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GENERAL INTRODUCTION 

This introduction is written with a general medical audience, including medical 
students, in mind. The purpose of this introduction is to make the rest of the thesis 
accessible for people outside the field of stroke, by providing the context in which 
our research was carried out, and by explaining core concepts in stroke.

WHO DOES STROKE AFFECT?
One in 4 adults over the age of 25 will have a stroke in their lifetime.1 Globally, every 
year more than 13 million people suffer a stroke.2 Stroke is a leading cause of lasting 
disability and death worldwide.2 Consequently, stroke also places a financial burden 
on society. It has been estimated that in the Netherlands the average societal costs 
are €30 000 per stroke patient in the first year after stroke.3 The total societal costs 
during the lifetime of a stroke survivor depend on various factors, such as the 
potential recovery to functional independence. Functional outcome after stroke is 
commonly measured on the modified Rankin Scale (mRS), with scores ranging from 
0 (no symptoms) to 6 (death).4 Patients who are able to live at home and function 
independently score between 0 and 2. 

While age-standardized rate of deaths due to stroke have decreased in the past 
decades, the absolute number of people who have a stroke, and thus who have to 
live with the consequences of stroke, is increasing.2 The global impact of stroke is 
likely to further increase in the future due to a growing and aging population, an 
increase in cardiovascular risk factors (such as high blood pressure and obesity), and 
because developing countries are transitioning epidemiologically from infectious to 
non-communicable diseases as the predominant cause of morbidity.2  

Stroke affects both men and women, but the incidence rates and outcomes 
differ between the two. Age-standardized stroke incidence rates are higher in men. 
However, stroke affects a greater number of women because of their longer life 
expectancy, combined with the fact that stroke is more common in the oldest age 
groups.5 After stroke, women appear to have poorer functional outcomes and lower 
quality of life than men, despite adjustment for baseline differences in age, prestroke 
function and comorbidities.5 The reasons for this disparity are not well understood.  

Stroke also disproportionally affects individuals living in resource-poor 
countries.1 Even within high-income countries, there is evidence that hospitalization 
risk for stroke and case fatality are inversely correlated with socioeconomic status.6 
This is in part explained by cardiovascular comorbidities such as diabetes being 
more prevalent in populations with lower socioeconomic status.6  

In summary, stroke affects us all, but some of us more than others.  
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WHAT IS STROKE? 
Stroke can be categorized into ischemic or hemorrhagic, depending on the 
pathophysiological mechanism. The word ischemia originates from the Greek 
"iskhaimos" which means "stopping blood".7 Ischemic stroke is the result of a blood 
clot (thrombus) which occludes an artery in the brain, blocking blood from entering 
brain tissue beyond the occlusion. Whereas hemorrhagic stroke is caused by the 
rupture of an artery in the brain and originates from the Greek word "haimorrhagia" 
("a violent bleeding").8 More than 80% of strokes are ischemic.2 In this thesis, stroke 
refers to ischemic stroke.

Brain tissue is highly dependent on the continuous supply of oxygen and nutrient 
rich blood in order to function. The phrase "time is brain" emphasizes that if stroke 
is left untreated, brain tissue is rapidly lost.9 It has been estimated that each minute 
brain tissue is deprived of blood nearly 2 million neurons perish.9 Translated into 
patient relevant measures: on average, the probability of functional independence 
decreases with 1% for every 6 minutes of treatment delay.10 When an occlusion 
occurs in an artery, the surrounding brain tissue is affected. There is, however, a 
vital difference between tissue at risk (ischemic penumbra) and dead tissue (infarct 
core). The patient suffers neurological deficits which correspond with the ischemic 
penumbra and these deficits can become permanent if infarction occurs. The tissue 
immediately surrounding the occlusion is the first to become infarcted. The tissue in 
the ischemic penumbra can temporarily delay infarction by alternative blood supply 
routes (collateral arteries), but will become infarcted eventually if the occlusion 
persists. The speed at which tissue deteriorates from ischemic to infarcted varies 
per individual, there are fast and slow progressors.11 The phrase "tissue is the issue" 
has since been added to the stroke lexicon. Nevertheless, the sooner a patient is 
treated, the better the chances are of a good outcome. 

