
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mind the heart
Embolic sources of stroke along the heart-brain axis
Guglielmi, V.

Publication date
2021
Document Version
Final published version
License
Other

Link to publication

Citation for published version (APA):
Guglielmi, V. (2021). Mind the heart: Embolic sources of stroke along the heart-brain axis.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/mind-the-heart(a6c45326-0738-46d5-923c-929768acf102).html






MIND THE HEART
EMBOLIC SOURCES OF STROKE 
ALONG THE HEART-BRAIN AXIS

VALERIA GUGLIELMI



The research described in this thesis was supported by grants from the 
Royal Netherlands Academy of Arts and Sciences (Van Leersum Grant), 
Foundation De Drie Lichten, Remmert Adriaan Laan Foundation, and
AMC Young Talent Fund. 

Financial support by the Dutch Heart Foundation for the publication of this thesis 
is gratefully acknowledged. 

ISBN: 9789492303387
Bookdesign & illustrations: isontwerp.nl  /  Ilse Schrauwers, Eindhoven
Printing: Ridderprint  /  www.ridderprint.nl

© Valeria Guglielmi, 2020
All rights reserved. No part of this publication may be reproduced in any form or by 
any means without prior permission of the author.

http://www.isontwerp.nl
http://www.ridderprint.nl


MIND THE HEART
EMBOLIC SOURCES OF STROKE 
ALONG THE HEART-BRAIN AXIS

Academisch proefschrift

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie,

in het openbaar te verdedigen in de Agnietenkapel
op vrijdag 22 januari 2021, te 13.00 uur

door Valeria Guglielmi
geboren te Leiden



PROMOTIECOMMISSIE

Promotores: 
Prof. dr. Y.B.W.E.M. Roos AMC-UvA
Prof. dr. C.B.L.M. Majoie AMC-UvA

Copromotores:
Dr. J. Coutinho AMC-UvA
Dr. R.N. Planken AMC-UvA

Overige leden:
Prof. dr. D. van de Beek AMC-UvA
Prof. dr. J.R. de Groot AMC-UvA
Prof. dr. M.M. Levi AMC-UvA
Prof. dr. A.H.E.M. Maas Radboud Universiteit Nijmegen
Prof. dr. B.K. Velthuis Universiteit Utrecht

Faculteit der Geneeskunde



5



CONTENTS

Chapter 1 General introduction and thesis outline 9

PART I THE HEART 25

Chapter 2 CT-angiography versus echocardiography for detection of cardiac  
thrombi in ischemic stroke: a systematic review and meta-analysis  
Journal of Neurology 2020

27

Chapter 3 Non-gated cardiac CT-angiography for detection of cardio-aortic  
sources of embolism in the acute phase of ischemic stroke  
Journal of Neurology, Neurosurgery and Psychiatry 2020

51

Chapter 4 Mind the Heart: ECG-gated cardiac CT-angiography in the acute 
phase of ischemic stroke – rationale and study design 
European Stroke Journal 2020 

67

PARTII THE ARTERIES 89

Chapter 5 Aortic dissection masquerading as a "code stroke": a single-center 
cohort study 
European Stroke Journal 2019 

91

Chapter 6 Triple and quadruple cervical artery dissections:  
a systematic review of individual patient data 
Journal of Neurology 2019  

107

Chapter 7 Collateral circulation and outcome in atherosclerotic versus  
cardioembolic large vessel occlusion 
Stroke 2019 

129

Chapter 8 Letter to the editor: Classic radiological appearance of a carotid web
Journal of Neurosurgery 2019 

153

Chapter 9 Recurrent stroke risk in patients with a carotid web 157

Chapter 10 GENERAL DISCUSSION 173

Appendices Summary 193

Dutch summary (Nederlandse samenvatting) 200

Abbreviations 207

Contributing authors and affiliations 209

Publications 212

PhD portfolio 214

Acknowledgements (Dankwoord) 216

About the author 220



7





9

CHAPTER 1

GENERAL 
INTRODUCTION  

AND  
THESIS OUTLINE

A



10 CHAPTER 1



11

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 



18 CHAPTER 1

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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ABSTRACT 

BACKGROUND AND PURPOSE  
Cardiac thrombi are an important cause of embolic stroke. We studied the diagnostic 
yield and diagnostic accuracy of cardiac CT angiography (CTA) compared to 
echocardiography for detection of cardiac thrombi in ischemic stroke patients. 

METHODS  
We performed a systematic review and meta-analysis of the literature on cardiac 
CTA versus echocardiography for detection of cardiac thrombi in ischemic stroke 
patients. We included studies (N≥20) in which both cardiac CTA (index test) and 
echocardiography (reference test) were performed and data on cardiac thrombi were 
reported. Results were stratified for type of echocardiography: transesophageal 
(TEE) vs transthoracic (TTE).  

RESULTS  
Out of 1530 studies, 14 were included (all single center cohort studies), with data on 
1568 patients. Mean age varied between 52 and 69 years per study and 66% were 
men. Reported time intervals ranged from 0 to 21 days between stroke and first test, 
and from 0 to 199 days between tests. In 10 studies that compared CTA to TEE, 
CTA detected cardiac thrombi in 87/1385 (6.3%) patients versus 68/1385 (4.9%) on 
TEE (p < 0.001). In four studies comparing CTA to TTE, CTA detected thrombi in 
23/183 (12.5%) patients versus 12/183 (6.6%) on TTE (p = 0.010). Pooled sensitivity 
and specificity of CTA versus TEE were 86.0% (95% CI 65.6–95.2) and 97.4% (95% 
CI 95.0–98.7), respectively.  

CONCLUSIONS  
CTA may be a promising alternative to echocardiography for detection of cardiac 
thrombi in patients with ischemic stroke, especially now that CTA is standard 
care for patient selection for endovascular treatment. However, studies were too 
heterogeneous and of insufficient methodological quality to draw firm conclusions. 
Large, prospective studies on this topic are warranted. 
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INTRODUCTION 

Thromboembolism from a cardiac source accounts for up to one third of all ischemic 
strokes.1-3 Establishing cardioembolism is important in patients with ischemic 
stroke, since these patients are commonly managed with anticoagulation instead 
of antiplatelet therapy.4 Thrombi in the left atrial appendage (LAA) or left atrium 
(LA) secondary to atrial fibrillation (AF) are a major cause of cardioembolic stroke.4 
However, AF is often paroxysmal, which can be challenging to detect.5 Moreover, 
conditions other than AF can also cause cardiac thrombi, such as thrombi in the left 
ventricle after myocardial infarction.4 Timely detection of cardiac thrombi allows for 
early optimization of medical therapy.  

Transthoracic echocardiography (TTE) and transesophageal echocardiography 
(TEE) are the first-line cardiac imaging modalities in stroke patients.6 7 Advantages 
are portable equipment, wide availability and relative inexpensiveness. TEE is more 
sensitive than TTE for detection of thrombi in the LAA and LA.6, 7 However, TEE 
is time-consuming, burdensome for the patient, may require sedation, and has a 
low - but not negligible - risk of esophageal complications.6 TTE is more suitable for 
evaluation of the left ventricle,7 but may be difficult in patients with poor acoustic 
windows, with obesity or breast implants, and in those suffering from chronic 
obstructive pulmonary disease. The quality of echocardiography is also dependent 
on operator expertise. Cardiac CT-angiography (CTA) is an alternative imaging 
technique for detection of cardiac thrombi. It may be a particularly useful modality in 
acute ischemic stroke patients, now that CTA of the cervical and intracranial arteries 
has become routine care to determine eligibility for endovascular treatment and 
cardiac CTA could be included in the same imaging protocol.8 9 10 Furthermore, the 
additional radiation associated with cardiac CTA is low with modern CT scanners.11 
Our aim was to study the diagnostic yield and diagnostic accuracy of CTA for 
detection of cardiac thrombi in stroke patients, compared to echocardiography, by 
performing a systematic review and meta-analysis of the literature.  

METHODS 

STUDY DESIGN 

We searched Medline and Excerpta Medica database (EMBASE) from inception 
to June 7th 2019 using the following search terms: ischemic stroke, cardiac CT-
angiography, and cardiac thrombus (Online Resource Table I). Rayyan (http://
rayyan.qcri.org) was used for study screening.12 Title and abstract screening was 

http://rayyan.qcri.org
http://rayyan.qcri.org
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performed independently by two authors (N.S.G. and V.G.). Full-length review of 
potentially relevant studies and conference abstracts was performed by one author 
(N.S.G.). We also screened reference lists of included articles to identify additional 
potentially relevant studies. Final decisions regarding study selection were reached 
through consensus. We registered the protocol in the International Prospective 
Register of Systematic Reviews (PROSPERO), IC CRD42018103658. We wrote our 
report according to Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for Diagnostic Test Accuracy (DTA) studies.13 

INCLUSION AND EXCLUSION CRITERIA 

We included studies in any language that: 1) performed cardiac CTA as well as 
echocardiography (TEE or TTE); 2) in patients with ischemic stroke or transient 
ischemic attack (TIA); 3) allowed data extraction on cases with cardiac thrombi; 
4) had a randomized controlled trial or a cross-sectional diagnostic accuracy study 
design (cohort or case control with a minimum population size of 20 patients). 
Abstracts containing sufficient data were also included. In case of overlapping 
patient cohorts between studies, the study with the largest sample size was included. 

INDEX TEST AND REFERENCE STANDARD, STUDY ENDPOINTS
A true gold standard for detection of cardiac thrombi is lacking. In our study, 
cardiac CTA was considered the index test and echocardiography the reference 
standard. The decision to use echocardiography as the reference test was based 
on the fact that international guidelines recommend echocardiography as first-line 
screening method for imaging of the heart in ischemic stroke patients.6, 7 Results 
were stratified for type of echocardiography: CTA versus TEE and CTA versus TTE. 
Studies in which patients underwent both TTE and TEE, but only TEE results were 
clearly reported, were considered as CTA versus TEE. The primary endpoint was 
diagnostic yield, defined as proportion of patients with a cardiac thrombus on CTA 
or echocardiography. The secondary endpoint was diagnostic accuracy, defined as 
sensitivity and specificity of cardiac CTA compared to echocardiography. Due to 
the lack of a true gold standard, diagnostic yield and not diagnostic accuracy was 
chosen as the primary endpoint. 

QUALITY ASSESSMENT AND DATA EXTRACTION
Both quality assessment and data extraction were independently performed by 
two authors (N.S.G. and V.G.). In situations of disagreement, a third author made 
the final decision (M.M.G.L. for quality assessment and J.M.C for data extraction). 
The Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2 checklist 
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was used to assess risk of bias and concerns regarding applicability.14 The different 
components of the QUADAS-2 guidelines were tailored to our research question 
(Online Resource Tables IIa-IIb).  

We extracted data on study characteristics (study design, publication year, 
sample size) and study population characteristics (mean age, sex, ischemic stroke 
or TIA, presence or absence of cardiac medical history/disease). We also collected 
data on CTA and echocardiography techniques, such as type of scanner, ultrasound 
frequency, cardiac imaging protocols, definition of cardiac thrombus, order of 
testing, time interval between stroke onset and first test, time interval between tests, 
and amount of cardiac thrombi found through cardiac CTA and echocardiography. 
We collected data on thrombi detected in any location in the heart (LAA, LA, left 
ventricle, right atrium, right ventricle).   

STATISTICAL ANALYSIS
In order to determine differences in diagnostic yield, the OpenEpi® software 
program version 3.01 (Open Source Epidemiologic Statistics for Public Health) was 
used to perform a McNemar test for paired data. Data of patients who underwent 
both CTA and TEE, and CTA and TTE, respectively, were analyzed by using a two-
sided McNemar test with binomial enumeration (Mid-P Exact) and a significance 
level of 0.05. In order to study diagnostic accuracy, sensitivity and specificity 
of CTA versus TEE and CTA versus TTE were calculated for all studies based 
on reported cardiac thrombus cases. Forest plots were generated using Review 
Manager version 5.3 (RevMan, Copenhagen: The Nordic Cochrane Centre, The 
Cochrane Collaboration, 2014). Studies for which both sensitivity and specificity 
were estimable, were included in a meta-analysis. Summary receiver operating 
curves (SROC) with estimated area under the curve (AUC) and pooled sensitivity 
and specificity were generated using R version 3.2.5 (R Foundation for Statistical 
Computing, Vienna, Austria) using the Reitsma bivariate mixed effects model 
incorporated in the mada package version 0.5.8. Pooled sensitivity and specificity 
were also generated for a subgroup of studies that used 64-slice CT-scanners or 
newer generations and for studies in which the reported time interval between CTA 
and echocardiography was approximately one day (mean/median/absolute amount 
of up to one day).
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RESULTS 

STUDY SELECTION 
A flowchart of the study selection is provided in Figure 1. We identified 1530 
publications in the initial search, of which 42 were selected for full-length review. Of 
these, 14 articles fulfilled the inclusion criteria and were included in the analyses.8, 15-27 

STUDY QUALITY
Overall, the risk of bias was highest for the domains "patient selection" and 
"reference standard" (high or unclear risk of bias in 5/14 (35.7%) and 6/14 (42.9%) 
studies, respectively) (Online Resource Figure Ia and Ib). Regarding the domain 
"patient selection", studies did not describe clearly why and/or how many patients 
were excluded. Regarding the domain "reference standard", studies were unclear 
about whether the reference standard results were interpreted without knowledge 
of the results of the index test. In addition, for both the index and reference tests, 
there were issues with lack of reporting of the definition of a cardiac thrombus. Ten 
out of 14 (71.4%) studies defined cardiac thrombus on CTA and 8/14 (57.1%) on 
echocardiography. Only two out of 14 (14.3%) studies had a low risk of bias for all of 
the domains of the QUADAS-2 checklist.16, 18 Concerns regarding applicability were 
generally low except for the domain "interpretation and conduct of the index-test" 
for which two studies scored a high concern due to using outdated CT-scanners 
(Imatron C-100).15, 16 

STUDY CHARACTERISTICS
The study characteristics of the 14 included studies are shown in Table 1. All studies 
were single center cohort studies (12 prospective and 2 retrospective), published 
between 1989 and 2017. In total, data of 1568 patients were available. Sample sizes 
of individual studies ranged from 20 to 374 patients. 

Eleven of 14 studies were conducted exclusively in ischemic stroke patients, 
while three studies also included TIA patients. Four studies had a general ischemic 
stroke population regardless of medical history or stroke etiology, 7 studies included 
ischemic stroke patients with a suspected cardioembolic source, 2 studies included 
patients with a suspected cardioembolic source other than AF, and 1 study excluded 
patients with a probable cardioembolic source. Overall, 308/1532 (20.1%) of patients 
for which this data was available had AF.  Details on CTA and echocardiography 
methods are reported in Table 2. Ten studies compared performance of CTA to 
TEE, 4 studies compared CTA to TTE. The order of tests was reported in 9/14 
(64.3%) studies. Four studies performed cardiac CTA first, four echocardiography 
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first, and in one study the order of tests varied. Time interval between stroke onset 
and first test was reported in 8/14 (57.1%) studies and was within 2 weeks for most 
of these studies. Time interval between tests was reported in 13/14 (92.8%) studies 
and ranged between 0 and 199 days. In most studies the second test was done 
within 1 week after the first, four studies reported a time interval of approximately 1 
day. Only one study performed cardiac CTA in the acute phase of ischemic stroke,8 
i.e. within the time window for acute reperfusion therapy (intravenous thrombolysis 
and/or endovascular treatment). This study performed non-ECG-gated CTA of 
the entire heart–brain axis in acute ischemic stroke patients within 4.5 hours of 
symptom onset. For cardiac CTA, prospective ECG-gating (when the scanner is 
triggered to scan the heart only during a predetermined phase of the cardiac cycle) 
was used in three studies, retrospective ECG-gating (when all phases of the heart 
are scanned and images of the phase of interest are selected retrospectively) was 
used in eight studies, one study used both techniques and two studies did not use 
ECG registration. Nine studies used 64-slice CT or newer generation scanners, two 
studies used dual source scanners. 

FIGURE 1. Flowchart of study selection  

TIA indicates Transient Ischemic Attack; RCT, Randomized Controlled Trial. For detailed data of 

excluded studies please see Online Resource Reference list of excluded studies, appendix to Figure 1.

Records identified in 
initial search 

(n = 1530) 

Title and abstract screening
(n = 1296) 

Duplicates removed (n = 234)

Excluded (n = 29)  
•  Conference abstract with 

insufficient information  
(n = 12)1-12

•  Did not allow data extraction 
on cardiac thrombus cases  
(n = 4)13-16

•  Did not involve ischemic 
stroke or TIA patients  
(n = 5)17-21

• No reference standard 
(n = 4)22-25

• Did not have a RCT/ cross-
sectional diagnostic accuracy 
study design (n = 3)26-28

• Overlap patient population  
(n = 1)29

Full-text articles assessed 
(n = 42) 

Studies included in analysis
(n = 14) 

Studies identified 
through screening 

reference lists
(n = 1)
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TABLE 1. Study design and patient characteristics

References Study design Number  
of 
patients

Mean age 
in years 
(SD or range)

Men (%) Population characteristics | 
proportion of patients with AF (%)

Helgason 15 Prospective 
cohort 

38 61 (18-86) NR Stroke of suspected cardioembolic 
source | 7/38 (18.4)

Love 16 Prospective 
cohort

36 60 (NR) 20 (56) Stroke or TIA of suspected 
cardioembolic source | NR

Hur 17 Retrospective 
cohort

101 69 (45-81) 63 (62) Stroke of suspected cardioembolic 
source | 21/101 (20.8)

Hur 18 Prospective 
cohort

137 61 (13) 95 (69) Stroke of suspected cardioembolic 
source | 57/137 (41.6)

Boussel 19 Prospective 
open-pilot

39 63 (11) 38 (83) Stroke | 3/39 (7.7)

Kim 20 Prospective 
cohort

314 65 (13) 186 (59) Stroke of suspected cardioembolic 
source | 72/314 (22.9)

Ko 21 Prospective 
cohort

75* 67 (58-72) 42 (56) Stroke | 48/143 (33.6)

Hur 22 Prospective 
comparison

83 63 (36-83) 56 (67) Stroke of suspected cardioembolic 
source | 49/83 (59.0)

Kim 23 Prospective 
cohort

62* 68 (60-74) 46 (74) Stroke without AF and without 
cardiac disease | 0/62 (0.0)

Sipola 24 Prospective 
cohort

140 60 (10) 95 (68) Stroke or TIA of suspected 
cardioembolic source without AF | 
0/140 (0.0)

Lee 25 Prospective 
cohort

374 63 (20-89) 254 (68) Stroke | 45/374 (12.0)

Ajlan 26 Retrospective 
cohort

47 52 (11) 25 (53) Stroke of suspected cardioembolic 
source | 2/47 (4.3)

Taina 27 Prospective 
cohort 

102 62 (11) 70 (69) Stroke or TIA of suspected 
cardioembolic source without AF | 
0/102 (0.0)

Yeo 8 Prospective 
open-pilot

20 64 (12) 13 (65) Stroke patients eligible for 
reperfusion therapy | 4/20 (20.0)

AF indicates atrial fibrillation; NR, not reported; Stroke, ischemic stroke; TIA, transient ischemic attack.

*The study was divided into three different periods/groups. Only the period/group in which patients 

were assessed with both echocardiography and CT, are included in this table. 
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TABLE 2. CT and echocardiography methods per study 

References First test: 
time interval 
between 
stroke and 
first test in 
days 

Reported time 
interval between 
tests in days

TEE/TTE: 
MHz

CT type slice Cardiac CTA 
ECG-gating 
technique

Helgason 15 CT: ≤ 21 < 1 TTE: NR Imatron 
C-100

Retrospective

Love 16 CT: Range 
0–13

Mean 3.5 (range 
0-7)

TTE: 2.5/3.5 Imatron 
C-100

No 
ECG-gating

Hur 17 TEE: < 14 < 7 TEE: 5 64 s Retrospective

Hur 18 TEE: < 7 Mean 5 (SD 2.8) TEE: 5 64 s Retrospective

Boussel 19 NR TTE: Mean 0.8 (SD 
2.4)
TEE: Mean 2.5 (SD 
2.8)

TTE: 2.5–3.5
TEE: 5

40 s Retrospective

Kim 20 NR < 7 TEE: 7 64 s Prospective

Ko 21 NR Median 4 TTE: 3.5
TEE: 7

64 s Retrospective

Hur 22 TEE: Mean 
6.8 (range 
5–13)

Mean 2.3 TEE: 5–7 128 s dual 
source

Prospective

Kim 23 NR NR TTE: 2.5 64 s Retrospective

Sipola 24 CT: Mean 6 
(SD 4)

< 1 TTE: 3
TEE: 6

16 s and 64 s Retrospective

Lee 25 TEE: < 7 Mean 4.64 TEE: 5–7 64 s and 128 s Prospective

Ajlan 26 TTE/CT: NR Mean 19 (range 
0–199)*

TTE: (NR) 128 s dual 
source

Prospective + 
retrospective

Taina 27 NR Mean 0.92 (SD 4.45) TEE: 5–7 16 s Retrospective

Yeo 8 CT: < 1 < 1 TTE: 2.5–3.5  
TEE: 5

64 s No 
ECG-gating

AF indicates atrial fibrillation;  CTA, computed tomography tngiography; MHz, megahertz; NR, data 

not reported; SD, standard deviation; TEE, transesophageal echocardiography; TIA, transient Ischemic 

Attack; TTE, transthoracic echocardiography. *Based on data from 34/47 patients.
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TABLE 3.  Patients with cardiac thrombi detected on CT angiography (CTA) versus
transesophageal echocardiography (TEE) 

References N Patients with 
thrombi on 
CTA

Patients with 
thrombi on 
TEE

Patients with 
thrombi on 
CTA but not 
on TEE

Patients with 
thrombi on 
TEE but not on 
CTA

Hur 17 101 12 8 4 0

Hur 18 137 12 12         0 0

Boussel 19 39 1 0 1 0

Kim 20 314 29 23 6 0

Ko 21 75 8 1 7 0

Hur 22 83 13 13 0 0

Sipola 24 140 1 3 1 3

Lee 25 374 6 6 0 0

Taina 27 102 3 0 3 0 

Yeo 8 20 2 2 0 0

Total 1385 87 (6.3 %) 68 (4.9%) 22 (1.6%) 3 (0.2%)

N indicates the number of patients with ischemic stroke who underwent both CTA and TEE.

