjolijn, Marloes, 
Joost, Maarten, Simone, Robert, Fons, Michelle, Jurre, Michiel, Nicolaas, Ian, Leonie, 
Evelien, Armelle, Aarent, Bernard en Joep. Bedankt voor alle gezelligheid, zinvolle 
discussies over projecten en koffiepauzes om stoom af te blazen. Hoogtepunten waren zeker 
de congressen en natuurlijk de borrels en tripjes eromheen. Het is bijzonder hoe iedereen 
voor elkaar klaar staat om te helpen en elkaar het beste gunt. Farahnaz, Mirthe, Ian, 
Marjolijn en Leonie bedankt voor de fijne samenwerking bij onze manuscripten.
 
Arts-onderzoekers, arts-assistenten en stafleden van de afdeling Heelkunde uit het UMC 
Utrecht, bedankt voor alle activiteiten zoals interessante wetenschapsdagen, chirurgendagen, 
skireis en PhD weekenden die mijn promotietijd tot een toptijd hebben gemaakt.

Arts-onderzoekers van Experimentele Cardiologie; jullie waren altijd behulpzaam in het 
lab om mij te helpen om de samples te verwerken of met experimenten waar ik vanuit mijn 
geneeskunde achtergrond nauwelijks verstand van heb. Bedankt! 
 
Arts-assistenten en stafleden van de Anesthesiologie in het St. Antonius Ziekenhuis, ik ga 
elke dag met veel plezier naar werk en de afgelopen maanden hebben mijn keuze voor de 
Anesthesiologie alleen maar meer bevestigt. Ik kijk uit naar de leerzame tijd die komen 
gaat!
 
Qiu Ying van de Pol en Claire Frissen, jullie enthousiasme en gedrevenheid zorgden dat 
ik met veel plezier jullie heb begeleid. Jullie zijn enorm gegroeid tijdens jullie stages en ik 
weet zeker dat jullie affiniteit met onderzoek goed van pas gaat komen in de rest van jullie 
carrière. Super bedankt voor jullie hulp met vesicle metingen (ook tijdens jullie vakantie). 
 
Lieve VaCa kamergenootjes; Mirth, Far, Connie, Nyn, Max, Joost, Fons, bedankt voor 
gezellige koffie- en lunch breaks, spar-momentjes, hulp bij de velen R-struggles, plank 
challenges en VrijMiBo’s. Het kon zeker soms iets te gezellig zijn in de kamer, maar wat ik 
heb het laatste jaar terugverlangd om weer met z’n allen in onze kamer te mogen werken. 
Far, Mirth en Connie; onze promotietijd heeft bijzondere vriendschappen opgeleverd; ik 
kijk uit naar nog vele kitesurf vakanties en fietsuitjes!
 
Lieve vriendinnen, Chapeau’tjes, Sjaakies, Elcke, Rosanne, Inge, Lotte, Eveline; ik voel 
mij erg gelukkig met jullie allemaal om mij heen. Bedankt voor alle gezelligheid! En ook 
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voor jullie begrip als dokter Nath er niet altijd bij kon (of eigenlijk kan) zijn. Ik kijk uit naar 
alle leuke dingen die nog komen gaan. Snow, Fen en Juul, bedankt voor jullie inhoudelijke 
en taalkundige feedback!

Lieve schoonfamilie, Patricia, Ben, Francette, Tom, Margreet, Aveline, Floralie; bedankt 
voor het warm onthaal in jullie familie. Je schoonfamilie heb je niet voor het uitkiezen maar 
ik heb er zeker geluk mee.  Patricia; door jou is de voorkant van dit proefschrift uniek 
geworden, bedankt voor al jouw tijd en energie!

Lieve Jan en Marjan Visser, jullie zijn altijd als een opa en oma voor ons geweest. Bedankt 
dat jullie altijd klaar staan voor ons gezin. 

Lieve Kimmie, niet alleen zusjes, maar ook (oud)huisgenoten en vriendinnen. Ik ben erg 
blij dat we zo’n speciale band hebben. We kunnen altijd bij elkaar terecht, ik ben trots op 
je!

Lieve Papa en Mama, bedankt voor jullie onvoorwaardelijke steun, vertrouwen en liefde. 
Zolang mijn inzet maar duidelijk was, maakten jullie alles mogelijk. Ik ben jullie erg 
dankbaar voor wat jullie allemaal voor mij hebben gedaan. Jullie aanmoediging zorgt dat 
ik het beste uit mijzelf haal. Ik ben erg gelukkig met zo’n hecht gezin als de onze. 
 
Lieve Matthisk, bedankt dat ik altijd bij jou mag klagen, lachen, huilen of gewoon lekker 
mezelf kan zijn. Bedankt voor jouw flexibiliteit om samen te zijn met een dokter met geheel 
andere werktijden dan de jouwe. Ik hoop nog heel veel mooie avonturen met jou te beleven! 
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