HOW IS STROKE TREATED?
There is a distinction between the acute treatment of stroke and secondary 
prevention. The two main acute treatments targeted at opening the vessel are 
intravenous thrombolysis (IVT) and endovascular thrombectomy (EVT). IVT 
consists of medication aimed at dissolving the thrombus. EVT is the mechanical 
removal of the thrombus from within the artery. It is worthwhile to note that versions 
of IVT and EVT were already in use for decades in the field of cardiology for the 
treatment of acute myocardial infarction.12, 13 Even when standing on the shoulders 
of giants, the road to translation in neurology was long. 

The publication of the first study proving efficacy of IVT in stroke in 1995 was 
a monumental milestone in the treatment of stroke patients.14 Further research has 
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shown that IVT is safe and effective if administered within 4,5 hours of stroke onset 
and, in selected patients, treatment benefit exists beyond this time window.15, 16 The 
number needed to treat in order to achieve a good outcome (mRS score 0-1) is 10, 
if IVT is administered within 3 hours.17, 18 By comparison, the number needed to 
treat in the context of antibiotics for prevention of serious complications in lower 
respiratory tract infection is close to 40.19 One of the limitations of IVT is that it is 
less effective at dissolving a larger thrombus, the kind that causes a large vessel 
occlusion (LVO).  

The second revolution in the treatment of stroke patients occurred in 2015 in 
the form of publication of the MR CLEAN trial and subsequent EVT trials.20, 21 The 
MR CLEAN trial was a randomized controlled trial conducted at 16 centers in the 
Netherlands in which adult patients with anterior circulation LVO were allocated to 
EVT or standard care (without EVT). The trial demonstrated that EVT is safe and 
effective when performed within 6 hours of stroke onset. The number needed to 
treat with EVT to reduce disability by at least one level on the mRS for one patient 
is 2.6.21 Investigators of the successful MR CLEAN trial learned from previous 
studies of EVT.22 Key lessons included the need to use modern thrombectomy 
devices (retrievable stents), and that patients should have proof of LVO on vessel 
imaging before initiation of EVT.22 As a result, CT-angiography (CTA) is now widely 
used worldwide to identify patients with LVO.22 The first part of this thesis builds on 
that change in standard care. Further research has shown that in selected patients, 
the treatment window of opportunity can be extended to 24 hours.23, 24 Recent 
research suggests the outer limit can be stretched even further in cases with certain 
favorable biomarkers.25

Directly after the last patient was randomized in the MR CLEAN trial, 
enrolment of patients in the MR CLEAN Registry started.26 This was a nation-wide 
observational study of consecutive patients with LVO stroke treated with EVT in 
the Netherlands. The second part of this thesis is based in part on data from the 
MR CLEAN trial and Registry.  

After surviving stroke, there is a risk of recurrence. The recurrence risk is highest early 
after the initial stroke.27 In stroke patients without a known cause the recurrence rate 
is an average of 3-6% per year.28 Secondary prevention consists of strategies targeted 
at preventing recurrent stroke. The standard secondary prevention strategy for non-
cardioembolic stroke is lifelong antiplatelet therapy (medication aimed at inhibiting 
thrombus formation) and statins (medication aimed at reducing low-density 
lipoprotein cholesterol in blood). In addition, monitoring of blood pressure and, if 
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necessary, antihypertensive medication are cornerstones of secondary prevention. 
Lifestyle interventions directed at reducing modifiable cardiovascular risk factors 
such as obesity, immobility and smoking are also important.29 

WHY DOES IT MATTER TO KNOW THE CAUSE OF STROKE? 
The cause of stroke helps guide acute treatment decisions and secondary 
prevention strategies. A risk factor is not the same as the cause. Ischemic stroke can 
result from local thrombosis, embolism, or, less common, hypoperfusion. In embolic 
stroke, the thrombus causing the cerebral occlusion originated elsewhere in the 
vascular system. A 1993 landmark paper proposed a system for categorization of 
subtypes of stroke based on etiology for the Trial of Org 10172 in Acute Stroke 
Treatment (TOAST).30 The TOAST classification is the most widely used etiological 
classification for stroke and consists of 5 subtypes: 1) large-artery atherosclerosis; 
2) cardioembolism; 3) small-vessel occlusion; 4) stroke of other determined etiology; 
and 5) stroke of undetermined etiology. Small-vessel occlusion generally leads to 
lacunar stroke through local thrombosis, and is beyond the scope of this thesis.

Patients with large-artery atherosclerosis have imaging findings of significant 
(>50%) stenosis or occlusion of a cervical or major cerebral artery due to 
atherosclerosis.30 Large-artery atherosclerosis usually develops over decades and 
can lead to stroke through embolism or local thrombosis. 