TABLE 4.  Patients with cardiac thrombi detected on CT angiography (CTA) versus 
transthoracic echocardiography (TTE)

References N Patients with 
thrombi
on CTA

Patients with 
thrombi on 
TTE

Patients with 
thrombi on 
CTA but not 
on TTE

Patients with 
thrombi on 
TTE but not on 
CTA

Helgason 15 38 11 2 11* 2

Love 16 36 6 10 1 5 

Kim 23 62 0 0 0 0

Ajlan 26 47 6 0 6 0

Total 183 23 (12.5%) 12 (6.6%) 18 (9.8%) 7 (3.8%)

N indicates the number of patients with ischemic stroke who underwent both CTA and TTE. *In this 

study CTA detected two thrombi in one patient.
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CT-angiography versus transesophageal echocardiography 

Study     TP  FP    FN  TN Sample size   Sensitivity (95% CI)  Specificity (95% CI)  Sensitivity (95% CI)  Specificity (95% CI)

CT-angiography versus transthoracic echocardiography  

Study         TP  FP      FN  TN Sample size   Sensitivity (95% CI)  Specificity (95% CI)  Sensitivity (95% CI)  Specificity (95% CI)

DIAGNOSTIC YIELD
Data on detection of thrombi are provided in Table 3 (CTA versus TEE) and Table 4 
(CTA versus TTE). In 1385 patients who underwent CTA and TEE, CTA detected 
cardiac thrombi in 87 (6.3%) patients compared to in 68 (4.9%) patients on TEE (p 
<0.001). In a total of 22/1385 (1.6%) patients thrombi were detected on CTA but not 
on TEE, while in 3/1385 (0.2%) patients thrombi were detected on TEE but not on 
CTA. Location of cardiac thrombi detected on CTA was LAA in 68/87 (78.2%), LA in 
2/87 (2.3%), left ventricle in 3/87 (3.4%) and not specified in 14/87 (16.1%) patients. 
Location of cardiac thrombi detected on TEE was LAA in 56/68 (82.4%), LA in 4/68 
(5.9%), left ventricle in 1/68 (1.5%) and not specified in 7/68 (10.3%) patients. 

In 183 patients who underwent CTA and TTE, CTA detected thrombi in 24 
(13.1%) patients compared to in 12 (6.6%) on TTE (p = 0.010). In 18/183 (9.8%) 
patients thrombi were detected on CTA but not on TTE, in 7/183 (3.8%) patients 
thrombi were detected on TTE but not on CTA. Location of cardiac thrombi 
detected on CTA was LAA in 2/24  (8.3%), LA in 9/24 (37.5%), left ventricle in 7/24 
(29.2%) and not specified in 6/24 (25.0%) patients. Location of cardiac thrombi 
detected on TTE was LA in 2/12 (16.7%) and not specified in 10/12 (83.3%). 

FIGURE 2. Sensitivity and specificity of cardiac CT-angiography compared to echocardiography for 

detection of cardiac thrombus in stroke patients  

FN indicates false negative; FP, false positive; TN, true negative; TP, true positive. 
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DIAGNOSTIC ACCURACY 

Sensitivity of cardiac CTA with reference standard TEE was estimable in 8/10 studies 
and was 100% in 7/8 and 0% in 1/8 studies (Figure 2). Specificity was calculated 
in 10/10 TEE studies and ranged between 91 and 100%. The pooled sensitivity of 
CTA compared to TEE was 86.0% (95% CI 65.6–95.2%) and the pooled specificity 
was 97.4% (95% CI 95.0–98.7%) (Online Resource Figure IIa).  

Sensitivity of cardiac CTA with reference standard TTE was estimable in 2/4 
studies and was 0% and 50%, respectively. Specificity was calculated in 4/4 TTE 
studies and ranged between 69 and 100%. The pooled sensitivity of CTA compared 
to TTE was 37.0% (95% CI 12.6–70.4%), the pooled specificity was 83.9% (95% CI 
63.4–94.0%) (Online Resource Figure IIb). 

The pooled sensitivity of CTA compared to TEE in the 7/10 CTA studies which 
used 64-slice CT scanners or newer generations was 93.7% (95% CI 82.6–97.9%) 
and the pooled specificity was 96.7% (95% CI 93.8–99.2%). After excluding two 
studies which used outdated CT scanners, there was insufficient data to perform a 
pooled analysis for sensitivity and specificity of CTA versus TTE.  

The pooled sensitivity of CTA compared to TEE in the 4/10 studies in which the 
time interval between the two investigations was approximately 1 day was 47.7% 
(95% CI 7.7–90.9%) and the pooled specificity was 97.6% (95% CI 93.4–99.1%). 
After excluding two studies with a time interval exceeding 1 day and one with an 
unreported time interval, there was insufficient data to perform a pooled analysis 
for sensitivity and specificity of CTA versus TTE. 

DISCUSSION  

In our systematic review we used data of 1568 ischemic stroke patients to determine 
the diagnostic yield of CTA and echocardiography for detection of cardiac thrombi. 
Our results suggest that cardiac thrombi are more often detected on cardiac 
CTA than on TEE or TTE. When examined in terms of diagnostic accuracy, CTA 
appears to have a high sensitivity and specificity compared to TEE, while there was 
insufficient data for conclusions on sensitivity and specificity for CTA versus TTE. 
A previous meta-analysis found that cardiac CTA is a reliable alternative to TEE for 
detection of left atrium and left atrial appendage thrombi.28 Our study distinguishes 
itself by focusing specifically on the ischemic stroke/TIA population, reporting 
also on left ventricular thrombi and the diagnostic yield of CTA versus TTE, and 
incorporating recent studies. 
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The methodological quality of studies was low in many aspects. Only 2/14 studies 
had a low risk of bias on all domains of the QUADAS-2 checklist.16, 18 In addition, 
the definition of cardiac thrombus on CTA and echocardiography was often not 
reported and varied, which could have led to reporting bias. Furthermore, study 
populations were quite heterogeneous, which could have influenced the results. As 
expected, a larger proportion of cardiac thrombi was found in study populations 
with suspected cardioembolic source, followed by general ischemic stroke 
populations. In the study of Kim et al.,23 patients with AF or any history of cardiac 
disease were excluded and no cardiac thrombi were found, despite the fact that this 
study contained the largest patient population for studies comparing CTA to TTE. 

Time interval between stroke and first test was not reported in almost half of the 
included studies. Also, studies that did report the interval had an interval of up to 
7 days, which may be too late to detect thrombi, as there is evidence that cardiac 
thrombi may vanish within time, especially after administration of intravenous 
thrombolysis.29

Four studies reported a time interval between tests of approximately 1 day.8, 15, 

24, 27 Of these studies, only one (N=20) performed CTA on the same day as the 
ischemic stroke event and in this study CTA and TTE detected an equal amount 
of cardiac thrombi.8 A minimal time interval between tests is important when 
comparing the two modalities, as especially the diagnostic yield of the second test 
that is performed can be negatively influenced due to this delay. In our systematic 
review, half of the studies performed echocardiography first and half CTA first.  

Ambiguity remains regarding the additional value of ECG-gated imaging. Non 
ECG-gating is easier to implement and requires less expertise, however ECG-gating 
improves image quality of the moving heart. In this study, direct comparison of 
ECG-gating versus non-ECG-gating was not possible due to the heterogeneity in 
study design, patient population and CT-scanners. This also applies to the value 
of prospective versus retrospective ECG-gating. Prospective ECG-gating (or ECG-
triggering) allows for imaging of the heart in a specific point in the cardiac cycle (e.g. 
diastole, when the cardiac chambers can be optimally visualized) and results in less 
exposure to radiation than retrospective ECG-gating. However, retrospective ECG-
gating (imaging of the heart throughout the cardiac cycle and selecting the desired 
images retrospectively) may increase the chance to acquire high-quality images in 
patients with AF or other heart rhythm irregularities. 

Overall, in our analysis CTA detected more thrombi than echocardiography and 
CTA had high sensitivity and specificity compared to TEE. Not surprisingly, the 
pooled sensitivity of CTA compared to TEE further increased when outdated 
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scanners were excluded from the analysis. However, due to the great heterogeneity 
between studies, interpretation of the value of these results for everyday practice 
is difficult and should be done with caution. Studies that used older CT-scanners, 
did not define thrombus on CTA, or performed CTA as second test are more likely 
to present false positive results. On the other hand, studies that used modern CT-
scanners, defined thrombus on CTA and echocardiography and performed CTA 
first are more likely to present true positive results. Interestingly, pooled sensitivity 
of CTA compared to TTE was low. This is possibly due to the fact that there was no 
patient level agreement on the thrombi that were found with both modalities. CTA 
did find more thrombi in total, but in some other patients TTE detected thrombi that 
were not found on CTA.  

A recent review on cardiac CTA and TEE offers helpful advice and illustrative 
images on which technique to use in certain clinical settings,30 including 
cryptogenic stroke. A complicating factor is that criteria for cryptogenic stroke 
are not standardized. It may be worthwhile to study the diagnostic yield of cardiac 
CTA versus TEE in embolic stroke of undetermined source (ESUS). Per ESUS 
definition,3 CTA and TEE would be add-ons to TTE in this scenario. Notably, the 
recommendations in the review30 are based in part on the aforementioned meta-
analysis28 of studies published before CTA from aortic arch to intracranial vessels 
became routine care for patient selection for endovascular treatment in most stroke 
centers. The review does not discuss the potential role of cardiac CTA as part of the 
acute phase work-up. A challenge in this context is that for effective implementation 
of heart–brain axis CTA in the acute phase of ischemic stroke in clinical practice it is 
paramount to establish interdisciplinary agreements for the responsibility and time 
frame for systematic reporting of the widened field, fitting with local preferences.  

Although CTA may be a promising alternative to echocardiography for detection 
of cardiac thrombi and other high-risk cardio-aortic sources of embolism in ischemic 
stroke patients, it is unlikely CTA will fully replace echocardiography. Limitations of 
CTA include lack of dynamic heart function data, exposure to radiation and contrast 
media, suboptimal image quality in patients with tachycardia or arrhythmias and 
unsuitability as a bedside technique. Adjustment of the CTA protocol to include 
dynamic data is possible using retrospective ECG-gating with cine-sequences, 
but it results in increased exposure to radiation. Even though additional radiation 
associated with cardiac CTA is low if modern CT scanners are used,11 it remains 
a disadvantage particularly for young patients. Small studies have demonstrated 
it is feasible to perform non-ECG-gated heart–brain axis CTA in the acute phase 
of ischemic stroke quickly and without additional contrast media.8 9 10 However, it 
is likely that ECG-gating and cardiac contrast injection protocols increase image 
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quality and diagnostic yield, resulting in longer acquisition times and increased risk 
of renal injury.  

Though outside the scope of our study, a third technique with growing potential 
for imaging of the heart in stroke is magnetic resonance imaging (MRI).31, 32 Cardiac 
MRI is non-invasive and can provide functional and structural information. Main 
disadvantages include relatively high cost, less availability (especially in the acute 
phase of ischemic stroke), long acquisition times and lower spatial resolution 
compared with CTA. 

The main limitation of this paper is the great heterogeneity between studies, 
missing data, and low quality of the included studies. Secondly, choosing diagnostic 
yield as our primary endpoint makes interpretation of disagreements in results 
between CTA and echocardiography challenging. This interpretation depends on 
factors such as the order in which tests were performed, time interval between tests 
and the type of CT scanner which was used. However, we believe that due to the 
lack of a true gold standard, presenting results in terms of sensitivity/specificity as 
primary endpoint might not do justice to the value of CTA, especially in studies in 
which echocardiography is more likely to present false negative results.  

CONCLUSION

On the basis of our systematic review, CTA may be an attractive alternative to 
echocardiography for detection of cardiac thrombi in ischemic stroke patients. 
Heterogeneity between studies and the lack of an optimal gold standard complicate 
interpretation of diagnostic accuracy. Now that CTA of the cervical and intracranial 
arteries has become routine care to determine eligibility for endovascular treatment 
and additional radiation as a result of extending the CTA to include the heart is 
low with modern CT scanners, large multicenter prospective studies focusing on 
the diagnostic yield of cardiac CTA in the acute phase of ischemic stroke versus 
echocardiography (TTE and/or TEE) for detection of cardiac thrombi (and other 
high-risk cardio-aortic sources of embolism) are warranted. Another context 
worthwhile of study would be the diagnostic yield of cardiac CTA versus TEE in 
patients with ESUS.   
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SUPPLEMENT

FIGURE IA. Methodological quality of included studies according to QUADAS-2 checklist: risk of bias 

QUADAS indicates Quality Assessment of Diagnostic Accuracy Studies.
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FIGURE IB. Methodological quality of included studies according to QUADAS-2 checklist: concerns 

regarding applicability

QUADAS indicates Quality Assessment of Diagnostic Accuracy Studies.
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TABLE I. Literature search strategy

Ovid MEDLINE search

# Searches Results

1. exp brain ischemia/ or stroke/ or exp brain infarction/ or hypoxia-ischemia, brain/ 
or exp "Intracranial Embolism and Thrombosis"/ or (stroke or cerebrovasc$ or brain 
vasc$ or cerebral vasc$ or cva$ or apoplex$ or isch?emi$ attack$).ti,ab. or ((brain$ 
or cerebr$ or cerebell$ or cortical or vertebrobasilar or lacunar or hemispher$ or 
intracran$ or intracerebral or infratentorial or supratentorial or MCA or anterior 
circulation or posterior circulation or basal ganglia) adj5 (isch?emi$ or infarct$ or 
thrombo$ or emboli$ or occlus$ or hypox$ or obstruction)).ti,ab. 

362297 

2. ((ecg or electrocardiograph* or appendage or atrial or ventricle or cardiac or heart) 
adj5 ("compute* tomograph*" or "compute* aided tomograph*" or CT or CCT)).
ti,ab,kf. or ((heart/ or heart atria/ or atrial appendage/ or heart ventricles/) and 
Computed Tomography Angiography/) 

9381 

3. 1 and 2 502 

4. exp animals/ not humans/ 4467985 

5. 3 not 4 530 

Embase search

# Searches Results

1. exp brain ischemia/ or exp cerebrovascular accident/ or exp brain infarction/ or 
exp hypoxic ischemic encephalopathy/ or exp occlusive cerebrovascular disease/ 
or ((brain$ or cerebr$ or cerebell$ or cortical or vertebrobasilar or lacunar or 
hemispher$ or intracran$ or intracerebral or infratentorial or supratentorial or MCA 
or anterior circulation or posterior circulation or basal ganglia) adj5 (isch?emi$ or 
infarct$ or thrombo$ or emboli$ or occlus$ or hypox$ or obstruction)).ti,ab. 

410576 

2. ((ecg or electrocardiograph* or appendage or atrial or ventricle or cardiac or heart) 
adj5 ("compute* tomograph*" or "compute* aided tomograph*" or CT or CCT)).
ti,ab,kw. or ((heart/ or heart atrium/ or heart ventricle/) and computed tomographic 
angiography/) 

16766 

3. 1 and 2 972 

4. (exp experimental organism/ or animal tissue/ or animal cell/ or exp animal disease/ 
or exp carnivore disease/ or exp bird/ or exp experimental animal welfare/ or exp 
animal husbandry/ or animal behavior/ or exp animal cell culture/ or exp mammalian 
disease/ or exp mammal/ or exp marine species/ or nonhuman/ or animal.hw.) not 
human/

6848224 

5. 3 not 4 966 

6. (embase or elsevier or canadian).cr. 25384379 

7. 5 and 6 1000
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FIGURE IIB. Summary receiver operating characteristic (SROC) curve (bivariate model) for diagnostic 

accuracy of cardiac CT-angiography (CTA) compared to transthoracic echocardiography (TTE)

SROC indicates Summary receiver operating characteristic; AUC, area under the curve; sens, 

sensitivity; spec, specificity.

FIGURE IIA. Summary receiver operating characteristic (SROC) curve (bivariate model) for diagnostic 

accuracy of cardiac CT-angiography (CTA) compared to transesophageal echocardiography (TEE)*

SROC indicates Summary receiver operating characteristic; AUC, area under the curve; sens, 

sensitivity; spec, specificity. *The red dot indicates 4 studies with similar sensitivity of 100.

1

Sens:      86.0 (65.6-95.2)
1-Spec: 2.6 (1.3-5.0)
Spec:     97.4 (95.0-98.7)
AUC:     0.979

2

Sens:       37.0 (12.6-70.4)
1-Spec: 16.1 (6.0-36.6)
Spec:      83.9 (63.4-94.0)
AUC:      0.646
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TABLE IIA. Criteria* to assess methodological quality of included studies: risk of bias

Quality item Positive score (low risk of bias)

DOMAIN 1: Patient selection

1. Was a consecutive or random sample  
 of patients enrolled?

The period of inclusion and way of including patients was 
clearly described and consecutive ischemic stroke patients 
were included.  

2.  Was a case-control design avoided?  A case-control design - in which two existing groups 
differing in outcome are identified and compared on the 
basis of some supposed causal attribute - was avoided. 

3.  Did the study avoid inappropriate  
 exclusions?

Withdrawals of the study were explained and red flags re- 
garding inclusion of patients were avoided ("excluding 
difficult to diagnose patients").  

4.  Were selection criteria clearly 
 described?

It was clear how and which ischemic stroke patients were 
selected to undergo cardiac CTA and echocardiography.  

DOMAIN 2: Index test

5.  Were the index test results inter- 
 preted without knowledge of the 
 results of the reference standard? 

All reviewers of the index test results were blinded to the 
results of the reference standard.

6. If a threshold was used, was it 
 pre-specified?

The definition of cardiac thrombus was provided.

7. Was the execution of the index test 
 described in sufficient detail to 
 permit replication of the test?

The CT scan protocol (scanner type, acquisition mode, 
reconstruction method, scanning direction, tube current, 
tube voltage, contrast load, ECG-gating) was described. 

DOMAIN 3: Reference standard

8.  Is the reference standard likely to 
 correctly classify the target condition? 

TTE or TEE was used as a reference standard.

9.  Were the reference standard results 
 interpreted without knowledge of the 
 results of the index test? 

All reviewers of the reference standard results were 
blinded to the results of the index test.

10.  Was the execution of the reference 
 test described in sufficient detail to 
 permit replication of the test?

The echocardiography protocol (type, probes (MHz), 
different views, patient position) was described. 

DOMAIN 4: Flow and timing

11.  Was there an appropriate interval 
 between index test(s) (CT) and 
 reference standard (echocardiography)? 

Mean/median time period between cardiac CTA and 
echocardiography was ≤ 7 days.

12.  Did all patients receive a reference standard? All patients included underwent echocardiography.

13.  Did patients receive the same 
 reference standard? 

All patients included underwent the same reference 
standard (TTE or TEE).

14.  Were all patients included in the 
 analysis? 

All patients who underwent both investigations were also 
included in the final analysis. 

CTA indicates computed Tomography Angiography; ECG, electrocardiogram; MHz, Megahertz;TEE, 

trans esophageal echocardiography; TTE,  transthoracic echocardiography; * Based on Quality   

Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) checklist.
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TABLE IIB.  Criteria* to assess methodological quality of included studies: 
concerns regarding applicability

Quality item Positive score (low concern)

1. Is there concern that the spectrum of patients 
 is not representative of the patients who will 
 receive the test in practice?

Patients with ischemic stroke were included, with 
or without AF and with or without other cardiac 
medical history.

2. Is there concern that the index test, its 
 conduct, or interpretation differ from the 
 review question?

CT-scanner type and method of assessing images 
was acceptable and clearly described.

3. Is there concern that the target condition as 
 defined by the reference standard does not 
 match the review question?

Type of echo probe and method of assessing 
images was acceptable and clearly described.

AF indicates atrial fibrillation; CT, computed tomography. * Based on Quality Assessment of Diagnostic 

Accuracy Studies-2 (QUADAS-2) checklist.
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INTRODUCTION 

Up to one-third of ischemic strokes are caused by cardioembolism, which can result 
from atrial fibrillation (AF) or structural abnormalities.1 Establishing cardioembolic 
stroke etiology is essential for secondary prevention, but cardiac thrombi may dissolve 
<2hrs after intravenous thrombolytic therapy (IVT).2 CT-angiography (CTA) from 
aortic arch to intracranial vessels is necessary for patient selection for endovascular 
treatment (EVT) in most centers. We investigated the diagnostic yield and image 
quality of extending non-ECG-gated CTA to include the heart for detection of 
structural cardio-aortic sources of embolism in the acute phase of ischemic stroke, 
defined as within the time window for reperfusion therapy (IVT/EVT). 

METHODS

We performed a single-center, retrospective analysis of consecutive acute 
ischemic stroke patients with suspected large vessel occlusion (LVO) eligible for 
EVT who presented to the emergency department of MUMC between March 
2016-April 2017. Patients underwent a non-contrast CT of the brain. Subsequently, 
patients with suspected LVO eligible for EVT underwent CT-perfusion of the 
brain, and non-ECG-gated CTA from the heart to the intracranial arteries in the 
acute phase, as part of standard care. Patients <4.5hrs of onset of stroke without 
contraindications received IVT, directly after non-contrast CT and before CTA. 
Patients <6hrs of stroke onset with a National Institutes of Health Stroke Scale 
(NIHSS) score ≥2 and/or disabling neurological deficit were eligible for EVT if 
LVO was identified on CTA. Study inclusion criteria were age ≥18yrs, diagnosis of 
acute ischemic stroke and availability of CTA images from heart to brain. Diagnosis 
was established by a neurologist, based on clinical evaluation, imaging data and 
exclusion of other diagnoses. 

Patients were scanned non-ECG-gated in caudo-to-cranial direction using a dual-
source CT scanner (DSCT) in dual-energy mode: third-generation DSCT Siemens 
Somatom Force, or second-generation DSCT Siemens Somatom Definition Flash. 
Details of the imaging protocol (including radiation), are provided in Supplemental 
Table I. The CTA contrast media protocols prior to and after incorporation of the 
heart were identical.  