Up to one in three stroke patients have stroke due to cardioembolism.28, 31 
Previous studies have observed that cardioembolic stroke affects women more 
frequently than men.32, 33 A large proportion of cardioembolic strokes are caused 
by left atrial appendage thrombus secondary to atrial fibrillation. 31 Atrial fibrilliation 
can be permanent, persistent (switch to sinus rhythm is still possible), or intermittent 
(brief, paroxysmal). Detecting paroxysmal atrial fibrillation is challenging and costly, 
as it requires long-term rhythm monitoring.34 Once atrial fibrillation is diagnosed in 
stroke patients, physicians suspect this is the culprit of the stroke. But detecting a 
cardiac thrombus at the time of the acute stroke would truly signify catching the 
smoking gun. For this purpose, cardiac imaging is necessary. 

Other cardio-aortic causes which require imaging for detection include 
left ventricular thrombus following recent myocardial infarction, endocarditis, 
prosthetic valve abnormalities, cardiac tumors and aortic arch dissection.31 IVT is 
contraindicated in stroke patients with endocarditis as it can lead to intracerebral 
bleeding. IVT is also contraindicated in stroke patients with underlying aortic arch 
dissection as it could lead to fatal rupture of the aortic arch, postpone a life-saving 
surgical procedure or result in expansion of intramural or periaortic hematoma.35 
Therefore, although rare, missing endocarditis or aortic arch dissection can be 
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a matter of life and death for the patient. Secondary prevention strategies in 
cardioembolic stroke typically include oral anticoagulants. Depending on the 
specific cardiac cause, endovascular or surgical interventions may be required. 

Stroke of other determined etiology includes patients with rare causes of stroke, 
such as nonatherosclerotic vasculopathies, hypercoagulable states, or hematologic 
disorders.30 Two nonatherosclerotic vasculopathies will be elucidated as they are 
relevant for this thesis, namely cervical artery dissection and carotid artery web. Both 
are causes of young stroke. Most arterial dissections are caused by a tear between 
the intimal and medial vessel wall layers, which can heal over time. Secondary 
prevention consists of temporary treatment with antiplatelets or anticoagulants, no 
difference was found between the two in prevention of stroke and death in patients 
with single cervical artery dissection.36 Carotid artery web is a shelf-like lesion in 
the posterior wall of the internal carotid artery bulb. Its presumed origin is a type of 
fibromuscular dysplasia which affects the intimal vessel wall layer.37 The indicated 
treatment of symptomatic patients (i.e. those who suffer a stroke) is unclear.37  

Stroke of undetermined etiology (also known as "cryptogenic" or "idiopathic") can 
be the result of finding more than one potential cause, finding no cause despite 
evaluation, or incomplete evaluation.30 In about one in 4 stroke patients, regular 
work-up fails to identify a cause.28 Most of these strokes are believed to be embolic 
as well, which is why the term "embolic stroke of undetermined source (ESUS)" was 
coined in 2014.28 Cardio-aortic abnormalities such as patent foramen ovale (PFO), 
left atrial appendage slow flow (or stasis) and atherosclerotic plaques in the aortic 
arch are thought to be important causes of ESUS.28 Two recent trials have found 
that treating all ESUS patients with direct oral anticoagulants (DOACs) instead of 
antiplatelets does not reduce the rate of recurrent stroke, but it may increase the 
risk of bleeding, which shows that it is important to distinguish etiology within the 
ESUS category and study targeted therapies.38, 39  

In conclusion, not all strokes are equal and each stroke deserves tailored treatment. 
A prerequisite for tailored treatment is complete standard evaluation and sometimes 
additional investigations in order to identify the cause of the stroke.  
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HOW DO WE CURRENTLY INVESTIGATE CAUSES OF STROKE?  
Investigations considered standard work-up for stroke include a combination of the 
following investigations (conveniently illustrated by Saver et al.; Figure 1)40: 

• Computed tomography (CT) or magnetic resonance imaging (MRI) of the brain. 
• CT-angiography (CTA) or ultrasonography or MR-angiography of the cervical 

and cerebral arteries. 
• 12-lead electrocardiogram (ECG), prolonged rhythm monitoring (≥24 hours) 

and echocardiography of the heart.  

This package corresponds with the investigations necessary in order to classify a 
patient as an ESUS case, a starting point for further etiologic investigation.28 The 
specific combination of standard investigations depends on local protocols.41 

If you were to suffer a stroke in the Netherlands, you would be picked up by 
the ambulance paramedics and rushed to the emergency room. In most hospitals, 
diagnostic evaluation of acute stroke is done with CT. CT technology was 
developed by the electrical engineer Sir Godfrey Newbold Hounsfield in the early 
1970s, for which he and Alan McLeod Cormack were jointly awarded the Nobel 
Prize in Medicine in 1979.42 Non contrast CT of the brain is used to distinguish 
hemorrhagic from ischemic stroke. CT-perfusion is used to identify the ischemic 
penumbra and infarct core. CTA is used to screen for an occlusion (indicating 
presence of a thrombus), visualized by the sudden stop of contrast where one would 
expect to see an artery instead. After publication of the MR CLEAN trial in 2015, 
CTA of the cervical and cerebral arteries became standard care in the acute phase 
of stroke because it was used for patient selection for EVT. CTA can also identify 
large artery atherosclerosis, arterial dissection and other vasculopathies. You would 
undergo an ECG in the ambulance and/or the emergency room to screen for rhythm 
abnormalities such as atrial fibrillation. Routine blood evaluation (hemoglobin, 
thrombocytes, cholesterol, glucose, leucocytes etc.) is done in the emergency 
room. After acute treatment (consisting of IVT and/or EVT, depending on individual 
patient characteristics, after assessment of indications and contra-indications) you 
would be admitted to the stroke unit. There, prolonged rhythm monitoring of the 
heart is done. In some cases even longer rhythm monitoring with Holter ECG is 
necessary, this is usually done in an outpatient setting. Echocardiography may be 
performed during hospital admission or in an outpatient setting. MRI may be used 
for patient selection for acute treatment or for etiologic evaluation after the acute 
phase. Ultrasound of the cervical arteries is an alternative for CTA to screen for 
vasculopathies such as large artery atherosclerosis. 
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Current guidelines recommend transthoracic (TTE) and transesophageal 
(TEE) echocardiography for imaging of the heart in stroke patients.41, 43, 44  
Echocardiography as we know it today is credited to cardiologist Inge Edler and 
physicist Carl Hellmuth Hertz.45 It has been in clinical use since the 1950s, is 
widely available and provides valuable data on structural abnormalities as well as 
cardiac function.45 Echocardiography permits the physician to visualize the heart 
literally at the bedside. In many ways, TTE is the true stethoscope.45 Stethoscope 
means "seeing through the chest".46, 47 Due to the slightly tilted anatomical position 
of the heart in the thorax, TTE is more suitable for evaluation of the left ventricle 
and TEE for the left atrium. It is challenging to get a good view of the left atrial 
appendage and the complete aortic arch with echocardiography. Comprehensive 
echocardiographic evaluation requires some time and the quality depends on 
operator expertise and patient specific factors (e.g. TTE can be difficult in obese 
patients). TEE is uncomfortable for the patient, may require sedation and carries a 
small risk of complications.44 TEE is infrequently performed in stroke patients.48, 49  

Guidelines do not provide a recommendation on the timing of cardiac imaging in 
stroke. 41, 43, 44 Generally, echocardiography is done days to weeks after the stroke, in 
the Netherlands usually in an outpatient setting. This requires return visits from often 
impaired stroke patients. For diagnosis of certain structural abnormalities, a delay is 
not necessarily an issue. But for diagnosis of a cardiac thrombus it may be, as there is 
evidence that cardiac thrombi dissolve over time. A study in patients with pulmonary 
embolism and a simultaneous thrombus in the heart showed that, after IVT, 50% 
of the thrombi disappeared within 2 hours.50 If indeed there is a need for speed for 
cardiac thrombus detection, currently we may be looking too late. This may be one 
of the explanations why the diagnostic yield of echocardiography for detection of 
high-risk cardiac sources of embolism in stroke patients is limited to 0-9%.51

A complicating factor in the diagnostic evaluation of stroke is that patients often 
do not stay in the same place for long. Patients are usually presented to the nearest 
hospital. Many hospitals can provide IVT, but only select hospitals provide EVT 
services for the region. Patients are regularly transferred from a local hospital to 
a comprehensive stroke center for EVT and then quickly discharged back to the 
referring local hospital, sometimes within 24 hours. Length of hospital stay for 
stroke has decreased in past decades. In the Netherlands the average length of 
hospital stay for stroke went from 28 days in the 1990s to less than 7 days in 2017.52, 