For the purpose of this study, cardiac-CTA images were assessed retrospectively 
by two experienced cardiac radiologists, blinded to clinical data and intracranial 
images, on a consensus basis. 
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TABLE 1. Diagnostic yield of non-ECG-gated cardiac CT-angiography in acute 
schemic stroke patients for detection of structural cardio-aortic sources of 
embolism

n/N (%)*

Patients with a high-risk source 12/82 (15)

High-risk sources

Left atrial appendage thrombus† 3/65 (5)

Left atrial thrombus 0/66 (0)

Left ventricular thrombus 0/60 (0)

Prosthetic valve abnormalities 2/74 (3)

Signs of endocarditis 0/30 (0)

Enlarged left ventricle 3/75 (4)

Atrial myxoma 0/65 (0)

Papillary fibroelastoma 0/57 (0)

>4 mm ulcerated, noncalcified aortic arch atherosclerotic plaque 5/78 (6)

Stanford Classification Type A acute aortic dissection 0/78 (0)

*Categorical variables are given as n/N, where n is the number of patients in which the variable 

was present and N the total number of patients in which image quality was sufficient to assess that 

particular variable.    
†3/3 (100%) of patients with left atrial appendage thrombi had atrial fibrillation versus 18/79 (23%) of 

the patients without left atrial appendage thrombi (p=0.015).

Structural sources that were considered high-risk were intracardiac thrombi (left atrial appendage/

atrium/ventricle), prosthetic valve abnormalities (e.g. pannus or thrombus material on valve in patients 

with mechanical/bioprosthetic valves), signs of infective or nonbacterial thrombotic endocarditis 

(e.g. valvular vegetations), enlarged left ventricle (defined as left ventricle >55 mm4 and left ventricle 

diameter/body surface area >36 mm/m2 for men and >37 mm/m2 for women,5 cardiac tumors such 

as atrial myxoma and papillary fibroelastoma, large (>4 mm) ulcerated, noncalcified (soft or mixed 

composition) aortic arch atherosclerotic plaque and Stanford Classification Type A acute aortic 

dissection. Intracardiac thrombus was defined as a filling defect that appeared as an oval/round shape, 

typically with a mean attenuation level <60 HU. Slow-flow, or circulatory stasis, was defined as a filling 

defect that appeared as a triangular shape in the LAA with homogenous attenuation.  
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Image quality was assessed based on extent of motion artefacts and contrast 
opacification, and graded on a 5-point Likert scale (0=very poor, 1=poor, 
2=moderate, 3=good, and 4=excellent). Motion artefacts were defined as blurring 
of the vessel contours and graded on a 3-point scale (0=few, 1=some, 2=many). 
Mean attenuation in Hounsfield units (HU) was measured at the aortic root, left 
atrium and left ventricle. Sufficient contrast opacification was defined as ≥250 HU.3 
Potential high-risk sources of embolism were systematically scored.1 

Data were summarized using descriptive statistics. Two-sided independent 
T-test was used for comparison of continuous data, Chi-Square test or Fisher’s 
exact test for comparison of proportions, whichever was appropriate. 

RESULTS

We included 82 patients. For patient selection, clinical characteristics and image 
quality, see Supplementary Figure I, Tables II-III. Image quality was good to moderate 
in 50/82 (61%) patients, with few motion artefacts in 38/82 (46%). Sufficient 
contrast opacification in all three regions of interest was reached in 19/82 (23%) 
patients. The diagnostic yield of non-ECG-gated cardiac CTA in the acute phase of 
ischemic stroke for detection of high-risk sources of embolism is presented in Table 
1. Thirteen high-risk sources were detected in 12/82 (15%) patients (Supplemental 
Figure IIA-L). All high-risk sources were found in patients who were scanned on the 
third-generation DSCT (12/59 (20%) versus 0/23 (0%) on the second-generation 
DSCT, p=0.017). Echocardiography was performed in 9/82 (11%) of patients.  

DISCUSSION

Despite suboptimal image quality, high-risk cardio-aortic sources of embolism were 
retrospectively detected by experienced cardiac radiologists in 15% of patients 
who underwent non-ECG-gated CTA of the heart-brain axis in the acute phase of 
ischemic stroke. This is the largest study to demonstrate the feasibility of heart-
brain axis CTA in an acute ischemic stroke setting. 

The diagnostic yield in our patients, who were selected based on suspicion of 
acute LVO, may be higher than in a general ischemic stroke population. To our 
knowledge, only two small studies have examined the diagnostic yield of extending 
non-ECG-gated CTA to include the heart in the acute phase of ischemic stroke.6,7 
In one study, 3/20 (15%) patients had a high-risk source of embolism in the heart/
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aortic arch, which is in line with our study.6 In the other, 5 cardioembolic sources 
were found in 21 acute ischemic stroke/TIA patients (24%) with AF or embolic 
stroke of undetermined source.7  

Notably, there was a significant difference in image quality, motion artefacts 
and diagnostic yield between third and second-generation DSCT in favor of the 
former. More advanced reconstruction filters and technological improvements 
including faster CTA acquisition times associated with third-generation DSCT 
may have contributed to better image quality and higher diagnostic yield. Still, 
we cannot exclude that differences in diagnostic yield may be due to chance, or 
patient characteristics, as we did not perform multivariable logistic analyses with 
adjustments for risk-profiles. 

Our study has several limitations, most inherent to the retrospective design. 
First, dual-source scanners were used in dual-energy mode, resulting in longer 
CTA acquisition times and more motion artefacts on cardiac CTA images. Second, 
we cannot conclude if findings impacted patient management at the time. Third, 
a minority of patients underwent echocardiography, consequently it was not 
possible to compare diagnostic yield between cardiac CTA and echocardiography. 
Fourth, no inter-observer agreement measurement was performed. Fifth, extending 
the CTA protocol to include the heart resulted in a slightly higher radiation dose 
(median +1.74 mSv), with a median total radiation dose for the heart-brain axis CTA 
of 3.38mSv.  

In conclusion, despite multiple limitations including suboptimal image quality, high-
risk structural cardio-aortic sources of embolism as a potential cause of stroke 
were retrospectively found in a substantial proportion of patients who underwent 
heart-brain axis CTA in the acute phase of ischemic stroke. This novel approach 
is promising, but requires further study. ECG-gating, cardiac contrast injections 
protocols and patient positioning for cardiac CTA may increase image quality and 
diagnostic yield. Future prospective studies should also compare the diagnostic 
yield of acute phase cardiac CTA to echocardiography and monitor the impact of 
cardiac CTA findings on patient management.

Contributors 
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SUPPLEMENT

TABLE I. Imaging protocol details, including data on radiation*

CT scanner Third-generation
DSCT 

Second-generation 
DSCT†

Patient position Supine, head first, arms 
along body

Detectors 2x128

Individual detector width, mm 0.6

Tube voltage, Kvp 90 and 150 80 and 140

Tube current A and B, ref mAs‡ 120 and 60 90 and 69

Pitch 0.9

Slice thickness, mm 1.0

Vascular reconstructions: slice thickness and kernel 1.0, Bv40 1.0, H20F

Cardiac reconstructions (axial): slice thickness and 
kernel

0.6, Br36 0.6, D26F

Contrast media volume, mL§ 10 (test bolus) + 50 10 (test bolus) + 76

Median acquisition times of heart-brain axis CTA 
(dual energy application) in N=82 study population, 
seconds (IQR)

7 (6-7) 15 (12-16)

*Radiation dose to the patient in dose length product (DLP) was monitored for each study by means of 

the standard dose indicator calculated by the CT scanner for each CT study and automatically saved 

to a dose report in the PACS system. Effective dose was calculated in Radimetrics (Bayer Healthcare,   

Berlin, Germany) for the entire heart-brain axis CTA as well as separately for head and neck without 

the heart, based on the patient specific topogram and a phantom device. The median DLP for the 

heart-brain axis CTA was 281 (IQR 240-866, available for 82/82 patients) and the median effective 

dose was 3.38 mSv (IQR 2.92-3.89, available for 70/82 patients). The median effective dose of CTA 

of the intracranial and cervical arteries excluding the heart was 1.64 mSv (IQR 1.47-2.09, available for 

71/82 patients). 
†Only described if different from third generation DSCT. ‡Automated tube current modulation 

dependent on the patient topogram. §Pre-warmed (37˚C; 99˚F) contrast media (Ultravist 300 Bayer 

Healthcare, Berlin, Germany) was injected at 5 mL/s into the right cubital vein with an 18 gauge 

intravenous catheter using a dual-head CT power injector (Stellant, Bayer Healthcare, Berlin, 

Germany), followed by 40 mL saline at 5 mL/s. Prior to the CTA a separate test bolus of 10mL was 

used to determine the delay between contrast administration and start of CTA.  CTA, CT-angiography; 

DSCT, dual-source CT scanner. 
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FIGURE II A-L. High-risk cardio-aortic sources of embolism detected on non-ECG-gated 

cardiac-CT-angiography  

A-M represent individual patients; arrows indicate abnormality; BSA, body surface area; good-

moderate-poor refers to quality of image. 

A) Prosthetic valve abnormalities (potential thrombus material); poor B) Large (>4mm) ulcerated 

noncalcified aortic arch atheroma; good

FIGURE I. Patient selection   

Five hundred fifty-five ischemic stroke patients presented to our center during the study period, of 

these 96 underwent acute phase non-ECG-gated CT-angiography (CTA) of the heart brain axis for 

suspected acute large vessel occlusion (LVO). Demographic data of 555 patients: median age 73 yrs 

(IQR 64-81), 307/555 (53%) men, data on National Institutes of Health Stroke Scale (NIHSS) score 

available for 350/555 (63%) patients, median NIHSS was 3 (IQR 1-8). 

CTA of the heart-brain axis 
for suspected acute LVO  

(n = 96)

Study population 
(n = 82) 

Excluded 
• Other diagnosis than ischemic stroke  

(n = 12)
• Cardio-aortic CTA images not available 

(n = 2)

BA
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FIGURE IIA-L. Continued

C) Large (>4mm) ulcerated noncalcified aortic arch atheroma; good. D) Enlarged left ventricle (diameter 

56 mm, corrected for BSA 38 mm/m2); poor.

E) Left atrial appendage thrombus; good. F) Left atrial appendage thrombus; good.

C D

E F
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H) Left atrial appendage thrombus; good.  I) Large (>4mm) ulcerated noncalcified aortic arch atheroma; 

good.

G1-2) Prosthetic valve abnormalities (locoregional infiltration fitting with postoperative status or 

endocarditis); moderate.

G1 G2

H I
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FIGURE IIA-L. Continued

 J1-2) Large (>4mm) ulcerated noncalcified aortic arch atheroma and enlarged left ventricle (diameter 

61 mm, corrected for BSA 43 mm/m2); moderate.

K) Enlarged left ventricle (diameter 60 mm, corrected for BSA 40 mm/m2); moderate.  L) Large (>4mm) 

ulcerated noncalcified aortic arch atheroma; moderate.

J1 J2

K L
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TABLE II. Clinical characteristics, treatment and outcome of ischemic stroke 
patients who underwent non-ECG-gated heart-brain axis CTA in the acute
phase of ischemic stroke

n/N (%)

Patients with  
high-risk cardio-
aortic sources of 
embolism (N=13)

Patients without 
high-risk cardio-
aortic sources of 
embolism (N=69)

P-value Overall 
population  
(N=82)

Demographics

Median age, y (IQR) 82 (66-88) 74 (62-83) 0.686 74 (63-83)

Sex (% men) 9/12 (75) 41/70 (59) 0.350 50/82 (61)

Medical History

Previous ischemic stroke 3/12 (25) 16/68 (24) 1.000 19/80 (24)

Transient ischemic attack 2/12 (17) 11/68 (16) 1.000 13/80 (16)

Current smoking 2/12 (17) 13/68 (19) 1.000 15/80 (19)

Hypertension 8/12 (67) 36/68 (53) 0.532 44/80 (55)

Hypercholesterolemia 7/12 (58) 19/68 (28) 0.050 26/80 (33)

Diabetes 2/12 (17) 12/68 (18) 1.000 14/80 (18)

Atrial fibrillation 8/12 (67) 8/68 (12) <0.001 16/80 (20)

Median pre-stroke mRS (IQR)* 0 (0-3) 0 (0-1) 0.936 0 (0-1)

Median NIHSS score at 

presentation (IQR)†

8 (3-11) 5 (2-10) 0.205 5 (3-11)

Lacunar stroke 1/12 (8) 12/70 (17) 0.680 13/82 (16)

Large territory stroke‡ 11/12 (92) 53/70 (76) 0.286 64/82 (78)

Intracranial occlusion on CTA 2/12 (17) 22/70 (31) 0.494 24/82 (29)

Median time interval between 
stroke onset and CTA in 
minutes (IQR)

120 (89-205) 159 (95-240) 0.755 151 
(95-230)

Intravenous thrombolysis§ 8/12 (67) 49/70 (70) 1.000 57/82 (70)

Endovascular treatment∥ 1/12 (8) 17/70 (24) 0.286 18/82 (22)

*Calculated in 78 patients. †Calculated in 82 patients, available in 72, reconstructed in 10. ‡Middle cerebral 

artery, anterior cerebral artery, posterior cerebral artery. §53/57 patients were direct presentations and 

4/57 were referred from other centers. Median door to needle time for direct presentations was 27 

(IQR 21-33) minutes. ∥ Median door to groin time was 98 (IQR 77-117) minutes. CTA, CT-angiography; 

NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale. 
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TABLE III. Image quality assessment of non-ECG-gated cardiac-CTA in acute 
ischemic stroke patients*

n/N (%)

CT scanner Third-
generation 
DSCT 
(N=59)

Second-
generation 
DSCT 
(N=23)

P-value Overall 
population
(N=82)

Subjective quality of images 0.003

Excellent 0/59 (0) 0/23 (0) 0/82 (0)

Good 16/59 (27) 1/23 (4) 17/82 (21)

Moderate 27/59 (46) 6/23 (26) 33/82 (40)

Poor 13/59 (22) 13/23 (57) 26/82 (32)

Very poor 3/59 (5) 3/23 (13) 6/82 (7)

Motion artefacts 0.039

Few 31/59 (53) 7/23 (30) 38/82 (46)

Some 21/59 (36) 8/23 (35) 29/82 (35)

Many 7/59 (12) 8/23 (35) 15/82 (18)

Enhancement: median HU (IQR)

Aortic arch 271 (221-335) 261 (197-361) 1.000 270 (209-344)

Left atrium 204 (170-270) 209 (185-263) 1.000 205 (171-264)

Left ventricle 226 (197-305) 192 (166-269) 0.623 226 (187-301)

Enchancement: patients with HU ≥250

Aortic arch 38/59 (64) 14/23 (61) 0.765 52/82 (63)

Left atrium 16/59 (27) 8/23 (35) 0.493 24/82 (29)

Left ventricle 21/59 (36) 6/23 (26) 0.411 27/82 (33)

*There were no significant differences in median age (80 vs 71 years, p=0.181), sex (64% vs 52% 

male, p=0.308), history of atrial fibrillation (26% vs 5%, p=0.057), coronary artery disease (10% vs 

13%, p=0.977), congestive heart failure (3% vs 0%, p=1.000), myocardial infarction (8% vs 9%, 0.646), 

previous ischemic stroke (22% vs 27%, p=0.648), previous TIA (19% vs 9%, p=0.498), smoking (19% vs 

18%, p=1.000), diabetes mellitus (16% vs 23%, p=0.514), hypercholesterolemia (33% vs 32%, p=0.936), 

peripheral artery disease (10% vs 5%, p=0.667), median pre-stroke mRS (0 for both, p=0.810) and 

median NIHSS (5 for both, p=0.998) at presentation between patients scanned on the third- and 

second-generation DSCT. CTA, CT-angiography; DSCT, dual-source CT scanner; HU, Hounsfield 

units. 
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ABSTRACT 

RATIONALE 
About one third of ischemic strokes are caused by cardioembolism, and a substantial 
proportion of cryptogenic strokes likely also originate from the heart or aortic 
arch. Early determination of etiology is important to optimize management. CT-
angiography (CTA) of the heart is emerging as an alternative to echocardiography 
to detect cardio-aortic sources of embolism in stroke patients, but its diagnostic 
yield in acute ischemic stroke has not been thoroughly assessed. 

HYPOTHESIS 
We hypothesize that ECG-gated CTA of the heart and aortic arch, acquired in 
the acute phase in patients with ischemic stroke, has a higher diagnostic yield 
than transthoracic echocardiography (TTE) as a first-line screening method for 
detection of cardio-aortic sources of embolism.  

METHODS AND DESIGN 
Mind the Heart is a single-center prospective observational cohort study. We will 
include consecutive adult patients with acute ischemic stroke who are potentially 
eligible for reperfusion therapy. Patients undergo non-ECG-gated CTA of the aortic 
arch, cervical and intracranial arteries, directly followed by prospective sequential 
ECG-gated cardiac CTA. Routine work-up for cardioembolism, including 12-leads 
ECG, Holter ECG, and TTE is performed as soon as possible. The primary endpoint 
is the proportion of patients with a predefined high-risk cardio-aortic source of 
embolism on CTA versus TTE in patients who underwent both investigations. 
Based on an expected 5% additional yield of CTA, a sample size of 450 patients is 
required.   

CONCLUSIONS  
The Mind the Heart study will generate a reliable estimate of the diagnostic yield 
of ECG-gated cardio-aortic CTA performed in the acute phase of ischemic stroke. 
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INTRODUCTION AND RATIONALE 

It is estimated that up to one third of ischemic strokes are due to cardioembolism.1, 2 A 
common cardioembolic cause of stroke is a thrombus in the left atrial appendage due 
to (paroxysmal) atrial fibrillation, while less frequent causes include left ventricular 
thrombus following recent myocardial infarction, endocarditis, prosthetic valve 
pannus or thrombus, and cardiac tumors. Moreover, in a substantial proportion 
of patients with non-lacunar ischemic stroke, routine diagnostic work-up fails to 
identify a cause, so-called embolic strokes of undetermined source (ESUS).2 Cardio-
aortic abnormalities with a medium risk of embolism, such as patent foramen ovale 
(PFO), left atrial appendage slow flow and atherosclerotic plaques in the aortic 
arch,3, 4 are thought to be important causes of ESUS.  

Establishing stroke etiology is essential for optimizing patient management, 
including secondary stroke prevention. Furthermore, two recent trials have shown 
that treating all ESUS patients with direct oral anticoagulants (DOACs) instead of 
antiplatelets does not reduce the rate of recurrent stroke, which indicates that it 
is important to distinguish etiology within the ESUS category and study targeted 
therapies.5, 6 

As diagnostic work-up for potential cardioembolism, current guidelines 
recommend 12-lead ECG and cardiac rhythm monitoring to search for atrial 
fibrillation and transthoracic and transesophageal echocardiography (TTE and 
TEE) to identify intra-cardiac thrombi and other structural sources of embolism.7 
However, visualizing cardiac thrombi with echocardiography is challenging and 
diagnostic yield of echocardiography for detection of high-risk cardiac sources of 
embolism is generally limited. A large systematic review on echocardiography in 
patients with ischemic stroke and transient ischemic attack (TIA) reported a variable 
prevalence of high-risk cardiac sources of embolism ranging from 0% to 9%.8 This 
variability was attributed to heterogeneity in study populations and methodological 
limitations of the included studies.  

Furthermore, for logistical reasons (lack of time, limited availability of personnel 
and equipment, and patient-related factors), echocardiography is often delayed until 
the subacute or chronic phase after stroke, at which time the source of the embolism 
may have disappeared.9 Finally, not all patients with stroke of undetermined etiology 
receive echocardiography – especially TEE.10, 11 This may be explained in part due 
to logistical reasons, and because TEE is invasive, may require sedation and carries 
a small risk of complications.12

Studies suggest that cardiac CT-angiography (CTA) may be a promising 
alternative to echocardiography for the detection of cardiac thrombi and other 
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cardio-aortic sources of embolism.13-16 Now that CTA of the cervical and intracranial 
arteries is routinely done to determine eligibility for endovascular treatment 
(EVT), and additional radiation associated with cardiac CTA is low with modern 
CT scanners,17 cardiac and complete aortic arch CTA could relatively easily be 
included in the acute phase imaging protocol. This could result in faster diagnosis 
and improved treatment of cardioembolic stroke and reduce the number of patients 
with ESUS. Previous small studies have demonstrated heart-brain axis CTA in the 
acute phase of ischemic stroke is feasible and has a promising diagnostic yield.18-21 
However, large prospective studies comparing the diagnostic value of acute phase 
cardiac CTA versus echocardiography in ischemic stroke patients have not been 
performed. 

The hypothesis of the Mind the Heart study is that ECG-gated CTA of the heart 
and aortic arch in patients with acute ischemic stroke has a higher diagnostic yield 
than TTE as a first-line screening method for the detection of cardio-aortic sources 
of embolism. 

METHODS  

STUDY DESIGN, ELIGIBILITY, CONSENT 
Mind the Heart is a prospective observational single-center cohort study, performed 
at Amsterdam UMC, a comprehensive stroke center in the Netherlands. We will 
include consecutive adult patients with acute ischemic stroke who – at the time of 
imaging – are considered potentially eligible for reperfusion therapy (intravenous 
thrombolysis [IVT] or EVT) (Table 1). Since May 2018, patients with (suspected) 
acute ischemic stroke undergo ECG-gated cardiac CTA as part of the standard care 
diagnostic work-up in our hospital. The implementation of ECG-gated cardiac CTA 
was done gradually as CT technologists received training on the new protocol. Stroke 
diagnosis is established by a neurologist, based on clinical evaluation, imaging data 
and exclusion of other diagnoses. Patients with TIA are excluded from the study. 
The medical ethics committee of Amsterdam UMC, location AMC approved the 
study (2018_017#C2018275) and the study protocol was registered at the Dutch 
Central Commission for Human Research (CCMO) (NL64139.018.18). Patients 
or their legal representatives are asked for written informed consent for the use of 
patient data for research purposes and follow-up. 
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TABLE 1. Inclusion criteria

1. Age ≥ 18 years
2. Acute ischemic stroke 
3. Potentially eligible for reperfusion therapy (intravenous thrombolysis,  
 endovascular treatment) at the time of imaging
4. ECG-gated cardiac CT-angiography performed as part of the initial
 diagnostic work-up in the acute phase of ischemic stroke
5. Written informed consent from patient or representative

FIGURE 1. Code stroke practical workflow  

CTA indicates CT-angiography; ECG, electrocardiography; EVT, endovascular treatment; IVT, 

intravenous thrombolysis; rtPA, recombinant tissue plasminogen activator.

Patients with suspected acute ischemic stroke are presented by the ambulance paramedics directly 

in the CT-room. ECG-leads are placed prior to imaging. Non-contrast enhanced CT of the brain, CT 

perfusion, non-gated CTA from the aortic arch to the intracerebral vessels are performed in supine, 

head first position with arms along body. Arms are then repositioned above head, followed by ECG-

gated cardiac CTA, and IVT and/or EVT if indicated. If rtPA is ready for administration prior to cardiac 

CTA, IVT is administered prior to cardiac CTA. The patient receives IVT in the CT-room.  

CT-perfusion

CT-angiography

yes not yet

Clinical evaluation

Non contrast CT

rtPA ready?

IVT
ECG-gated 

cardiac CTA

ECG-gated 
cardiac CTA

IVT and/or 
EVT

EVT
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STUDY PROCEDURES 
Image acquisition 
Acquisition is done on a third-generation dual-source CT scanner (Somatom Force, 
Siemens Healthineers, Erlangen, Germany), which is located in the emergency 
department of the hospital. After a brief clinical examination in the CT-scan room, 
patients sequentially undergo non-contrast enhanced CT of the brain, CT-perfusion, 
non-gated CTA of the aortic arch, cervical and intracranial arteries, and prospective 
ECG-gated sequential cardiac CTA scan in diastole. Prospective ECG-gating entails 
that the scanner is triggered to scan the heart only during a predetermined phase of 
the cardiac cycle, as opposed to retrospective ECG-gating in which all phases are 
scanned and images of the phase of interest are selected retrospectively. For the 
code stroke practical workflow see Figure 1. Technical details of the CTA protocol 
are available in Data Supplement I. 

Acquisition times are recorded for each step of the imaging protocol. Radiation 
dose to the patient in Dose Length Product (DLP) is registered and used to calculate 
the effective dose with the latest conversion guidelines. 

Patients also undergo routine work-up for cardioembolism (ECG, Holter, TTE) 
in accordance with our national stroke guideline.22 Patients who do not require 
echocardiography as part of routine care undergo TTE as a study procedure, after 
informed consent. Patients <60 years undergo contrast TTE with agitated saline 
for the detection of PFO. TTE is performed as soon as possible, preferably within 
72 hours of cardiac CTA. The decision to perform TEE in addition to TTE is at the 
discretion of the cardiologist. 

Image interpretation  
The on-call radiologist reports the images of the brain, extra- and intracranial 
arteries and screens for chest/cardiac findings that may directly impact patient 
management (e.g. acute aortic dissection, cardiac thrombus and pulmonary 
embolism). Subsequently, a comprehensive assessment of the heart, aortic arch, and 
lungs is performed by a cardiac radiologist (R.N.P. or A.v.R.). Additional findings to 
the initial clinical report are communicated to the treating physician. TTE (and TEE, 
if performed) is evaluated by the on-call cardiologist, followed by a comprehensive 
assessment by cardiologist S.M.B. or B.J.B. Similar to CTA, additional relevant 
findings to the initial clinical report are communicated to the treating physician. For 
both CTA and TTE, predefined structural sources of embolism from the heart and 
aortic arch (Data Supplements II and III) are systematically scored using a template. 
The cardiac radiologists and cardiologists who perform systematic scoring for 
study purposes are blinded to each other’s assessment.  
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Clinical data acquisition, patient follow-up and stroke etiology
Detailed clinical information at baseline and follow-up are collected in a standardized 
manner using Castor Electronic Data Capture (EDC),23 an electronic case report 
form platform. At 3 month and 2 year follow-up a structured interview by telephone 
is performed in order to determine functional outcome,  expressed on the modified 
Rankin Scale (mRS). During the follow-up, we record secondary stroke prevention 
measures including medication and interventions, whether patients were treated 
for any cardio-aortic abnormalities, and whether a recurrent stroke or TIA has 
occurred. A comprehensive assessment of the carotid arteries, including evaluation 
for presence of non-stenotic plaques24, 25 and carotid artery webs,26 is performed 
by a neuroradiologist. An adjudication committee consisting of a neurologist, 
neuroradiologist, cardiac radiologist and cardiologist determine stroke etiology 
according to the TOAST criteria,27 based on all acquired information. ESUS is 
diagnosed according to published criteria.2

OUTCOMES 
The primary outcome is the proportion of patients in whom a predefined high-
risk cardio-aortic source of embolism is established with CTA, compared to TTE, 
in patients who underwent both investigations. High-risk cardio-aortic sources 
of embolism have been chosen based on available literature2,27-29 and consensus 
within the steering committee, and are: left atrial appendage thrombus, left atrium 
thrombus, left ventricular thrombus, prosthetic valve abnormalities (pannus or 
thrombus), signs of endocarditis (e.g. valvular vegetations), severely enlarged left 
ventricle, atrial myxoma, papillary fibroelastoma, recent myocardial infarction, sings 
of rheumatic valvular disease (mitral stenosis), >4 mm ulcerated noncalcified (soft 
and mixed) aortic arch atherosclerotic plaques, and Stanford Classification Type 
A acute aortic dissection. For detailed definitions of each cardio-aortic source on 
CTA and TTE, see Data Supplements II (high-risk) and III (medium/low-risk).    

Secondary outcomes are: (1) comparison of two diagnostic strategies (CTA vs 
TTE), expressed as proportion of patients in which a high-risk cardio-aortic source 
is established with CTA, compared to TTE. Unlike in the primary analysis, in this 
analysis all enrolled patients are included, i.e. also those in whom TTE was not 
performed for whatever reason. This analysis provides insight into the diagnostic 
yield of each imaging technique in daily clinical practice; (2) inter-observer 
variability of cardio-aortic CTA reading; (3) impact of cardiac CTA findings and 
TTE findings on patient management, defined as change in medical management 
(anticoagulation, antibiotics, heart failure therapy) or any surgical or endovascular 
procedures in relation to the cardio-aortic finding; (4) differences between women 



74 CHAPTER 4  /  THE  HEART

and men in terms of prevalence, subtype, treatment and outcome of cardio-aortic 
causes of acute ischemic stroke.  

SAMPLE SIZE 
The sample size calculation is based on the additional diagnostic yield of CTA 
compared to TTE for high-risk cardio-aortic causes of acute ischemic stroke, using 
assumptions that are based on a combination of preliminary data from our hospital 
and available literature.14  A sample size of 337 patients, each with CTA and TTE 
data, will achieve 80% power to detect an additional diagnostic yield of 5%, using 
a two-sided McNemar test with binomial enumeration with a significance level 
of 0.05 (Exact Sign test of Equality of Paired Proportions in nQuery Sample Size 
Software version 8.4.1.0, Statsols). Such an additional diagnostic yield occurs if the 
proportion of all patients, for whom TTE does not identify cardio-aortic causes, 
but CTA does, is 0.075. And if the proportion of all patients, for whom CTA 
does not identify cardio-aortic causes, but TTE does, is 0.025. Hence, the total 
proportion of all patients with discordant TTE and CTA results is 0.100. Assuming 
that 75% of included patients undergo both CTA and TTE, we chose a total sample 
size of 450 patients. 

STATISTICAL ANALYSES 
To determine the diagnostic yield of CTA and TTE for detection of high-risk cardio-
aortic causes of stroke, data of patients who underwent both CTA and TTE, will be 
analyzed by using a two-sided McNemar test with binomial enumeration (Mid-P 
Exact) and a significance level of 0.05.  

For the comparison of two diagnostic strategies (secondary outcome 1), we will 
impute missing data using multiple imputation based on relevant covariates and 
outcome, and then perform conditional logistic regression.  

Inter-observer variability for CTA findings (secondary outcome 2) will be 
determined by calculating Cohen’s Kappa. Two cardiac radiologists independently 
evaluate high-risk cardio-aortic sources of embolism in a proportion of patients 
included in the study. Concordance between readers is defined as agreement on 
the presence or absence of all high-risk sources of embolism in that particular 
patient. In addition, we will score agreement between readers for each separate 
high-risk cardio-aortic cause of embolism. Assuming a minimum Kappa of 0.60, and 
an anticipated Kappa of 0.80, a sample of 52 patients is required if the prevalence of 
high-risk sources of embolism is 30%.30 In order to achieve the 30% prevalence rate, 
we will select a stratified sample with a relative overrepresentation of patients with 
cardio-aortic abnormalities compared to the study population. 
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To study the impact of cardiac CTA findings on patient management (secondary 
outcome 3), patients who received treatment (change in medical management, 
surgery or endovascular intervention) for cardio-aortic abnormalities on CTA will be 
descriptively reported, including the time from stroke diagnosis and establishment 
of etiology to treatment.  

To determine sex differences (secondary outcome 4), a stratified analysis for sex 
will be performed, including stratification per age group. Baseline characteristics 
will be summarized using descriptive statistics. Two-sided independent T-test will 
be used for comparison of continuous data, Chi-Square test or Fisher’s exact test 
for comparison of proportions, whichever is appropriate.  

Statistical analyses will be performed using IBM SPSS Statistics for Windows, 
version 24.0 (Chicago, Ill, USA).

STUDY LAUNCH AND ENROLLMENT 
The first patient was enrolled in the Mind the Heart study on May 15 2018. At the 
time of submission (June 30 2020), 358 patients had been enrolled.  

DISCUSSION 

The overarching aim of the Mind the Heart study is to determine the diagnostic 
yield of ECG-gated cardiac CTA, performed in the acute phase work-up of 
ischemic stroke, compared to TTE. If the data indicate that cardiac CTA has a 
similar or higher diagnostic yield than TTE, cardiac CTA may become an alternative 
to echocardiography to diagnose cardio-aortic sources of embolism in stroke 
patients. Moreover, since cardiac CTA can be performed relatively easily in the 
acute stroke diagnostic work-up, it could lead to faster diagnosis and improved 
treatment of cardioembolic stroke and reduce the number of patients who are 
diagnosed with ESUS.  

In the Mind the Heart study, prospective ECG-gated cardiac CTA is performed 
instead of non-gated or retrospective ECG-gated cardiac CTA. The major 
advantage of prospective ECG-gated cardiac CTA is that it produces better quality 
images of the moving cardiac chambers and structures than non-gated CTA and 
requires less radiation than retrospective ECG-gated CTA.31 In contrast, the main 
advantage of non-gated cardiac CTA is fast acquisition, which makes it easier to 
implement in an acute ischemic stroke setting. The largest study on acute phase 
non-gated CTA of the heart-brain axis thus far found high-risk cardio-aortic causes 
of ischemic stroke in 15% of patients, but also reported poor cardiac image quality 
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in 40% of patients.20 Higher image quality improves assessment reliability and likely 
increases diagnostic yield. The benefit of retrospective ECG-gated cardiac CTA is 
cardiac chamber visualization throughout all phases of the cardiac cycle, which may 
increase the chance to acquire high-quality images in patients with atrial fibrillation 
or other heart rhythm irregularities and provides richer data on cardiac function. 
To the best of our knowledge, there is only one study of acute phase retrospective 
ECG-gated cardiac CTA in ischemic stroke patients,21 but this study did not include 
data on diagnostic yield. 

We chose TTE as comparator instead of TEE because TTE is recommended as the 
first-line screening method for imaging of the heart in ischemic stroke patients with 
suspected cardioembolic source12 and is part of the standard stroke work-up prior 
to classification as ESUS.2 TEE is infrequently performed in ischemic stroke patients, 
and generally only in selected patients and after TTE.11 The Mind the Heart study 
aims to compare the yield of CTA with echocardiography as performed in routine 
clinical care, and as such, using TTE as a comparator is more representative. Ideally, 
for a comparison of diagnostic yield, TTE and cardiac CTA would be performed at 
the same time. However, performing TTE as part of the initial acute phase work-up 
is not feasible without causing significant delay in reperfusion therapy. Doing so 
for the purpose of the study would not reflect clinical practice and would decrease 
the quality of care. Still, in order to minimize the time difference between the two 
diagnostic tests, we strive to perform TTE within 72 hours of CTA. Performing TTE 
at this time is quicker than typically reported in other studies in stroke patients.5, 16, 32  

As our primary outcome we chose the diagnostic yield of cardiac CTA versus 
TTE, and not diagnostic accuracy of CTA versus TTE. We did so because we 
believe that due to the lack of a true gold standard for many cardio-aortic sources of 
embolism, presenting results in terms of sensitivity/specificity does not necessarily 
reflect the truth.16 Especially in cases in which TTE is more likely to present false 
negative results, diagnostic accuracy does not do justice to the potential value 
of CTA.16 Diagnostic yield takes into account certain unique, non-overlapping 
qualities of both CTA and TTE.

If acute phase ECG-gated cardiac CTA has a higher diagnostic yield than TTE 
as a first-line screening method for detection of cardio-aortic sources of embolism, 
an important follow-up question would be what the influence of cardio-aortic CTA 
findings are on patient management. For certain findings such as endocarditis and 
aortic dissection, acute phase cardiac CTA likely increases the chance of correct 
diagnosis and management.33 However, evidence-based targeted management 
strategies are not yet available for stroke patients with other cardio-aortic findings, 
such as large (ulcerated) plaques in the aortic arch.34 The optimal acute phase 
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management of stroke patients with cardiac thrombi is also unclear. Studies suggest 
that early initiation of DOACs prevent early recurrences of embolic stroke due to 
atrial fibrillation, with low frequency of symptomatic intracerebral haemorrhage.35 
Applying cardiac CTA in the acute phase may help stratify which patients benefit 
from early initiation, such as patients with large cardiac thrombi, but this requires 
further study. Finally, acute phase cardiac CTA could potentially help guide 
strategy for endovascular treatment, because it may provide insight into thrombus 
characteristics.36, 37 

The data of our study may help to contribute to the implementation of cardiac CTA 
as a routine technique in the diagnostic work-up of stroke patients. However, several 
challenges that may complicate this process of implementation should be taken into 
account. First, extending the CTA to include the heart while maintaining optimal 
door-to-needle (IVT) and door-to-groin times (EVT). Other main challenges will 
include availability of ECG-gating hardware and software, remaining within patient 
tolerable ranges for contrast media volume, timely reporting of cardiac CTA findings 
by experienced radiologists, and dealing with incidental findings.   

LIMITATIONS 
As described, the lack of a true gold standard for many cardio-aortic sources 
of embolism is a limitation. Furthermore, the current study has a pragmatic 
observational cohort design in which patients undergo both acute phase cardiac 
CTA and TTE. An alternative design would have been a randomized trial where 
patients undergo acute phase cardiac CTA + TTE or TTE only. However, this design 
would require considerably more patients and would have logistical issues. A 
randomized trial design would require informed consent prior to CTA, which would 
delay acute treatment. Consequently, our study is not designed to conclusively 
evaluate the impact of cardiac CTA on patient management. Furthermore, the 
external validity of our single-center study may be limited by availability of similar 
CT-scanners in other hospitals. Lastly, our study is not powered to detect sex-
differences in subtype prevalence, treatment and outcome in patients with cardio-
aortic findings. 
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CONCLUSIONS 

The Mind the Heart study will provide a reliable estimate of the diagnostic yield 
of ECG-gated CTA of the heart and aortic arch acquired in the acute phase of 
ischemic stroke. In time, cardiac CTA may replace echocardiography as the first-
line screening method to detect sources of cardioembolism in these patients.  
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SUPPLEMENT 

DATA SUPPLEMENT I. Technical details of acute phase heart-brain axis CT-
angiography (CTA) for ischemic stroke patients

Protocol CTA aortic arch – cerebral vessels ECG-gated cardiac CTA

Patient position Supine, head first, arms along body Supine, head first, arms above 
head

Scan direction Caudo-cranial Cranio-caudal

Tube voltage, ref. Kvp 100 100 

Tube current, ref. mAs 200 288 

Pitch 1.0 Not applicable 

Rotation time, seconds 0.25 0.25

Slice thickness, mm 0.6 0.6 

Vascular reconstructions: slice 
thickness and kernel

1.0 (increment 0.7 mm), Bv44 0.6 (increment 0.4 mm), Bv40

Contrast media volume, mL* 50 (300mgI/ml) 40 (300mgI/ml)

ECG-gating No Yes, prospective, set to scan 
during diastole (63-76% of the 
R-R interval)

Beta-blockers No No

*Total contrast media volume for acute phase imaging diagnostic work-up of ischemic stroke is 125mL 

(300mgI/ml), including 35 mL for CT-perfusion. Contrast is injected at 6.0 mL/s into the right cubital 

vein with an 18-gauge intravenous catheter, followed by 40 mL saline solution injected at 6.0 mL/s. For 

additional information feel free to contact the authors.
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DATA SUPPLEMENT II.  High-risk1-4 structural cardio-aortic sources of ischemic 
stroke: definitions on CT-angiography (CTA) and transthoracic echocardiography 
(TTE)

CTA TTE

Heart

Left atrial appendage 
thrombus

A filling defect that appears as a 
low-attenuated mass (typically  
<100 HU) in left atrial appendage.5 

A circumscribed echogenic or 
echolucent mass in left atrial 
appendage, distinct from the 
surrounding atrial wall.6

Left atrial thrombus A filling defect that appears as a 
low-attenuated mass (typically  
<100 HU) in left atrium.5

A circumscribed echogenic or 
echolucent mass in left atrium, distinct 
from the surrounding atrial wall.6

Left ventricular 
thrombus

A filling defect that appears as a 
low-attenuated mass (typically <100 
HU) in the left ventricle, often  
attached to infarcted myocardial wall.7, 

8 Often concomitant with  
apical aneurysm.

A circumscribed echogenic or 
echolucent mass in the left ventricle, 
distinct from the surrounding 
ventricular wall.6

Recent myocardial 
infarction (<4  
weeks)*

Hypodense myocardium in a coronary 
artery territory without evidence of 
myocardial thinning.7

Regional wall motion abnormalities 
with preservation of normal wall 
thickness and normal reflectivity.9

Severely enlarged left 
ventricle

Left ventricle diastolic volume. 
Severely enlarged, indexed for BSA 
is defined as >94 mL/m2 for men and 
>86 mL/m2 for women.10† 

Left ventricle end diastolic volume, 2d 
echocardiography volume calculations 
according to the biplane method of 
disks summation (modified Simpson’s 
rule).11 Severely enlarged, indexed for 
BSA is defined as >100 mL/m2 for men 
and >80 mL/m2 for women.11

Signs of endocarditis Suggestive of endocarditis7: 
-  Valve vegetation, perforation or  
 thickening.
-  Paravalvular abscess, paraval- 
 vular pseudoaneurysn, or in- 
 filtration of perivalvular fat tissue.

Suggestive of endocarditis7: 
-  Valve vegetation, perforation or  
 thickening.
-  Paravalvular abscess,  
 paravalcvular pseudoaneurysm,
- Paravalvular leakage (prosthetic  
 valves).

Prosthetic valve pannus 
or thrombus  
(bioprosthetic or 
mechanical)

Pannus underneath valvular apparatus 
or thrombus7

Pannus underneath valvular apparatus 
or thrombus.7

Myxoma A large, round, low attenuating mass 
with a small stalk, often attached to 
the fossa ovale.12

A large, round mass with a small stalk, 
often attached to the fossa ovale.

Papillary fibroelastoma A small mass, hypodense with irregular 
borders attached by a thin stalk, often 
on the aortic and mitral valves.12

A small mass with irregular borders 
attached by a thin stalk, often on the 
aortic and mitral valves.

Signs of rheumatic 
valvular disease
(mitral stenosis)

Calcification on mitral valve or sub-
valvular apparatus (not mitral valve 
annulus).

≥Moderate mitral stenosis, mean 
gradient ≥5mmHg, valve area 
 <1.5 cm².13
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CTA TTE

Aortic arch

>4 mm ulcerated 
noncalcified (soft and 
mixed composition) 
atherosclerotic  
plaque

Measurement definitions3: 
-  Size: largest lesion wall  
 thickness measured  
 endoluminal – adventitia 
-  Ulceration: crater >2mm in  
 depth and width. 
-  Composition: calcified (high  
 attenuation), mixed, soft  
 (low attenuation).

N/A

Stanford classification 
type A acute  
aortic dissection 

A flap and false lumen in the 
ascending aorta.14

A flap and false lumen in the ascending 
aorta.14

HU, Hounsfield units; N/A, not assessable; M, men; W, women. * Estimate of timing based in part on 

patient history. † Guidelines for quantification of left ventricle size are not available for CTA. As a cut-

off for severely enlarged we chose available guidelines for cardiovascular magnetic resonance imaging. 

DATA SUPPLEMENT II.  (Continued)



84 CHAPTER 4  /  THE  HEART

DATA SUPPLEMENT III. Other (medium/low-risk1-4) structural cardio-aortic 
sources of ischemic stroke: definitions on CT-angiography (CTA) and transthoracic 
echocardiography (TTE)

CTA TTE

Heart

Non chicken 
wing left atrial 
appendage  
morphology 

Left atrial appendage morphology15, 16:  
-  Chicken wing: only one lobe,  
 total length more than 4 cm, and  
 a bend angle <100°. 
-  Cactus: dominant central lobe,  
 one or more secondary lobes,   
 total length <4 cm.  
-  Windsock: one dominant lobe  
 with several secondary, or even  
 tertiary lobes, total length >4 cm,  
 and a bend angle >100°. 
-  Cauliflower: total length <4 cm  
 and complex internal structures. 

N/A

Left atrial 
appendage  
slow flow*

A filling defect that appears as a mass 
with a higher attenuation (typically 
>100 HU) in left atrial appendage.5

N/A

Severely enlarged 
left atrium  

Left atrium diastolic volume. Severely 
enlarged volume indexed for BSA is 
defined as >48 mL/m2 for men and 
women.11† 

Left atrium endsystolic measurements in 2DE 
volume biplane calculations according to 
biplane disk summation technique measured 
from both the apical four and two chamber 
views.11 Severely enlarged volume indexed 
for BSA is defined as >48 mL/m2 for men and 
women.11

Atrial 
diverticulum

Outpouch of left atrium wall with 
smooth contour, most commonly 
located in the right anterior-superior 
wall of the left atrium.17

Outpouch of left atrium wall with smooth con-
tour, contraction synchronized with the rest of 
the heart.