53 As the societal costs of a night in a stroke unit (estimated at €485) exceed that of a 
luxury hotel in Amsterdam, and there are capacity issues in the stroke units, efforts 
are made towards efficiency without compromising the quality of care.3 Patients 
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are discharged home, to a rehabilitation center or to a nursing home. Follow-up 
evaluation is done at the local hospital or, if necessary, at a comprehensive stroke 
center. From the logistical perspective, and also considering the often poor condition 
and limited mobility of stroke patients, it can be challenging to complete diagnostic 
evaluation in a timely manner. Moreover, there is evidence that a substantial amount 
of stroke patients do not receive the complete regular work-up.48 

THE CHALLENGE  
To summarize, there are several main issues outlined in this introduction. 
Cardioembolism is a major stroke etiology and requires tailored treatment. Regular 
stroke work-up is not always completed and often fails to identify a specific cause of 
the stroke. In a substantial amount of these cryptogenic cases, the cause is thought to 
be a cardio-aortic source of embolism as well. The current work-up for cardioembolic 
stroke is scattered and often delayed to the subacute or chronic phase. 

This lead us to hypothesize that patients may benefit from a "one-stop-shop" 
heart-brain axis etiologic screening in the acute phase of stroke. Now that in most 
hospitals CTA from the aortic arch to the cerebral vessels has become standard care 
for selection of EVT patients, the time is ripe for studies examining the diagnostic 
yield of including the heart in the same acute phase CTA. A cardinal challenge is to 
implement acute phase cardiac CTA while respecting the "time is brain" principle. 
Another issue is that rare causes are under-recognized and adequate treatment of 
these patients is delayed or unknown. In these cases, one of the challenges is to 
increase awareness in the medical community. 
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THESIS OUTLINE 

AIM 
The focus of this thesis is on embolic sources of stroke along the heart-brain axis. 
The structure of the thesis follows this anatomical pathway. Our overarching aim is 
to improve detection of embolic sources in patients who suffer a stroke. We hope 
that in doing so, we contribute to timely and tailored treatment of these patients, in 
the acute moment and in the prevention of recurrent stroke.  

OUTLINE 
In the first part of this thesis (The Heart), we focus on sources of embolism from the 
heart which are detected through imaging. We summarize current literature and 
offer a novel way of looking at the heart: in the acute phase of stroke, by means 
of CTA. We define the acute phase of stroke as within the time window for 
reperfusion therapy (intravenous thrombolysis and endovascular treatment). 

Chapter 2 is a systematic review and meta-analysis of the literature on CTA versus 
echocardiography for detection of cardiac thrombi in stroke patients. We report 
the diagnostic yield, sensitivity and specificity of CTA versus TEE and CTA versus 
TTE. Chapter 3 is a retrospective single-center cohort study on the diagnostic yield 
and image quality of non-ECG-gated cardiac CTA for detection of high-risk cardio-
aortic sources of embolism in the acute phase of ischemic stroke. In Chapter 4, we 
provide the rationale and design of the ongoing "Mind the Heart" study. Our primary 
aim in this prospective single-center cohort study is to compare the diagnostic yield 
of acute phase ECG-gated cardiac CTA to TTE as a first-line screening method for 
detection of high risk cardio-aortic sources of embolism in stroke patients. 

In the second part of this thesis (The Arteries), we explore (rare) sources of 
embolism from the arteries. In Chapter 5, we used data from a prospective registry 
of consecutive patients with neurological deficits suggestive of an acute stroke 
("code stroke") to report the incidence, clinical manifestations, and outcomes of 
patients with an underlying acute aortic dissection from our own comprehensive 
stroke center. Chapter 6 is a systematic review of individual patient data in which 
we summarize the clinical characteristics, underlying causes, treatment and 
outcome of patients with simultaneous dissections in three or four cervical arteries 
reported in the literature. In Chapter 7, we hypothesize that patients with stroke 
due to cervical carotid atherosclerosis have a more extensive collateral circulation 
and better outcomes than patients with cardioembolism. We investigated this 
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hypothesis in patients who underwent EVT for LVO stroke from a prospective, 
nationwide registry (MR CLEAN Registry). In Chapter 8, we discuss the classic 
radiological appearance of a carotid artery web and propose a way to distinguish 
it from an arterial dissection. Chapter 9 is a prospective comparative cohort study 
in which we investigate stroke recurrence risk of patients with LVO stroke with and 
without ipsilateral carotid artery web. For this study, we used data from the MR 
CLEAN trial and MR CLEAN Registry. 

Chapter 10 contains a general discussion and suggestions for further research in 
the future. 
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