Left ventricular 
apical  
aneurysm

Distinct area of abnormal left 
ventricular diastolic contour with wall 
thinning.18

Dyskinetic (presence of paradoxical wall 
motion) out-pouching area or zone of the left 
ventricle with wall thinning.18

Older myocardial 
infarction  
(>4 weeks,  
<6  months)‡

Hypodense myocardium in a coronary 
artery territory with myocardial 
thinning.7, 8 

Regional wall motion abnormalities with a thin 
akinetic reflective segment.9

Left ventricular 
non-compaction
cardiomyopathy

End diastolic ratio of non-compacted 
myocardium to compacted 
myocardium must be greater than 2.3 
during the diastole.19

End systolic ratio of non-compacted to 
compacted myocardium above 2.20

Calcific aortic 
valve

Leaflet thickening and calcifications 
of aortic valve.21

Leaflet thickening and calcifications of aortic 
valve.21 

Patent foramen 
ovale

A crypt shaped contrast jet from the 
left atrium to the right atrium towards 
the vena cava, or an atrium septum 
discontinuity.8, 22

Rapid intravenous injection of agitated saline 
opacifies the right heart with microbubbles. The 
appearance of microbubbles in the left atrium 
within 3–6 cardiac beats after opacification 
of the right atrium indicates a patent foramen 
ovale.23 Right-to-left shunt may be accentuated 
by the Valsalva manoeuvre.
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CTA TTE

Heart

Atrial septal 
defect

A contrast jet from the left atrium to 
the right atrium, or an atrium septum 
discontinuity.8

An atrium septum discontinuity with a color 
doppler jet from the left atrium to the right 
atrium.23

Ventricular  
septal defect

A contrast jet from the left ventricle 
to the right ventricle, or a ventricular 
septum discontinuity.8

A ventricular septum discontinuity with a color 
doppler jet from the left ventricle to the right 
ventricle.24

Aortic arch

Atherosclerotic 
plaque

Plaque in any of these locations: aortic 
root, ascending aorta, aortic arch, 
descending aorta.   

N/A

HU, Hounsfield units; N/A, not assessable; M, men; W, women. 

* Other terms for the same phenomenon: left atrial turbulence (smoke), circulatory stasis, reduced flow 

velocities, spontaneous echodensities. † Guidelines for quantification of left atrial size are not available 

for CTA. As a cut-off for severely enlarged we chose available guidelines for echocardiography.  
‡ Estimate of timing based in part on patient history.     
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ABSTRACT 

INTRODUCTION
Data on the incidence of acute aortic dissection in the code stroke population 
are scarce. We report estimated incidence, clinical manifestations, treatment and 
outcomes of patients with an acute aortic dissection in a code stroke cohort from a 
comprehensive stroke center.   

PATIENTS AND METHODS  
We used data from a single-center prospective registry of consecutive adult 
patients who presented to the emergency department between 2015-2018 with 
neurological deficits suggestive of an acute stroke (“code stroke”). All patients 
routinely underwent non-contrast CT of the brain and CT-angiography of the 
aortic arch, cervical and intracranial arteries. 

RESULTS
Of 2874 code stroke patients, 1563 (54.4%) had acute ischemia (ischemic stroke 
or TIA). Fifteen patients (0. 5% of code stroke patients and 0.8% of patients with 
acute ischemia) had an acute aortic dissection (all Stanford classification type A). 
Discerning clinical manifestations were decreased consciousness in 11/15 (73%), 
pain in 8/15 (53%), and low systolic blood pressure (mean 106 mmHg, SD30). 
Acute aortic dissection was an incidental finding during CT-angiography in 4/15 
(27%). Two out of 15 patients (13%) received intravenous thrombolysis, 9/15 (60%) 
underwent aortic surgery and 10/15 (67%) died. Of those who survived, 3/5 (60%) 
had a good functional outcome (modified Rankin Scale score 0-2).

CONCLUSION
In our comprehensive stroke center, about 1/200 code stroke patients and 1/125 
patients with acute ischemia had an acute aortic dissection. Multicenter studies 
are necessary to acquire a more reliable estimate of the incidence of acute aortic 
dissection in the code stroke population. Given the ramifications of missing this 
diagnosis, imaging of the entire aortic arch is important in these patients. 
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INTRODUCTION

Acute aortic dissection has an incidence of 2.5-3.5 per 100.000 person-years in the 
general population1-3 and is associated with a high rate of mortality and morbidity. 
In its natural evolution, without surgical treatment, Stanford classification type A 
acute aortic dissection has a reported mortality rate of about 1% per hour initially, 
50% after 3 days, and almost 80% after 2 weeks.4 Approximately 17-40% of patients 
with acute aortic dissection present with neurological symptoms, half of which 
are attributable to acute ischemic stroke (cerebral or spinal).5 However, data on 
the incidence of acute aortic dissection in the code stroke population are scarce. 
Code stroke refers to patients who present to the emergency department (ED) with 
neurological deficits suggestive of an acute stroke. 

New international guidelines allow for more ischemic stroke patients to receive 
acute treatment, resulting in an increase of patients presenting with neurological 
symptoms suggestive of an acute stroke to EDs, particularly in comprehensive 
stroke centers.6, 7 Since management of patients with an underlying aortic dissection 
differs tremendously from that of other causes of ischemic stroke, it is important to 
study the incidence of this condition in a code stroke population. 

We estimated the incidence and report the clinical manifestations, radiological 
findings, and outcomes of patients with an acute aortic dissection in a single-center 
code stroke cohort.  

PATIENTS AND METHODS  

We used data from a prospective registry of consecutive adult patients admitted to 
the ED of our comprehensive stroke center between January 1st 2015 and June 30th 
2018 with a code stroke. Code stroke was activated by ambulance nurses according 
to the following criteria: (1) patients with neurological deficits suggestive of an acute 
stroke, identified in a prehospital setting using the Face Arm Speech Time (FAST) 
test,8 (2) within a time window of 6 hours from symptom onset between January 
2015 and February 2018 and 24 hours from symptom onset between March 2018 
and June 2018. The expansion of the time window in our acute stroke treatment 
protocol was in reaction to the publication of the DAWN and DEFUSE-3 trials.9, 10 
When code stroke is activated, our stroke team is pre-notified of an incoming code 
stroke presentation. At our ED code stroke patients are primarily evaluated by a 
neurologist or experienced neurology resident and routinely undergo non-contrast 
CT of the brain and CT-angiography of the aortic arch, cervical and intracranial 
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arteries. Ischemic stroke diagnosis was established based on clinical and radiological 
findings.  

From this registry, we selected patients in whom aortic dissection was 
identified with CT-angiography, and if necessary, confirmed with MR-angiography, 
echocardiography or autopsy. Imaging of patients with aortic dissection was re-
evaluated by the authors. We defined aortic dissection as suspected on admission 
if aortic dissection was included as a specific question for the radiologist in the CT-
angiography request. We also used the Dutch financial coding system for hospital 
care to identify potential missing cases of aortic dissection. We excluded patients 
who did not present to the ED or who were not primarily evaluated by neurology. 

In our registry of consecutive code stroke patients, the following data are 
prospectively collected: demographics, National Institute of Health Stroke Score 
(NIHSS), medical history, diagnosis at discharge from ED, details on treatment, 
time metrics, whether the patient was a direct presentation or referred from 
another hospital, and 3 month modified Rankin Scale (mRS) score. Clinical data 
were extracted from the medical records. For outcome we used in-hospital 
mortality and the mRS score at last follow-up. For the purpose of this study, 
baseline electrocardiograms (ECGs) were re-evaluated by a cardiologist (S.M.B.) 
to detect common acute changes.11 Acute changes were defined as ST elevation 
or depression, T inversion, atrioventricular block, new atrial fibrillation, premature 
atrial or ventricular contraction and sinus bradycardia.11 The institutional review 
board of Amsterdam University Medical Centers approved the study and waived 
the need for written informed consent (approval number W18_300 # 18.346). All 
statistical analyses were performed using IBM SPSS Statistics V.23 (IBM). Data 
were summarized using descriptive statistics (medians, means, SDs, frequencies). 

We also conducted a literature search in PubMed to identify previous studies on 
the incidence of acute aortic dissection in code stroke populations using a search 
strategy including the terms aortic dissection and acute ischemic stroke (full search 
strategy is provided in online supplemental material). Title and abstract screening 
and full-length review of potentially relevant studies were conducted by V.G. 

RESULTS 

During the study period, 2874 code stroke patients (50% male; median age 68 
years, IQR 54-78) presented to the ED. Of these, 1563 (54%) had acute ischemia 
(1381 ischemic stroke and 182 TIA, respectively). Fourteen patients had an acute 
aortic dissection. Three other patients had a suspected acute aortic dissection, but 



95

these were excluded because they died before the diagnosis could be confirmed 
and autopsy was not performed. Search of the financial coding system yielded 1 
additional case. Therefore, 15 patients with an acute aortic dissection were included 
in the study. Overall, 0.5% (15/2874, 95% CI:0.3-0.8%) of patients who presented 
with a code stroke had an acute aortic dissection. Among patients with a confirmed 
ischemic stroke or TIA, the proportion was 0.8% (12/1563, 95% CI:0.4-1.3%).  

All 15 cases had Stanford classification type A acute aortic dissection. The 
diagnosis was established with CT-angiography in all patients (Figure), 6 (40%) 
also underwent transthoracic echocardiography. In 11/15 (73%) patients, aortic 
dissection was suspected before imaging was performed, while, in 4/15 (27%) 
patients it was an incidental finding during CT-angiography. Baseline characteristics 
are provided in Table 1. Six patients (40%) were male and the median age was 
73 years (range 53-88). Mean baseline systolic blood pressure was 106 mmHg 
(SD 30). In 7 patients blood pressure was measured bilaterally, and a discrepancy 
between left and right arm of 10 mmHg or more was found in 5/7 (71%). Acute 
ECG changes were present in 8/13 (62%) patients. Most common changes were ST 
elevation (n=5), sinusbradycardia (n=5), ST depression (n=2) and T inversion (n=2). 
Eight patients (53%) reported pain and 11 (73%) had decreased consciousness. 
Abnormal auscultation of the heart was observed in 2/4 (50%) of patients in whom 
this was examined. Cold extremities and asymmetric pulses were noted in 3/6 (50%) 
and 3/12 (25%) of patients, respectively. Perspiration was reported in 4/15 (27%) 
of patients. In patients presenting with unilateral motor deficits, the left side was 
affected in 4/5 (80%) of cases.

Figure. CT-angiography of patient No. 11, A) coronal and B) transverse planes  

Arrows indicate Stanford classification type A acute aortic dissection.

A B
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TABLE 1. Baseline clinical manifestations of code stroke patients with Stanford 
Classification Type A acute aortic dissection 
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Focal neurological 
deficits

1 F 72 - 76/41 Chest NA NA + 15 5 Dysarthria, 
paralysis and 
hypesthesia R leg

2 F 73 + 135/80 - + NA - 9 14 -

3 M 76 - 100/52 - NA + - 3 36 Pupil anisocoria 
(L>R)

4 F 67 + 128/59† - - - + 12 5 -

5 M 53 + 115/107 Chest + - NA 12 5 -

6 M 67 + 135/81 Head NA - + 15 17 Gaze deviation, L 
facial weakness, L 
hemiparalysis and 
hypesthesia

7 M 73 - 174/77† Chest, 
back

- - + 15 2 Paraparesis

8 F 73 + 70/41 Chest NA + - 15 10 Paraparesis, 
para-anesthesia

9 M 54 + 100/60 Chest NA - - 3 36 Gaze deviation, 
pathological 
stretching

10 F 56 - 90/60† - NA - + 13 3 -

11 F 76 + 96/56† - + + + 12 15 L facial weakness, 
L hemiparalysis

12 M 74 - 114/61 Head, 
neck

NA - - 13 8 Aphasia

13 F 88 + 125/60 Jaw - - + 14 5 Gaze deviation

14 F 54 + 76/35 - NA - + 7 27 Gaze deviation, L 
hemiparesis

15 F 74 + 58/40† - NA NA NA 6 25 Pupil anisocoria 
(R>L), L 
hemiparalysis

+, yes; -, no; BP, blood pressure; ECG, electrocardiogram; GCS, Glasgow Coma Scale; HT, hypertension 

in medical history; NA, data not available; NIHSS, National Institutes of Health Stroke Scale; Pt, patient.   

† Interarm blood pressure discrepancy, present in 5/7 (71%) patients.
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TABLE 2. Radiological findings, treatment and outcomes of code stroke patients 
with Stanford Classification Type A acute aortic dissection

Patient Affected arteries on CT-angiography† Surgery In-hospital 
mortality

1 Proximal:  brachiocephalic trunk, bilateral common carotid  
   arteries
Distal:  R common iliac artery

Bentall +

2 Proximal: ascending aorta and aortic arch
Distal:   normal

David -

3 Proximal:  brachiocephalic trunk, bilateral common carotid  
   arteries, R subclavian artery, origin R vertebral artery,  
   L internal carotid artery, L subclavian artery
Distal:       origin celiac trunk, origin bilateral renal arteries,  
   mesenteric superior artery, bilateral common iliac  
   arteries

- +

4 Proximal: brachiocephalic trunk, bilateral subclavian arteries,  
   L common carotid artery, axillary artery
Distal:     L external iliac artery, origin L renal artery

Bentall -

5 Proximal:  brachiocephalic trunk, R common carotid artery,  
   bilateral subclavian arteries 
Distal:       CT-angiography of thorax and abdomen not  
   performed due to poor condition of  patient

-‡ +

6 Proximal:  R common carotid artery, R intracranial internal  
   carotid artery
Distal:       normal

Supracoronary 
ascending arch 
replacement

-

7 Proximal:  origin L subclavian artery
Distal:       celiac trunk, superior mesenteric artery, bilateral  
   external iliac arteries

Supracoronary 
ascending arch 
replacement

-

8 Proximal:  brachiocephalic trunk, bilateral common carotid  
   arteries, L subclavian artery
Distal:       R common iliac artery

Bentall -

9 Proximal: brachiocephalic trunk, R vertebral artery, bilateral  
   common carotid arteries, bilateral intracranial  
   internal carotid arteries
Distal:       celiac trunk, superior and inferior mesenteric  
   arteries, L renal artery, bilateral  external iliac arteries  

- +

10 Proximal:  ascending aorta
Distal:       normal

Bentall -

11 Proximal:  brachiocephalic trunk, bilateral common carotid  
   arteries, R internal carotid artery
Distal:       normal

Supracoronary 
ascending arch 
replacement

+

12 Proximal:  brachiocephalic trunk, L common carotid artery,  
   origin L subclavian artery
Distal:       L common iliac artery, L internal and L external iliac  
   arteries

Sternotomy‡ +
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Patient Affected arteries on CT-angiography† Surgery In-hospital 
mortality

13 Proximal:  brachiocephalic trunk, R common carotid artery,  
   syphon R internal carotid artery, L subclavian artery     
Distal:  celiac trunk, L renal artery

- + 

14 Proximal:  brachiocephalic trunk, bilateral common carotid  
   arteries, R vertebral artery, L subclavian artery             
Distal:  celiac trunk, R external iliac artery

- +

15 Proximal: brachiocephalic trunk, bilateral common carotid  
   arteries, R internal carotid artery, L subclavian artery
Distal:  celiac trunk, superior mesenteric artery

- +

-, no; +, yes; L, left; R, right. † Affected segment(s) of aorta only described in patients in which dissection 

was limited to aorta. ‡ Patient died prior to/during surgery.

Information on radiological findings, treatment and outcome are provided in 
Table 2. Ten cases (67%) had cerebral ischemia, two (13%) had spinal cord 
ischemia (patients No. 7, 8), and in three cases (20%, patients No. 2, 5 and 10) the 
neurological symptoms were most likely attributable to hypoxic encephalopathy 
due to decreased cardiac output rather than acute ischemia. In no patient an 
intracranial large vessel occlusion was found. In 2 patients intravenous thrombolysis 
was started, but was discontinued immediately after diagnosis of aortic dissection 
(No. 1, 6). The administered/total dosage of recombinant tissue plasminogen 
activator (rtPA) was 25/55 mg and 21/63 mg, respectively. Patient No 1. became 
hemodynamically unstable in the operating room prior to incision, as a result of a 
ruptured ascending aorta. The patient underwent a Bentall procedure (replacement 
of aortic root and ascending aorta), but died during the procedure due to left 
ventricular failure despite inotropic medication and cardiac massage. Patient No. 6 
underwent a supracoronary ascending aorta replacement without any complications 
and recovered with an mRS score of 1 at last follow-up at 9 months. In total, nine 
patients underwent aortic surgery, with a median interval of 201 minutes (range 75 
minutes – 70 hours) between presentation and incision. The other patients did not 
undergo surgery because of poor neurological condition (n=5) or expected high 
risk of complications (n=1).  

At follow-up, 10/15 (67%) patients had died. Cause of death was directly related 
to the dissection in 9. In these patients, the median time between presentation and 
death was one day (range 0-2). Patient No. 4 died 20 months after presentation as 
a result of esophageal cancer. Of the patients who did not undergo surgery, none 
survived. Three out of 5 (60%) survivors had a good functional outcome (mRS 0-2; 

TABLE 2.  (Continued)
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median time to last follow up 5 months, range 0.5-9).     
Of the 204 manuscripts identified in the literature search, 2 were on the incidence 

of acute aortic dissection in code stroke or acute ischemic stroke populations.12, 13 
These studies are described in the discussion. 

DISCUSSION

To our best knowledge, this is the largest report of an estimated incidence of 
acute aortic dissection among code stroke patients and the first in a European 
population. We found that during a 3.5 year period, approximately 1 in 200 patients 
who presented to the ED of our comprehensive stroke center with a code stroke 
had a Stanford classification type A acute aortic dissection. An incidence of 0.5% 
may seem low, but because of the severe consequences of missing this diagnosis 
and increase of code stroke presentations as a result of recent therapeutic 
advancements, neurologists and radiologists should be vigilant about a possible 
aortic dissection in patients who present to the ED with a code stroke. Typical 
symptoms of acute aortic dissection are not always present. To increase the chance 
of diagnosing aortic dissection, imaging of the entire aortic arch is important in 
code stroke patients. As CT-angiography of cervical and intracranial arteries has 
become routine for selection of code stroke patient who are eligible for reperfusion 
therapy, extending routine CT-angiography to include the entire aortic arch is a 
minor adjustment. 

Our estimated incidences of Stanford classification type A acute aortic 
dissection in code stroke patients and patients with acute ischemia are in line with 
two smaller previous studies in Japanese populations.12, 13 One study reported 0.3% 
(95% CI:0.0-0.6) acute aortic dissections in patients with suspected acute ischemic 
stroke and 1.1% (95% CI:0.1-3.4) in acute ischemic stroke patients presenting <24 
hours from onset.12 The other study reported 1.0% (95% CI:0.1-3) acute aortic 
dissections in patients with acute ischemic stroke presenting <3 hours from onset.13

The typical aortic dissection patient is a male in his seventh decade with a 
history of hypertension who presents with abrupt onset of thoracic pain.14 In our 
study, there were slightly more females than males and only about half of patients 
presented with pain. This is in agreement with a previous study comparing patients 
with acute ischemia (ischemic stroke or TIA within 4.5 hours of symptom onset) and 
acute aortic dissection to those without acute aortic dissection.15 Many presented 
with additional manifestations such as decreased consciousness, perspiration, 
low systolic blood pressure, asymmetrical blood pressure values, acute ECG 
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changes, abnormal cardiac bruits and cold extremities. However, absence of 
typical medical history and additional manifestations do not rule out aortic 
dissection, as exemplified by our case series. Notably, we were able to verify the 
predominance of left hemiparesis observed in a previous study.13 It is plausible that 
the pathophysiological explanation lies in the anatomical order of the aortic arch 
branches. When Stanford classification type A aortic dissection spreads to other 
arteries, the brachiocephalic and right common carotid arteries are nearer to the 
origin of the dissection than the left common carotid artery, which could explain 
why these arteries are affected more often.

The risk of acute aortic dissection in a code stroke population confronts the 
physician with a dilemma. Timely start of intravenous thrombolysis in ischemic 
stroke patients is of vital importance, and in many hospitals thrombolysis is started 
prior to, or simultaneous with CT-angiography. However, if a patient turns out to 
have an acute aortic dissection, thrombolysis may be detrimental.16, 17 Thrombolysis 
for acute ischemic stroke is contraindicated in concomitant aortic dissection, as 
it could lead to aortic rupture causing hemopericardium and cardiac tamponade, 
postpone a life-saving surgical procedure or result in the potential expansion of 
intramural or periaortic hematoma.17 This dilemma is demonstrated by the fact 
that thrombolysis was started in two of our patients because aortic dissection had 
not been diagnosed yet, with an aortic rupture and fatal outcome for one patient. 
Performing CT-angiography prior to administering intravenous thrombolysis and fast 
evaluation of imaging after acquisition can help to reduce the risk of administering 
intravenous thrombolysis in patients with an aortic dissection.

Emergency aortic surgery provides the only chance for survival in patients 
with acute aortic dissection. Surgeons often weigh the presence of neurological 
manifestations in their decision whether to perform surgery.18  Before and during 
surgery, a low blood pressure is maintained for several hours, which is necessary to 
prevent aortic rupture, but unfavorable in the presence of brain ischemia. Prolonged 
hypotension may induce negative effects on the penumbra, increasing the risk 
for expansion of the infarct. In our series, the cardiothoracic surgeons decided to 
refrain from surgery in all patients who were comatose (GCS≤8). In a recent cohort 
study of 53 Stanford classification type A acute aortic dissection patients with 
preoperative neurological deficits, half of the patients completely recovered from 
focal neurological deficits after aortic surgery.18 Interestingly, preoperative GCS 
did not adequately predict neurological recovery; the proportion of patients with 
preoperative GCS≤8 was 20% in those who fully recovered and 37% in those with 
persistent deficits. Surgery within 5 hours after onset of symptoms increases the 
likelihood of favorable outcome in patients who present with coma.19 Given the fact 
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that CT-perfusion can differentiate between irreversibly damaged and salvageable 
brain tissue, this technique may potentially aid in decision making regarding surgery 
in these patients, although this hypothesis has not been studied yet. 

Our study has several limitations. First, we may have missed patients with acute 
aortic dissection who presented to the ED with neurological deficits. At least three 
patients died before a suspected diagnosis could be confirmed. Also, we did not 
systematically re-evaluate imaging data of all code stroke patients. Therefore, it is 
possible that in some patients the imaging did not capture the entire aortic arch or 
that the diagnosis was missed despite complete imaging of the aortic arch. Second, 
the observed incidence in our single-center study may not be representative of 
all hospitals, since code stroke definition, the organization of stroke care, and 
the proportion of stroke mimics20 may differ per region. Multicenter studies are 
necessary for a more reliable estimate of the incidence of acute aortic dissection in 
the code stroke population.

CONCLUSION

In conclusion, in our comprehensive stroke center about 1/200 patients who 
presented with a code stroke and 1/125 patients with acute ischemia suffered from 
an acute aortic dissection. Neurologists and radiologists should be vigilant about 
aortic dissection in this population, especially in patients with pain, decreased 
consciousness and low blood pressure, often with asymmetrical blood pressure 
values. Routine CT-angiography of the entire aortic arch can expedite early diagnosis 
of aortic dissection and help prevent administering intravenous thrombolysis to 
these patients.  
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SUPPLEMENT 

TABLE. Literature search 

Ovid MEDLINE(R) ALL <1946 to August 30, 2019>  

Search history sorted by search number ascending

# Searches Results

1 ((hyperacute or acute or code) adj3 stroke).ti,ab. 29399

2 aortic dissection.ti,ab,kw. 12169

3 aneurysm, dissecting/ or carotid artery, internal, dissection/ or vertebral 
artery dissection/

18942

4 2 or 3 23244

5 1 and 4 204
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ABSTRACT

BACKGROUND AND PURPOSE
Simultaneous dissection of three or four cervical arteries rarely occurs. As a result, 
limited information is available on clinical characteristics, underlying causes, 
treatment, and outcome of these patients.  

METHODS
We performed a systematic review of individual patient data on triple and quadruple 
cervical artery dissection (CeAD). We included all cases for whom, at minimum, 
data on age, sex and affected cervical arteries were available.  

RESULTS
Out of 1396 publications identified in the initial search, 52 were included, with 
data available on 96 patients. Mean age was 42 years and 66% were women. Sixty-
three percent had triple CeAD. The most common manifestations were headache 
(69%), neck pain (44%), motor deficit (36%), and Horner syndrome (34%). Fifty-
seven percent had an ischemic stroke, in the majority of these patients the stroke 
was confined to the vascular territory of a single artery. Eighty-three percent 
were managed medically (antiplatelets or anticoagulants) and 11% underwent 
endovascular treatment. An underlying disease or triggering event was identified in 
71%, most commonly trauma (35%, cervical manipulative therapy in 13%), infection 
(18%), fibromuscular dysplasia (16%), and hereditary connective tissue disorder 
(8%). In-hospital mortality was 1%. Eighty percent of patients had a good functional 
outcome (mRS 0-1) at follow-up. Two recurrences (3%) were reported.  

CONCLUSIONS  
Triple or quadruple CeAD mostly affected young women, and underlying disease or 
triggering event could be identified in more than two-thirds of patients. Less than 
two-thirds of triple or quadruple CeAD patients suffered ischemic stroke. Most 
patients were managed medically and the majority had a favorable outcome. 
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INTRODUCTION

Cervical artery dissection (CeAD) accounts for approximately 20% of strokes in 
patients less than 45 years of age.1 In most cases, dissection occurs in a single artery. 
Simultaneous dissection of three or four cervical arteries is a rare occurrence. About 
2-4% of all CeAD comprise of triple or quadruple dissections, compared to 13-23% 
double and 73-85% single dissections 2-5 There are a few case reports or case series 
on triple or quadruple dissections and large cohort studies generally only report in 
terms of single or multiple dissections, without distinguishing patients within the 
latter group. Because of the paucity of data on triple and quadruple CeAD, little is 
known about the clinical manifestations, underlying causes, treatment, and outcome 
of these patients. The aim of the current study was to perform a systematic review 
of individual patient data on triple and quadruple CeAD.   

PATIENTS AND METHODS

We performed a systematic review according to Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses of Individual Patient Data (PRISMA-IPD) 
guidelines.6 We searched Pubmed and Excerpta Medica Database (EMBASE) 
(from inception to April 17, 2018) using a predefined search strategy including the 
terms multiple, triple, or quadruple cervical artery dissection (Online Resource 
Fig. I). Full-length articles and conference abstracts were reviewed. The primary 
search was performed independently by two authors (V.G. and J.M.C). Full-length 
articles of potentially relevant studies were reviewed by one of the authors (V.G). 
Triple or quadruple CeAD was considered simultaneous if the dissections were 
simultaneously present on baseline imaging of the cervical arteries, or if on baseline 
imaging an initial dissection was visible and additional dissections were diagnosed 
within 30 days. For inclusion in the study, triple or quadruple CeAD had to have 
been diagnosed by MRI, MRA, CT-angiography (CTA), catheter angiography, or 
autopsy, on the basis of at least one of the following criteria: 1) double lumen; 2) 
mural hematoma; 3) tapering occlusion or long tapering stenosis. We included all 
cases for which at minimum the following individual patient data were available: age, 
sex, and affected cervical arteries. If this information could not be extracted from 
the article, the corresponding author was contacted to provide relevant data on 
five separate occasions. Articles written in languages other than English, French, 
German, Spanish, Italian or Dutch were included if they had an English abstract that 
contained sufficient data.  
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Fibromuscular dysplasia (FMD) diagnosis had to be based on histological 
examination or multifocal arterial stenosis with "string-of-beads" appearance on 
catheter angiography, MRA, or CTA. Hereditary connective tissue disorders had to 
be confirmed by genetic testing. Trauma was defined as any reported mechanical 
triggering event with impact on the head or neck, including major or minor trauma 
(e.g. motor vehicle accident, fall, notable head/neck movements, sports activities, 
cervical manipulative therapy). Medical management was defined as treatment with 
antiplatelets or anticoagulants, without surgery or endovascular intervention. As 
main clinical outcome we used the modified Rankin Scale (mRS) score. If outcome 
was only reported descriptively, we attempted to construct an mRS score from this 
information (e.g. "full recovery" – mRS 0). Recanalization at follow-up imaging was 
defined as improved arterial flow (partial or complete recanalization) in all affected 
arteries. If one or more arteries remained occluded, recanalization was reported as 
absent. Data were summarized using descriptive statistics (medians, means, SDs, 
frequencies), using IBM SPSS Statistics V.23 (IBM).  

We also compared key findings of the current study to available data of patients 
with double and single CeAD from the Cervical Artery Dissection and Ischemic 
Stroke Patients (CADISP) study, one of the largest multicenter cohort studies in the 
literature.3 Data of patients with triple/quadruple versus single CeAD were analyzed 
by using the OpenEpi® software program (Open Source Epidemiologic Statistics 
for Public Health V3.01). For comparison of continuous data we used an two-sided 
independent T-test and for a comparison of proportions we used a Chi-Square test 
or Fisher’s exact test, whichever was appropriate. 

RESULTS

A flowchart of study selection is provided in Online Resource Fig. I. Of the 1396 
manuscripts identified in the initial search, 168 were selected for full-length 
review. Of these, 52 studies were included, containing individual patient data of 96 
patients. Study characteristics are depicted in Online Resource Table I. The studies 
were published between 1977 and 2017. Forty-one studies were case reports 
or case series. Clinical characteristics are reported in Table 1. Eight percent of 
patients presented with only headache or neck pain without additional neurological 
symptoms.
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TABLE 1. Clinical characteristics

n/N (%)

Demographics

Mean age, y (SD)a 42 (9)

Sex (% women) 63/96 (66%)

Medical history

Current or past smoking 20/72 (28%)

Hypertension 16/72 (22%)

Migraine 25/72 (35%)

Diabetes 4/72 (6%)

Hypercholesterolemia 12/72 (17%)

Oral contraceptive use (women) 6/63 (14%)

Clinical characteristics

Headache 63/92 (69%)

Neck pain 40/92 (44%)

Headache or neck pain as the only symptom 8/96 (8%)

Motor deficit 26/72 (36%) 

Horner syndrome 31/92 (34%)

TIA 17/92 (19%)

Median duration symptom onset, diagnosis CeAD (range)b 4 days (0-31)

aCalculated from data of 96 patients.  bCalculated from data of 46 patients. CeAD, cervical artery 

dissection. 
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TABLE 2. Radiological findings, treatment, and outcome

n/N (%)

Radiological findings

Triple CeAD 60/96 (63%) 

2xICA and 1xVA 40/60 (67%)

Ischemic stroke 52/91 (57%)

1 cervical artery vascular territory 23/36 (64%)

Subarachnoid hemorrhage 6/90 (7%)

Intracerebral hemorrhagea 5/90 (6%)

Treatment 

Medical management 70/84 (83%)

Antiplatelets 17/84 (20%)

Anticoagulants 23/84 (27%)

Antiplatelets and anticoagulantsb 28/84 (33%)

Unspecified 2/84 (2%)

Endovascular stent placement 9/84 (11%)

Surgery 1/84 (1%)

None of the above 4/84 (5%)

mRS score at last clinical follow-upc

0 39/74 (53%)

1 20/74 (27%) 

2 6/74 (8%)

3 4/74 (5%)

4 4/74 (5%)

5 0/74 (0%)

6 1/74 (1%)

Recurrence of CeAD 2/80 (3%)

Recanalizationd 28/31 (90%)

aHemorrhagic transformation of a cerebral infarct in 4 patients, related to traumatic injuries in 1 patient. 
b4 patients received both concurrently; 22 sequentially; for 2 the order of administration was not 

provided, respectively. cIn 55% a documented mRS was available, in 45% it was imputed. Median time 

to last clinical follow-up (range): 4 months (0-98). Outcome (mRS) in patients with ischemic stroke was: 

0, 35%; 1, 33%; 2, 13%; 3, 8%; 4, 10%; 5, 0%; 6; 3%. Outcome (mRS) in patients without ischemic stroke 

was: 0, 72%; 1, 22%; 2, 3%; 3, 3%; 4-6, 0%.  dLast imaging follow-up: <3 months in 5 patients; 3-6 months 

in 16; 6-12 months in 5; >12 months in 3; and not specified for 2.  CeAD, cervical artery dissection; ICA, 

internal carotid artery; mRS, modified Rankin Scale; VA, vertebral artery.   
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TABLE 3. Underlying disease and/or triggering eventsa 

n/N (%)

Underlying disease and or triggering event identified 67/94 (71%)

Fibromuscular dysplasiab 12/74 (16%)

Hereditary connective tissue disorderc 4/50 (8%)

Recent infectiond 16/90 (18%) 

Traumae 32/90 (35%) 

Cervical manipulative therapy 12/90 (13%)

Recent childbirth (women)f 5/59 (7%)

Otherg 17/94 (18%)

None identified 27/94 (29%)

Unknown 2/96 (2%)

Median duration risk factor, symptom onset (range)h 5 days (0-22)

aIn 9 patients both an underlying disease and a triggering event were identified. In 9 other patients 

more than one triggering event was identified.    b8 women, 4 men.  cEhlers Danlos type IV in 3 patients 

(2 women) and Osteogenesis Imperfecta type I in 1 (woman).   dRespiratory in 10, gastro-intestinal 

in 2, sinusitis in 2, hepatitis C in 1, and 1 patient had elevated inflammatory parameters without an 

identified focus.   eMotor vehicle accident in 8, fall from skiing in 1, fall from a horse in 1, fall in 1;eavy 

load carrying in 1, head extension in 2, and other head movements in 2; cervical manipulative therapy 

in 12; sports activities in 6: skiing in 1, scuba diving in 1, river rafting in 1, cycling in 1, yoga in 1, heavy 

weight lifting in 1.    fCesarean section in 4 and vaginal delivery in 1 woman. gOther factors that were 

considered triggering events by authors of included publications:  recent head/neck surgery in 1, 

head/neck surgery in distant medical history in 9, reversible vasoconstriction syndrome in 3, chronic 

ergotism in 1, alemtuzumab therapy in 1, iatrogenic vessel wall damage during angiography in 1, positive 

thrombophilic markers in 1 patient.    hCalculated from data of 27 patients. The 9 patients with head/

neck surgery in distant medical history were excluded (median duration risk factor, symptom onset was 

19 years; range 9-50 year.
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MRI was performed in 83% of patients, MRA in 67%, catheter angiography in 59%, 
CTA in 23%, and autopsy in 1%. In 88/96 (92%) patients, triple or quadruple CeAD 
were simultaneously identified on baseline imaging. In 8/96 (12%) patients, an initial 
dissection was visible on baseline imaging, followed by diagnosis of additional 
dissections within a median of 4 days (IQR 1-17). Data on radiological findings, 
treatment and outcome are presented in Table 2. Sixty-three percent had triple 
and 37% had quadruple CeAD. Fifty-seven percent of patients had an ischemic 
stroke at presentation or during hospitalization. Information on the duration of 
antithrombotic treatment was available for 64% of the patients who were managed 
medically. Four percent were treated for less than 6 months, 58% for (at least) 6 
months, 36% long-term, but without further specification, and 2% indefinitely. 
Eleven percent underwent endovascular stent placement. The median time between 
symptom onset and the endovascular procedure was 3 days (range 1-120). In half 
of these cases the reason for the intervention was neurologic deterioration despite 
medical management. One patient (1%) died during hospitalization as a result of 
hemorrhagic transformation of a cerebral infarct. This patient was a 49-year-old 
man with fibromuscular dysplasia and quadruple CeAD which had occurred during 
skiing. Two recurrent CeADs were reported. 

Information on underlying causes of CeAD was available for 94/96 patients 
and in 67 (71%) an underlying disease or triggering event could be identified (Table 
3). Twelve patients (eight women) were diagnosed with FMD. Three patients (two 
women) had Ehlers-Danlos type IV and one woman had Osteogenesis Imperfecta 
type I. Triggering events included infection (n=16), trauma (n=32, cervical 
manipulative therapy in 12/32 patients), recent childbirth (n=5), and other (n=17). 

An overview of key findings of the current study compared to available data of 
patients with double and single CeAD from the Cervical Artery Dissection and 
Ischemic Stroke Patients (CADISP) study 3, is provided in Online Resource Table 
II. Patients with triple/quadruple CeAD were more often female (66% vs 42%, 
p<0.001), more often had underlying fibromuscular dysplasia (16% vs 4%, p<0.001) 
or a hereditary connective tissue disorder (8% vs 0.4%, p<0.001) compared to 
patients with single CeAD. There was no difference in clinical outcome (mRS 0-2 
88% vs. 88%, p=0.951) or frequency of recurrent CeAD (3% vs 2%, p=1.000).
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DISCUSSION

This is the first systematic review on triple and quadruple CeAD. Despite the rarity 
of this condition, we were able to collect data from almost 100 patients. In most 
patients a cause or risk factor for CeAD was identified, stressing the need for a 
careful patient history and diagnostic work-up in these patients. Most patients with 
triple or quadruple CeAD were managed medically. While CeAD was complicated 
by a stroke or TIA in the majority of patients, in-hospital mortality was low and 
clinical outcome was favorable (mRS 0-1) in 80% of patients.

Cohort studies of CeAD suggest that an inherited connective tissue disorder is 
found in less than 0.5% of patients in patients with single CeAD (Online Resource 
Table II),7 which is considerably lower than the 8% in our systematic review. Similarly, 
FMD was found in only 4% of CADISP study patients with a single CeAD3 (Online 
Resource Table II), compared to 16% in our systematic review. This would suggest 
that patients with triple or quadruple CeAD are more likely to have an underlying 
connective tissue disorder. However, these differences may also be a result of 
publication or verification bias, as triple or quadruple CeAD likely leads to more 
thorough ancillary investigation. 

There is usually no sex predominance in European populations for cervical 
artery dissections. However, in studies reporting single and multiple CeAD 
separately, there does seem to be a trend towards higher proportion of women in 
multiple CeAD.3, 5 The skewed sex ratio (with two thirds of women) we observed 
may be explained by sex-specific risk factors such as FMD, which occurs in women 
in about 90% of cases,  and recent childbirth.

Eighteen percent of patients had a recent infection, which is similar to the 
frequency among patients with single CeAD (Online Resource Table II).3, 5 This 
association may be due to mechanical forces such as violent coughing, sneezing 
or vomiting, or due to a transient inflammatory arteriopathy.8 Recent cervical 
manipulative therapy was another triggering event that was frequently reported. 
Various controlled studies have observed an association between manipulative 
therapy and CeAD, particularly of the vertebral arteries9 and multiple CeAD.3 

Despite the clear association, it remains unknown whether there is also a causal 
relation, since patients may have sought manipulative therapy because of neck pain 
caused by the dissection. At the very least, therapists should inform patients on the 
possible risk of causing CeAD prior to performing manipulative therapy.  

Five women had recently given birth. As most of the patients in this study were 
women within child-bearing age range, this association may be coincidental. Other 
explanatory theories include mechanical pressure on vessel walls associated with 
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protracted delivery, hyperextension of the neck during (general) anesthesia or 
hemodynamic and hormonal changes related to pregnancy and postpartum that 
may lead to transient vulnerability of the vessel walls.10

In one-third of patients no underlying disease or triggering event was identified. 
Triple or quadruple vessel dissections without any reason seems unlikely. The 
underlying cause may be a yet to be defined genetic arteriopathy, transient 
(inflammatory) vulnerability of the vessel walls, mechanical factors such as minor 
trauma related to daily activities and sports activities, or any combination of the 
above. 

There are no evidence-based guidelines on the optimal treatment of triple or 
quadruple CeAD. Our data show that most of these patients are managed medically. 
We did observe treatment variation in the type of medical therapy, with both 
antiplatelets and anticoagulants used in similar frequencies. In the CADISS trial, 
no difference was found between antiplatelets and anticoagulants in prevention of 
stroke and death in patients with single CeAD.11

Surprisingly, 88% of patients with triple or quadruple CeAD had no or only 
minor disability at follow-up (mRS 0-2), and the proportion of good outcome is 
comparable to the outcome in a large cohort of patients with double and single 
CeAD (88% mRS 0-2) (Online Resource Table II).3 One potential explanation may 
be that only 57% of triple or quadruple CeAD patients suffered ischemic stroke, 
and that in most patients, stroke was confined to the vascular territory of a single 
artery. The proportion of ischemic stroke at baseline in triple or quadruple CeAD 
appears to be lower than reported in single CeAD (74-76%)3, 5 and similar to double 
CeAD (67%) (Online Resource Table II). Perhaps because local symptoms are more 
pronounced in multiple dissections, the likelihood of diagnosing the condition 
before ischemic stroke has occurred is higher. Alternatively, selective publication 
of patients with triple or quadruple CeAD and a good outcome may also play a role. 

Recurrences of CeAD were reported in only 3%, which is similar to a recent large 
cohort study of patients with double and single CeAD and comparable follow-up 
period (Online Resource Table II).3 In an earlier smaller study of 200 patients with 
CeAD (46 patients with double and 9 patients with triple or quadruple CeAD) and 
a median follow-up period of 7.4 years, recurrent CeAD occurred in 8% of patients, 
but only in arteries that were not previously affected.4 The risk of recurrence was 
highest in the first month, and after the first month the risk of recurrent dissection 
was 1 percent per year. According to another recent study, patients with late 
recurrent CeAD tend to be younger than those with recurrent CeAD within the first 
month (mean age 37.5 ± 6.9 vs 43.8 ± 9.9).12 Based on our data, the risk of recurrence 
does not appear to be higher in patients with triple and quadruple CeAD. This low 
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risk of recurrence in patients with triple and quadruple CeAD argues in favor of a 
transient arteriopathy rather than an underlying genetic arteriopathy in the majority 
of patients.

Our review has several limitations. First, despite our best efforts, we could not 
acquire individual patient data from 3 out of 55 studies. Second, there is almost 
certainly some degree of publication bias, which may lead to an overestimation of 
good clinical outcome and low recurrence rate. Third, recall bias may play a role in 
the large number of reported triggering events. Fourth, the absence of a reference 
group limits the interpretation of the findings. In an attempt to improve interpretation, 
we compared key findings  of our study to available literature on double and single 
dissections from one of the largest and most well-defined CeAD multicenter 
cohort studies. Of course, this comparison must be interpreted with caution, since 
it is subject to data collection bias. Fifth, although triple and quadruple CeAD 
were simultaneously present on baseline imaging in the vast majority of patients in 
our study, we cannot be certain that they occurred at the same point in time. The 
distinction between multiple and early recurrent dissections is a matter of debate 
and depends in part on the delay between symptom onset and diagnosis by cervical 
artery imaging.5, 12 Sixth, there was no centralized reading of imaging and results 
from the CADISS trial have shown that diagnosis of CeAD can be difficult.11 

CONCLUSION

In conclusion, our systematic review on triple or quadruple dissections shows that 
this condition mostly affects young women, and that an underlying disease or 
triggering event can be identified in more than two-thirds of patients. Less than 
two-thirds of triple or quadruple CeAD patients suffered ischemic stroke, and the 
stroke was usually confined to the vascular territory of a single artery. Most patients 
were managed medically and the prognosis of triple and quadruple CeAD was 
favorable in the majority of patients, with a low recurrence risk. 
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SUPPLEMENT 

FIGURE I. PRISMA IPD flow diagram 
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SEARCH STRATEGY 
We searched PubMed and Excerpta Medica Database (EMBASE) (until April 17, 
2018) for publications on triple and quadruple CeAD using the terms. We used 
the following search terms: ((("cervical artery" OR "cervical arteries" OR "cervical 
arterial" OR "cervical vertebrae" OR "vertebral artery" OR "vertebral arteries" OR 
"vertebral arterial" OR "carotid artery" OR "carotid arteries" OR "carotid arterial" OR 
"cervicocerebral artery" OR "cervicocerebral arteries" OR "cervicocerebral arterial" 
OR "cervicocephalic artery" OR "cervicocephalic arteries" OR "cervicocephalic 
arterial") AND (dissection OR dissecting)) AND (fourfold OR quadruple OR triple 
OR multiple). 

REASONS FOR EXCLUSION
a  Full text article was written in a language other than English, French, German,  
 Spanish, Italian or Dutch and the English abstract had insufficient data for  
 inclusion. 
b Not about triple or quadruple cervical artery dissection. 
c  Does not meet imaging criteria for diagnosis of triple or quadruple article dis-

section (at least one of the following: 1) double lumen, 2) mural hematoma, 3) 
"string sign" or "flame sign": long tapering occlusion or high grade stenosis).  

d  Duplicate study. 
e  Duplicate participants. 
f  The first and corresponding authors did not respond to five e-mails spanning a 

7 month period, requesting data. 
g  The corresponding author no longer had data available for these participants 
*  In one study it was not explicitly stated how many participants had triple or  
 quadruple cervical artery dissections. 
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TABLE I.  Study characteristics of included studies 

First author Year of 
publication

Type of study* Retrospective or 
prospective

Number of patients†, 
(included) 

Ringel1 1977 Case report Retrospective 1 (1)

Mas2 1985 Case series, unclear 
whether single or 

multicenter

Retrospective 2 (2)

Schievink3‡ 1994 Cohort, single center Unclear 9 (1)

Mayer4 1996 Case report Retrospective 1 (1)

Grau5 1997 Case series, unclear 
whether single or 

multicenter

Retrospective 1 (1)

Rees6 1997 Case report Retrospective 1 (1)

Coric7 1998 Case report Retrospective 1 (1)

Eachempati8 1998 Case report Retrospective 1 (1)

Wunderlich9 1999 Case report Retrospective 1 (1)

Busch10 2000 Case report Retrospective 1 (1)

Garnier11 2000 Case report Retrospective 1 (1)

Buyle12 2001 Case report Retrospective 1 (1)

Guillon13 2003 Case-control, multicenter Prospective 2 (2)

Hamann14 2003 Case report Retrospective 1 (1)

Oehler15 2003 Case report Retrospective 1 (1)

Nadgir16 2003 Case report Retrospective 1 (1)

Pace17 2004 Case series, single center Retrospective 1 (1)

Yong18 2005 Case report Retrospective 1 (1)

Arnold19 2006 Cohort, single center Prospective 1 (1)

Kloss20§ 2006 Cohort, single center Unclear 7 (7)

Molina-Martinez21 2006 Case report Retrospective 1 (1)

Dittrich22 2007 Cohort, single center Prospective 1 (1)

Marshman23 2007 Case report Retrospective 1 (1)

Tayal24 2007 Case report Retrospective 1 (1)

Chakrapani25 2008 Case report Retrospective 1 (1)

Lee26 2008 Case report Retrospective 1 (1)

Verdure27 2008 Case series, single center Retrospective 1 (1)

Arnold28 2009 Cohort, multi center Prospective 12 (12)

Cerutti29 2009 Case report Retrospective 1 (1)

Schwartz30§§ 2009 Cohort, single center Retrospective 7 (6)

Dienstknecht31 2010 Case report Retrospective 1 (1)

Smith32 2010 Case series, single center Retrospective 1 (1)

Albuquerque33 2011 Cohort, single center Retrospective 1 (1)

Debette34 2011 Cohort Retrospective and 
prospective

19 (19)
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First author Year of 
publication

Type of study* Retrospective or 
prospective

Number of patients†, 
(included) 

Papagiannaki35 2011 Case report Retrospective 1 (1)

Pfefferkorn36 2011 Cohort, single center Prospective 2 (2)

Pires37 2011 Case report Retrospective 1 (1)

Adamec38 2012 Case report Retrospective 1 (1)

Dohle39 2012 Case report Retrospective 1 (1)

Grond-Ginsbach40 2012 Case series, multicenter Unclear 1 (1)

Morren41 2012 Case report Retrospective 1 (1)

Allam42 2013 Case report Retrospective 1 (1)

Mawet43 2013 Cohort, single center Prospective 2 (2)

Panicio44 2013 Case report Retrospective 1 (1)

Aronov45 2014 Case report Retrospective 1 (1)

Goyal46 2014 Case report Retrospective 1 (1)

Vela-Duarte47 2014 Case report Retrospective 1 (1)

Durand-Dubief48 2015 Case report Retrospective 1 (1)

Melikyan49 2015 Case report Retrospective 1 (1)

Abe50 2016 Case report Retrospective 1 (1)

Vannucchi51 2016 Case report Retrospective 1 (1)

Akamatsu52 2017 Case series, unclear 
whether single or 

multicenter

Retrospective 1 (1)

*  Case report was defined as 1 patient; Case series, ≤ 10 patients; Cohort, >10 patients. † Only the 

number of patients with triple or quadruple cervical artery dissection is provided, () indicates which 

of these patients were included in the current study. The original publication may describe additional 

patients. ‡ The corresponding author no longer had data available for the remaining 8 patients 

for which there was insufficient individual patient data available in the publication. § In the original 

publication 14 patients with triple or quadruple cervical artery dissections were reported. However, the 

corresponding author explained that only 8 presented with simultaneous triple or quadruple cervical 

artery dissections. One of these 8 patients was already described in the case report by Oehler et al 

(2003) and was therefore excluded. §§ In the original publication 7 patients with triple or quadruple 

cervical artery dissections were reported. However, the corresponding author explained that upon 

further review there were only 6 patients, not 7 as stated in the paper.  

TABLE I.  (Continued)
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TABLE II.  Clinical characteristics, underlying disease/triggering events and 
outcome in current study, compared to data from CADISP study1

n/N (%)

Current study CADISP study1 CADISP study1

Triple/quadruple 
CeAD (N=96)

Single CeAD
(N=833)

P-valuea Double CeAD
(N=130)b

Demographics

Mean age, y (SD)c 42 (9) 44 (10) 0.063 43 (10)

Sex (% women) 63/96 (66%) 351/833 (42%) <0.001 65/130 (50%)

Medical History

Smoking 20/72 (28%) 238/822 (29%) 0.833 29/129 (22%)

Hypertension 16/72 (22%) 206/824 (25%) 0.601 38/129 (29%)

Migraine 25/72 (35%) 302/820 (37%) 0.722 51/128 (40%)

Diabetes 4/72 (6%) 16/827 (2%) 0.137 4/129 (3%)

Hypercholesterolemia 12/72 (17%) 161/818 (20%) 0.535 19/125 (15%)

Clinical characteristics

Headache 63/92 (69%) 542/807 (67%) 0.799 84/128 (66%)

Neck pain 40/92 (44%) 380/807 (47%) 0.511 76/128 (59%)

Horner syndrome 31/92 (34%) 237/807 (29%) 0.390 27/128 (21%)

TIA 17/92 (19%) 175/833 (21%) 0.570 20/130 (15%)

Cerebral infarct 52/91 (57%) 547/833 (66%) 0.106 87/130 (67%)

Underlying disease

Fibromuscular dysplasia 12/74 (16%) 23/611 (4%) <0.001 14/105 (13%)

Hereditary connective tissue 
disorder

4/50 (8%) 3/808 (0.4%) <0.001 0/128 (0%)

Triggering events

Recent infection (previous week) 16/90 (18%) 149/813 (18%) 0.898 33/128 (26%)

Recent trauma (previous month) 32/90 (35%) 325/817 (40%) 0.436 57/129 (44%)

Prior cervical manipulation 12/90 (13%) 49/817 (6%) 0.008 15/129 (12%)

Outcome

mRS 0-2d 65/74 (88%) 702/797 (88%) 0.951 110/125 (88%)

Recurrence of CeAD 2/80 (3%) 18/802 (2%) 1.000 4/127 (3%)

1. Béjot Y, Aboa-Aboulé C, Debette S, et al. Characteristics and outcomes of patients with multiple 

cervical artery dissection. Stroke. 2014;45:37-41. a Statistical testing performed for comparison 

between triple/quadruple CeAD patients from current study and single CeAD patients from CADISP 

study. b Of 149 patients with multiple CeAD in CADISP study, 19 patients had triple or quadruple 

CeAD, resulting in 130 with double dissection.  c Calculated from data of 96 patients (current study), 

964 patients (CADISP).  d Time to last clinical follow-up: current study median 4 months (range 0-98), 

CADISP 3 months. CeAD, cervical artery dissection.  
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ABSTRACT 

BACKGROUND AND PURPOSE
Due to chronic hypoperfusion, cervical atherosclerosis may promote cerebral 
collateral circulation. We hypothesized that patients with ischemic stroke due to 
cervical carotid atherosclerosis have a more extensive collateral circulation and 
better outcomes than patients with cardioembolism. We tested this hypothesis in 
a population of patients who underwent endovascular treatment (EVT) for large 
vessel occlusion. 

METHODS  
From the MR CLEAN Registry, we selected consecutive adult EVT patients (March 
2014 to June 2016) with acute ischemic stroke due to anterior circulation large 
vessel occlusion and compared patients with cervical carotid artery stenosis >50% 
to those with cardioembolic etiology. The primary outcome was collateral score, 
graded on a 4-point scale. Secondary outcomes included the modified Rankin 
Scale (mRS) score and mortality at 90 days. We performed multivariable regression 
analyses and adjusted for potential confounders. 

RESULTS  
Of 1627 patients in the Registry, 190 patients with cervical carotid atherosclerosis 
and 476 with cardioembolism were included. Patients with cervical carotid 
atherosclerosis were younger (median 69 vs 76 years, P<0.001), more often male 
(67% vs 47%, P<0.001), more often had an ICA-T occlusion (33% vs 18%, P<0.001), 
and a lower pre-stroke mRS (mRS 0-2 96% vs 85%, P<0.001), than patients with 
cardioembolism. Stroke due to cervical carotid atherosclerosis was associated with 
higher collateral score (acOR 1.67, 95%-CI:1.17–2.39) and lower median mRS at 
90 days (acOR 1.45, 95%-CI:1.03–2.05) compared to cardioembolic stroke. There 
was no statistically significant difference in proportion of mRS 0-2 (aOR 1.36, 95%-
CI:0.90–2.07) or mortality at 90 days (aOR 0.80, 95%-CI:0.48–1.34).  

CONCLUSIONS 
Patients with stroke due to cervical carotid atherosclerosis had a more extensive 
cerebral collateral circulation and a slightly better median mRS at 90 days than 
patients with cardioembolic stroke.
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INTRODUCTION 

Underlying etiology contributes to the outcome of patients after ischemic stroke. In 
general, patients with ischemic stroke of cardioembolic origin have worse functional 
outcomes,1, 2 higher recurrence rates, and a higher risk of death than patients with 
ischemic stroke of other origin. However, little is known on the impact of stroke 
etiology on functional outcome of stroke patients who underwent endovascular 
treatment (EVT).3 

In patients with ischemic stroke caused by an occlusion of a proximal intracranial 
artery treated with EVT, higher collateral scores are associated with a greater chance 
of a better functional outcome,4-6 presumably because intracranial (leptomeningeal 
and pial) collateral arteries contribute to prolonged preservation of ischemic brain 
tissue at risk of infarction.7, 8 Experimental studies in an animal model of bilateral 
common carotid artery occlusion have found that chronic cerebral hypoperfusion 
promotes formation of new and recruitment of existing intracranial collateral 
arteries.9 Cervical carotid atherosclerosis in humans develops over decades 
and is often accompanied by arterial stenosis. Theoretically, this might promote 
the cerebral collateral circulation. In contrast, since cardioembolic stroke is not 
accompanied by chronic cerebral hypoperfusion, collateral artery formation and 
recruitment are less likely in these patients. 

We hypothesized that patients with ischemic stroke due to cervical stenotic 
carotid atherosclerosis have a more extensive collateral circulation than patients 
with stroke due to cardioembolism. We explored this hypothesis in a large sample of 
patients who underwent EVT for acute ischemic stroke with large vessel occlusion 
(LVO). We further assessed whether the presumed cause of stroke was associated 
with clinical, radiological and procedural outcomes after EVT. 

METHODS

Data will not be made available to other researchers, as no patient approval was 
obtained for sharing coded data. However, syntax and output files of statistical 
analyses may be made available upon request.

PATIENT SELECTION 
We used data of the MR CLEAN Registry, a prospective, nationwide registry of 
consecutive stroke patients treated with EVT in the Netherlands. For the current 
study, data of patients who underwent EVT between March 16th, 2014 and June 15th, 
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2016 were used. We included adult patients with an LVO of the anterior circulation 
(intracranial carotid artery [ICA/ICA-T], middle cerebral artery [M1/M2], anterior 
cerebral artery [A1/A2]), confirmed by CT-angiography (CTA), who were treated 
in a MR CLEAN trial hospital, and had a cervical carotid stenosis greater than 50% 
due to atherosclerosis, or a cardiac source of stroke. The study protocol has been 
evaluated by the medical ethics committee of the Erasmus University Medical 
Center in Rotterdam, and permission to carry out the study as a registry was 
granted. All imaging was assessed by an imaging core laboratory, whose members 
were blinded to clinical findings, except for side of symptoms. Detailed methods of 
the MR CLEAN Registry have been reported previously.10 

STROKE ETIOLOGY ASSESSMENT 
All patients underwent CTA of the cervical arteries and 12-lead electrocardiography. 
Additional etiologic work-up was performed according to local protocols. Stroke 
etiology was determined from information in discharge letters and from reports 
of the imaging core laboratory. We used a modification of the Trial of Org 10172 
in Acute Stroke Treatment (TOAST) criteria11 to categorize etiology into cervical 
large-artery atherosclerosis, cardioembolism, stroke of other determined etiology, 
or undetermined etiology (two or more causes identified, negative or incomplete 
evaluation). A patient was considered to have stroke due to cervical carotid 
atherosclerosis if there was >50% atherosclerotic stenosis or occlusion at the 
bifurcation of the carotid artery on the symptomatic side, as confirmed by core lab 
adjudication. Patients with high- or medium-risk cardioembolic stroke sources were 
classified as having cardioembolic stroke.11 

ASSESSMENT OF COLLATERAL CIRCULATION, OUTCOMES 
AND THROMBUS PERVIOUSNESS
Our primary outcome was collateral score, graded on baseline CTA by the imaging 
core laboratory on a 4-point scale, with 0 for absent collaterals (0% filling of the 
occluded vascular territory), 1 for poor (>0% and ≤50% filling), 2 for moderate (>50% 
and <100% filling), and 3 for good collaterals (100% filling), as used previously.5, 6, 12 
We also dichotomized the collateral scores into poor (grade 0-1) vs good (grade 2-3). 

Clinical outcomes were the difference between National Institutes of Health 
Stroke Scale (NIHSS) score at baseline and at 24-48 hours (ΔNIHSS); modified 
Rankin Scale (mRS) score at 90 days; functional independence at 90 days (defined 
as an mRS score of 0-2); mortality at 90 days; and symptomatic intracranial 
hemorrhage (sICH). Intracranial hemorrhage was considered symptomatic if 
patients died or deteriorated neurologically (a decline of at least 4 points on the 
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NIHSS) and the hemorrhage was related to the clinical deterioration (according to 
the Heidelberg criteria13). 

Radiological outcomes were the proportion of patients with an extended 
Trombolysis in Cerebral Infarction (eTICI) score of ≥2B and ≥2C.14 Procedural 
outcomes were the number of passes with a stent retriever; first pass effect,15 
defined as single pass/use of the device as first line of EVT, resulting in complete 
reperfusion (eTICI 3) of the LVO and its downstream territory and no use of rescue 
therapy after use of the device; and EVT procedure duration from groin puncture 
to successful reperfusion (eTICI ≥2B) or last contrast bolus (when successful 
reperfusion was not achieved or no target occlusion was observed during the 
intervention).  

In order to explore differences in thrombus imaging characteristics between 
cervical carotid atherosclerosis patients and patients with cardioembolism, we 
compared thrombus perviousness on baseline CTA. Thrombus perviousness is 
an imaging biomarker that estimates the extent to which a thrombus allows flow 
through the thrombus. This is measured as the thrombus attenuation increase (TAI, 
or ∆) in Hounsfield units in the thrombus on CTA compared to non-contrast CT 
(NCCT) (∆ = ρ thrombus

CTA - ρ thrombus
NCCT).16 

STATISTICAL ANALYSIS
For the main analysis, we compared patients with cervical carotid atherosclerosis 
to patients with cardioembolic stroke. In line with an analysis previously performed 
in the North American Symptomatic Carotid Endarterectomy Trial (NASCET) in a 
non-acute ischemic stroke population with carotid artery stenosis,17 in a sensitivity 
analysis we compared collateral status and clinical outcomes of patients with 
moderate (51-70%) to those with severe (71-99%) stenosis within the sample of 
patients with cervical carotid atherosclerosis. Lastly, we analyzed clinical outcome 
between patients with cervical carotid atherosclerosis and cardioembolic stroke 
patients, within the sample of patients with incomplete reperfusion (eTICI 0-2A), 
since these patients would theoretically be most reliant on their collateral flow for 
preserving penumbral tissue. 

Baseline characteristics were described using standard statistics. The shift on 
the full mRS, measured with a common odds ratio (cOR), was estimated with ordinal 
logistic regression. We performed binary logistic regression for dichotomous 
outcome measures and linear regression for continuous outcome measures. 
Variables for adjustment were chosen based on theoretical identification using 
directed acyclic graphs.18 For associations with collateral status, we adjusted for 
age, history of stroke and occlusion location. For clinical outcomes (∆NIHSS, mRS, 
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functional independence and mortality) we adjusted for age, history of peripheral 
artery disease, history of myocardial infarction, prior use of anticoagulant medication 
(vitamin K antagonists or direct oral anticoagulants), occlusion location, onset-to-
groin-puncture time and hyperdense artery sign. For sICH, we adjusted for history 
of myocardial infarction. For successful reperfusion and procedural outcomes, we 
adjusted for age and occlusion location. 

Missing data were imputed using multiple imputation based on relevant 
covariates and outcome. Adjusted (a)ORs and betas (β) are reported with 95% 
confidence intervals (95% CI) and all p-values are two-sided. Statistical analyses 
were performed using IBM SPSS Statistics for Windows, version 24.0. 

RESULTS 

Of the 1627 patients in the MR CLEAN Registry, 198 were excluded because of 
age under 18 years, posterior circulation occlusion, treatment in a non-MR CLEAN 
trial hospital or because their discharge letter was not available to determine stroke 
etiology (Figure 1). Of the remaining 1429 patients, 190 (13%) had cervical carotid 
atherosclerosis, and 476 (33%) had cardioembolism. Among the patients with 
cardioembolism, 362 (76%) had atrial fibrillation (newly diagnosed in 111). Other 
causes of cardioembolic stroke are listed in Supplemental Table I (please see http://
stroke.ahajournals.org). Stroke of other determined etiology occurred in 67 (5%) 
patients, of whom 44 had carotid artery dissection. In 696 (49%) patients the cause 
was undetermined; 78 had more than one potential cause and in 618 the assessment 
was negative or incomplete. 

Patients with cervical carotid atherosclerosis were younger (median 69 vs 76 years, 
P<0.001) and more often male (127/190 (67%) vs 223/476 (47%), P<0.001); had lower 
pre-stroke mRS scores (mRS 0-2 180/187 (96%) vs 399/471 (85%), P<0.001), and 
more often had an ICA/ICA-T occlusion (93/190 (49%) vs 87/450 (19%), P<0.001), 
than patients with cardioembolic stroke; Table 1. 

We found a significant shift towards better collateral scores in favor of stroke 
due to cervical carotid atherosclerosis (acOR 1.67, 95% CI 1.17–2.39; Figure 2). 
Also when scores were dichotomized into good (grade 2-3) and poor (grade 0-1), 
patients with cervical carotid atherosclerosis had significantly more often good 
collateral scores than those with cardioembolic stroke (130/184 (71%) vs 266/441 
(60%), aOR 1.84, 95% CI 1.15–2.94). 

https://aha-prod-cdn.literatumonline.com/strokeaha.119.026299/6cd5d486-1fc3-4f1c-8138-f301f0d10833/str_stroke-2019-026299_supp1.pdf?b92b4ad1b4f274c70877518312abb28bc5966812e2ede76f2e72627c2273465365e3614d6836efee1c4e0c24c2637d5cd4bc15a8473c5c7f22bea4b06dd2bb77dfddba380d06cced060a0d77fd21c6a06a9f0341b294e0d1cb5700930750bedf21e2d414a77df8f377b4
https://aha-prod-cdn.literatumonline.com/strokeaha.119.026299/6cd5d486-1fc3-4f1c-8138-f301f0d10833/str_stroke-2019-026299_supp1.pdf?b92b4ad1b4f274c70877518312abb28bc5966812e2ede76f2e72627c2273465365e3614d6836efee1c4e0c24c2637d5cd4bc15a8473c5c7f22bea4b06dd2bb77dfddba380d06cced060a0d77fd21c6a06a9f0341b294e0d1cb5700930750bedf21e2d414a77df8f377b4
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FIGURE 1. Flowchart of patient selection 

Patients with cervical carotid atherosclerotic and cardioembolic stroke etiology were included in the 

study.

FIGURE 2. Collateral circulation for patients with stroke due to cervical carotid atherosclerosis versus 

stroke due to cardioembolism

Collateral score was graded by the imaging core laboratory on a 4-point scale, with 0 for absent (0% 

filling of the occluded vascular territory), 1 for poor (>0% and ≤50% filling), 2 for moderate (>50% and 

<100% filling), and 3 for good collaterals (100% filling). 

Consecutive EVT patients 
treated from March 18 2014 

until June 15 2016
n = 1627

Patients analyzed
n = 1429
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• Age < 18 years (n = 2)
• Posterior circulation (n = 79)
• Non MR CLEAN center (n = 20)
• Discharge letter not available (n = 97)
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n = 190 (13%)

Cardioembolism 
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Patients with cervical carotid atherosclerotic stroke had a lower median mRS at 
90 days than cardioembolic stroke patients (3 vs 4, acOR 1.45 95% CI 1.03–2.05;  
Table 2). There were no statistically significant differences in the proportions of 
patients with mRS 0-2 (46% vs 35%, aOR 1.36 95% CI 0.90–2.07) or mortality (23% vs 
33%, aOR 0.80 95% CI 0.48–1.34) at 90 days between cervical carotid atherosclerotic 
and cardioembolic stroke. In patients with cervical carotid atherosclerosis a first 
pass effect was achieved less frequently (10% vs 21%, aOR 0.43, 95% CI 0.23–0.80) 
and median procedure duration was longer (73 vs 60 minutes, adjusted β 10.08, 95% 
CI 4.64–16.96) compared to patients with stroke due to cardioembolism. There 
were no significant differences in any of the other clinical or radiological outcomes. 
Among the 82 patients with cervical carotid atherosclerosis who had a 51-99% 
stenosis, a slightly larger proportion of patients with a severe (71-99%) stenosis had 
a good (grade 2-3) collateral status compared to those with a moderate (51-70%) 
stenosis (75% vs 67%, p=0.423), but this difference disappeared after adjustment 
for confounders (aOR 1.06, 95% CI 0.39–2.90). A larger proportion of patients 
with a severe stenosis had mRS 0-2 at 90 days, although this difference was not 
statistically significant (62% vs 41%, aOR 1.66, 95% CI 0.49–5.57). Finally, in 299 
patients with incomplete reperfusion, functional outcome at 90 days was better 
for patients with cervical carotid atherosclerosis than for cardioembolic stroke 
patients (median mRS 4 vs 5, acOR 2.12, 95% CI 1.17–3.83) (Supplemental Tables 
II-V, Figure I, please see http://stroke.ahajournals.org). 

https://aha-prod-cdn.literatumonline.com/strokeaha.119.026299/6cd5d486-1fc3-4f1c-8138-f301f0d10833/str_stroke-2019-026299_supp1.pdf?b92b4ad1b4f274c70877518312abb28bc5966812e2ede76f2e72627c2273465365e3614d6836efee1c4e0c24c2637d5cd4bc15a8473c5c7f22bea4b06dd2bb77dfddba380d06cced060a0d77fd21c6a06a9f0341b294e0d1cb5700930750bedf21e2d414a77df8f377b4
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TABLE 1. Baseline characteristics

Cervical carotid  
atherosclerosis 
(N = 190)

Cardioembolism
(N = 476)

P-value

Median age, years (IQR) 69 (62-77) 76 (66-83) <0.001

Men, n (%) 127/190 (67) 223/476 (47) <0.001

Medical history

Diabetes mellitus, n/N (%) 27/186 (15) 89/474 (19) 0.196

Hypertension, n/N (%) 83/187 (44) 290/473 (61) <0.001

Ischemic stroke, n/N (%) 25/187 (13) 89/475 (19) 0.10

Medication

DOAC, n/N (%) 0/186 (0) 27/465 (6) 0.001

Vitamin K antagonist, n/N (%) 4/190 (2) 150/471 (32) <0.001

Antiplatelets, n/N (%) 63/189 (33) 146/468 (31) 0.594

IV rtPA prior to EVT, n (%) 166/190 (87) 291/476 (61) <0.001

Pre-stroke mRS, n/N (%) <0.001

0 147/187 (79) 282/471 (60)

1 23/187 (12) 77/471 (16)

2 10/187 (5) 40/471 (9)

≥3 7/187 (4) 72/471 (12)

Clinical characteristics

Median NIHSS (IQR)a 16 (12-19) 16 (12-20) 0.358

Median systolic blood pressure in mmHg (IQR)b 156 (142-170) 150 (131-167) 0.003

Median diastolic blood pressure in mmHg (IQR)c 80 (71-90) 80 (70-93) 0.806

Median onset-to-groin in minutes (IQR) 207 (165-270) 210 (160-270) 0.962

Laboratory investigations

Median serum glucose (IQR)d 6.5 (5.8-7.8) 6.8 (6-8.1) 0.095

Median platelet count (IQR)e 235 (208-281) 231 (187-587) 0.232

Median INR (IQR)f 1 (1-1) 1 (1-1.5) <0.001

Imaging characteristics

Median ASPECTS (IQR)g 8 (7-10) 9 (7-10) 0.158

Occlusion location on CT-angiography, n/N (%) <0.001
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Cervical carotid 
atherosclerosis 
(N = 190)

Cardioembolism
(N = 476)

P-value

Imaging characteristics (continued)

Occlusion location on CT-angiography, 
n/N (%) (continued)

ICA 30/190 (16) 6/450 (1)

ICA-T 63/190 (33) 81/450 (18)

Proximal M1 53/190 (28) 119/450 (26) 

Distal M1 36/190 (19) 171/450 (38)

M2 8/190 (4) 68/450 (1)

Hyperdense artery sign, n/N (%) 128/183 (70) 229/450 (51) <0.001

Median TAI in Hounsfield units (IQR)h 6.9 (1.7-15.7) 3.9 (1.6-11.1) 0.068

Clot length (mm) (IQR)i 20.5 (14.2-28.3) 12.3 (9.0-16.5) <0.001

ASPECTS indicates Alberta Stroke Program Early CT Score; DOAC, direct oral anticoagulant; 

EVT, endovascular treatment; INR, international normalized ratio; ICA(-T), internal carotid artery(-

terminal); IQR, interquartile range; IV rtPA, intravenous recombinant tissue plasminogen activator; 

M1, first segment of middle cerebral artery; M2, second segment of middle cerebral artery;   mRS, 

modified Rankin Scale score; NIHSS, National Institutes of Health Stroke Scale; TAI, thrombus 

attenuation increase (∆).  Number of patients with missing data for cervical carotid atherosclerosis and 

cardioembolism group, respectively: a3,7; b2,10; c2,15; d24,65; e23,64; f31,75; g5,20; h145,350;i145,350.  

TABLE 1. (Continued)
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TABLE 2. Clinical, radiological and procedural outcomes

Cervical carotid 
atherosclerosis 
(N = 190)

Cardioembolism 
(N = 476)

Adjusted (common) 
OR/β (95% CI)

Clinical outcomes 

Median ΔNIHSS (IQR)a 4 (0-9) 3 (0-9) 0.51 (-0.99 – 2.00)

Median mRS at 90 days (IQR)b 3 (1-5) 4 (2-6) 1.45 (1.03 – 2.05)

mRS 0-2 at 90 days, n/N (%) 80/175 (46) 150/431 (35) 1.36 (0.90 – 2.07)

Mortality, n/N (%) 40/175 (23) 142/431 (33) 0.80 (0.48 – 1.34)

Symptomatic intracranial 
hemorrhage, n/N (%)c 

13/190 (7) 22/476 (5) 1.42 (0.70 – 2.85)

Radiological outcomes, n/N (%)

Post-EVT eTICI score ≥2B 96/186 (52) 261/470 (56) 0.85 (0.59 – 1.22)

Post-EVT eTICI score ≥2C 66/186 (36) 188/470 (40) 0.77 (0.51 – 1.14)

Procedural outcomes

First pass effectd , n/N (%)  14/135 (10) 76/367 (21) 0.43 (0.23 – 0.80)

Median number of passes with stent 
retriever (IQR)d,e       

2 (1-3) 2 (1-3) 0.21 (-0.62 – 1.03)

Median procedure duration in 
minutes (IQR)f 

73 (50-102) 60 (40-90) 10.08 (4.64 – 16.96)

eTICI indicates extended treatment in cerebral ischemia; EVT, endovascular treatment; IQR, 

interquartile range; OR, odds ratio; mRS,  modified Rankin Scale score; NIHSS, National Institutes 

of Health Stroke Scale.  Number of patients with missing data for cervical carotid atherosclerosis and 

cardioembolism group, respectively: a23,51; b15,45; e55,108; f33,43. cHeidelberg criteria, von Kummer 

et al., Stroke.13 dIn patients with at least one attempt at thrombectomy with a device. fFemoral artery 

puncture to successful recanalization.
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DISCUSSION

In line with our hypothesis, we found that patients who underwent EVT for anterior 
circulation large vessel occlusion caused by cervical large-artery atherosclerosis had 
a more extensive cerebral collateral circulation and a better functional outcome at 
90 days than those with cardioembolic stroke. We found no statistically significant 
difference in functional independence (mRS 0-2) or mortality between the groups. 

The association between cervical large-artery atherosclerosis and better 
collateral circulation compared to cardioembolic stroke has been suggested 
previously in two small cohort studies (N=15819 and 12220, respectively). However, 
both studies did not provide analyses adjusted for confounders for this association, 
which limits the interpretation of the results. In addition, one of these studies20 only 
examined patients with atrial fibrillation and did not include other cardioembolic 
sources of stroke. Furthermore, our study differs from these studies in terms of 
patient population (proportion of patients with large vessel occlusion), and use of a 
different collateral grading scale. 

In our study, patients with cervical carotid atherosclerotic stroke were 
younger and more often male than patients with cardioembolic stroke, which is 
consistent with previous studies.21 Pre-stroke mRS scores were lower in cervical 
carotid atherosclerosis patients, possibly in part due to younger age and less 
comorbidity. Patients with cervical carotid atherosclerotic stroke received IV rtPA 
more frequently than patients with cardioembolic stroke, which is explained by 
oral anticoagulation use in the latter group. Notably, there was no difference in 
baseline NIHSS score between cervical carotid atherosclerotic and cardioembolic 
stroke patients. In studies using data of non-EVT populations, cardioembolic 
stroke is generally reported to present with more severe deficits than stroke 
of other origins.1, 2 This is explained by the fact that cardioembolic stroke is 
usually associated with relatively large thrombi resulting more often in large 
vessel occlusion compared to stroke of other etiology.22 As our study population 
consisted solely of patients with a LVO, this likely explains why we did not observe 
a difference in severity of deficits between cervical large-artery atherosclerosis 
and cardioembolic stroke. In fact, in our study we found a higher occurrence of 
intracranial internal carotid artery and terminal internal carotid artery occlusions 
in patients with cervical large-artery atherosclerosis, similar to a distribution 
previously found in a study comparing these two groups who underwent EVT.20  
  The association between collateral status and 90 day mRS scores and mortality is 
well established in EVT patients.4, 5 In line with these observations, we found a small 
statistically significant difference in median mRS in favor of patients with cervical 
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carotid atherosclerosis.  However, this result should be interpreted with caution, 
since there was no statistically significant difference in functional independence 
nor in mortality and the difference in mRS only just reached statistical significance. 
Similarly, a MR CLEAN subgroup analysis comparing EVT patients with and 
without atrial fibrillation found no significant differences in outcome.23 In further 
support of our hypothesis, when only selecting those patients with incomplete 
reperfusion (eTICI 0-2A), patients with carotid atherosclerosis did have a better 
functional outcome than patients with cardioembolism. This may suggest that in 
patients who are truly dependent on their collaterals, patients with cervical carotid 
atherosclerosis have a small benefit. However, despite adjusting for potential 
confounders, several baseline imbalances remained in this subgroup analysis (i.e. 
eTICI 0-2A patients with cardioembolism more often had a worse pre-stroke mRS, 
a medical history of ischemic stroke and hypertension, and less often received 
IV rtPA) and we therefore cannot rule out residual confounding. We must also 
emphasize the explorative nature of this analysis. Finally, our study and its subgroup 
analyses may be underpowered to detect a true difference.

On the other hand, collateral status may not be the main deciding factor 
when studying the association between stroke etiology and outcome. For one, 
the procedural outcomes in both groups, which were in favor of cardioembolic 
stroke patients, may in part explain the lack of significant differences in clinical 
and radiological outcomes. Patients with cervical carotid atherosclerotic stroke 
had longer procedure duration than patients with cardioembolic stroke, which 
could reflect difficulties in gaining intracranial access (e.g. due to cervical stenosis) 
or performance of percutaneous transluminal angioplasty. Also, in patients with 
cervical carotid atherosclerosis, eTICI 3 on first pass was achieved less often. 
Perhaps this is due to differences in thrombus length. Patients with cervical carotid 
atherosclerosis more often had ICA/ICA-T occlusions, and longer/larger thrombi 
are more difficult to remove in one attempt.15 Thrombus composition may also be 
a factor in achieving first pass effect.24, 25 Although we do not have histological 
data on thrombus composition, in our study we found that patients with cervical 
carotid atherosclerosis more often had a hyperdense artery sign, but there was 
no statistically significant difference in thrombus perviousness between the two 
groups. 

Our study has several limitations. First, a large group of patients had an 
undetermined stroke etiology (49% compared to approximately 25% in most 
studies26). The higher proportion of patients with stroke of undetermined etiology 
is partially explained by the absence of patients with small vessel disease in a cohort 
of patients treated with EVT. Undetermined etiology (excluding those with more 
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than one possible cause) can be the result of negative evaluation or of incomplete 
evaluation. The majority of the patients with cardioembolic stroke etiology in our 
study had atrial fibrillation. Atrial fibrillation generally only accounts for about half 
of all cardioembolic causes.27 Atrial fibrillation may be relatively more prevalent than 
other cardioembolic sources in patients with large vessel occlusion. Alternatively, 
the work-up for other cardioembolic sources may have been incomplete,28 and a 
proportion of patients with undetermined etiology may have had a cardioembolic 
source.26 Unfortunately, detailed data on electrocardiography, rhythm monitoring 
and echocardiography were unavailable for some patients, which is a result of a 
registry of daily clinical practice.  

A second limitation is that all patients underwent single-phase CTA instead 
of multiphase CTA, which could have led to underestimation of collateral status 
in the case of delayed filling in combination with an early acquisition phase.29, 30 
This underestimation may disproportionally affect patients with occlusion due 
to cervical large-artery atherosclerosis, who more often had ICA-T occlusions 
than patients with cardioembolism, which may lead to slower or less contrast 
flow in anterior and middle cerebral artery territories. Still, if this were the case, 
the true difference in collateral status between patients with cervical large-artery 
atherosclerosis and cardioembolic stroke would be even more pronounced. 
Furthermore, current methods for collateral circulation assessment on CTA are 
rather coarse. Conventional digital subtraction angiography is generally considered 
the golden standard.8 More quantitative CTA scores have the potential to be more 
discriminative.31  

Third, important considerations when studying stroke etiology, collateral 
circulation and outcomes, are thrombus size and thrombus composition.32 Smaller 
thrombi may allow for increased pial collateral flow, increasing collateral score.33 
In patients with larger clots this might have led to underestimation of collateral 
circulation. Although we did not analyse thrombus histopathology, we did have 
thrombus perviousness at our disposal. If cervical large-artery atherosclerotic 
thrombi are more pervious than cardioembolic thrombi, this would allow for better 
vessel opacification in stroke due to cervical large-artery atherosclerosis, leading 
to an overestimation of the difference in collateral score between the two groups. 
In our study we did not find a statistical difference in TAI between cervical large-
artery atherosclerotic and cardioembolic stroke. 
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CONCLUSION

In patients who underwent EVT because of large vessel occlusion of the anterior 
circulation, stroke due to cervical carotid atherosclerosis was associated with 
better collateral status and a slightly better functional outcome at 90 days 
compared to cardioembolic stroke. However, there was no statistically significant 
difference in functional independence nor in mortality between patients with 
cervical carotid atherosclerotic stroke and those with cardioembolic stroke. 
This discrepancy may be partially explained by better procedural outcomes in 
cardioembolic stroke patients. 
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SUPPLEMENT 

SUPPLEMENTAL TABLE I. Causes of cardioembolic strokea 

Total (N = 476) – n. (%) 

High-risk source

Past medical history of atrial fibrillation 251 (53)

Newly diagnosed atrial fibrillation 111 (23)

Mechanical prosthetic valve 18 (4)

Myocardial infarction <4 weeks before ischemic stroke 9 (2)

Infective endocarditis 7 (1)

Sick sinus syndrome 5 (1)

Left ventricular thrombus 4 (1)

Akinetic left ventricle segment 4 (1)

Medium-risk source

Other cardiomyopathy 13 (3)

Atrial flutter 9 (2)

Bioprosthetic valve 3 (2)

Patent foramen ovale 3 (1)

Myocardial infarction >4 weeks <6 months before ischemic stroke 3 (1)

Otherb 8 (2)

aPatients may have more than one reported cardiac source of stroke.  
bOther: Left ventricle fibrillation, mitral valve prolapse, atrial septum defect, heart failure. 
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SUPPLEMENTAL TABLE II. Baseline characteristics of large vessel occlusion 
stroke patients with moderate (51-70%) and severe (71-99%) stenosis of the 
ipsilateral cervical carotid artery measured according to NASCET method

Cervical carotid stenosis (N = 82)a

51-70% stenosis 
(n = 36)

71-99% stenosis 
(n = 46)

P-value

Median age, years (IQR) 69 (63-81) 71 (63-76) 0.73

Men, n (%) 16/36 (44) 32/46 (70) 0.02

Medical history

Diabetes mellitus, n/N (%) 5/35 (14) 5/46 (11) 0.64

Hypertension, n/N (%) 15/34 (44) 18/46 (39) 0.65

Ischemic stroke, n/N (%) 8/35 (23) 6/46 (13) 0.25

Medication

DOAC, n/N (%) 0/36 (0) 0/45 (0) n/a

Vitamin K antagonist, n/N (%) 1/36 (3) 1/46 (2) 1.00

Antiplatelets, n/N (%) 10/35 (29) 15/46 (33) 0.70

IV rtPA prior to EVT, n (%) 32/36 (89) 40/46 (87) 0.79

Pre-stroke mRS, n/N (%) 0.68

0 23/34 (68) 35/46 (76)

1 6/34 (18) 8/46 (17)

2 2/34 (6) 2/46 (4)

≥3 3/34 (9) 1/46 (2)

Clinical characteristics

Median baseline NIHSS (IQR)b 15 (13-23) 16 (11-20) 0.88

Median systolic blood pressure in mmHg (IQR) 152 (139-166) 159 (148-170) 0.20

Median diastolic blood pressure in mmHg (IQR) 80 (72-90) 84 (72-94) 0.39

Median onset-to-groin in minutes (IQR) 223 (172-270) 196 (144-248) 0.09

Laboratory investigations

Median serum glucose (IQR)c 7.0 (6.3-8.3) 6.5 (5.7-7.7) 0.10

Median platelet count (IQR)d 253 (199-315) 244 (200-277) 0.37

Median INR (IQR)e 1.0 (1.0-1.1) 1.0 (1.0-1.1) 0.73

Imaging characteristics

Median ASPECTS (IQR)f 9 (7-9) 8 (7-10) 0.92

Occlusion location on CT-angiography, n/N (%) 0.82

ICA 3/36 (8) 2/46 (4)

ICA-T 8/36 (22) 11/46 (24)

Proximal M1 10/36 (28) 17/46 (37)
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Cervical carotid stenosis (N = 82)a

51-70% stenosis 
(n = 36)

71-99% stenosis 
(n = 46)

P-value

Imaging characteristics (continued)

Occlusion location on CT-angiography,  n/N (%) (continued)

Distal M1 14/36 (39) 13/46 (28)

M2 1/36 (3) 3/46 (7)

Hyperdense artery sign, n/N (%) 21/32 (66) 27/46 (59) 0.54

Median TAI in Hounsfield units (IQR)g 4.9 (-0.8-11.2) 3.7 (-2.6-33.1) 1.00

Clot length (mm) (IQR)h 10.9 (9.8-23.1) 26.4 (19.2-33.3) 0.03

ASPECTS indicates Alberta Stroke Program Early CT Score; DOAC, direct oral anticoagulant; EVT, 

endovascular treatment; INR, international normalized ratio; ICA(-T), internal carotid artery(-terminal); 

IQR, interquartile range; IV rtPA indicates intravenous recombinant tissue plasminogen activator; M1, 

first segment of middle cerebral artery; M2, second segment of middle cerebral artery; mRS, modified 

Rankin Scale score; NASCET, North American Symptomatic Carotid Endarterectomy Trial; NIHSS, 

National Institutes of Health Stroke Scale; TAI, thrombus attenuation increase (∆).  aOf 190 patients 

with cervical carotid atherosclerosis, 36 had a stenosis degree of 51-70%, 46 of 71-99% and 108 had an 

occlusion of the extracranial internal carotid artery. Missing: b2; c11; d10; e13; f3, g65, h65.

SUPPLEMENTAL TABLE III. Clinical outcomes of large vessel occlusion stroke 
patients with moderate (51-70%) and severe (71-99%) stenosis of the ipsilateral 
cervical carotid artery measured according to NASCET method

Cervical carotid stenosis (N = 82)

51-70% 
stenosis 
(n = 36)

71-99% 
stenosis 
(n = 46)

Common OR 
(95% CI)

Adjusted (common) 
OR (95% CI)

Median mRS at 90 days (IQR)a 3 (1-6) 2 (1-3) 1.91 (0.82 – 4.46) 1.70 (0.70 – 4.15)

mRS 0-2 at 90 days, n/N (%) 13/32 (41) 28/45 (62) 1.89 (0.71 – 5.01) 1.66 (0.49 – 5.57)

Mortality at 90 days, n/N (%) 9/32 (28) 5/45 (11) 0.42 (0.13 – 1.35) 0.26 (0.05 – 1.39)

Symptomatic ICH, n/N (%) 3/36 (8) 0/46 (0) n/a n/a

ICH indicates symptomatic intracranial hemorrhage; IQR, interquartile range; OR, odds ratio; mRS, 

modified Rankin Scale score; NASCET, North American Symptomatic Carotid Endarterectomy Trial. 
aMissing: 5.

SUPPLEMENTAL TABLE II. (Continued)
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SUPPLEMENTAL TABLE IV.  Baseline characteristics of patients with large vessel 
occlusion stroke with incomplete recanalization (eTICI 0-2A) 

  eTICI 0-2A (N = 299) 

Cervical carotid 
atherosclerosis
(n = 90)

Cardioembolism
(n = 209)

P-value

Median age, years (IQR) 71 (64-79) 76 (67-84) <0.01

Men, n (%) 58 (64) 96 (46) <0.01

Medical history

Diabetes mellitus, n/N (%) 12/88 (14) 35/208 (17) 0.49

Hypertension, n/N (%) 41/88 (47) 130/208 (63) 0.01

Ischemic stroke, n/N (%) 12/88 (14) 47/209 (23) 0.08

Medication

DOAC, n/N (%) 0/87 18/205 (9) <0.01

Vitamin K antagonist, n/N (%) 2 (2) 71/207 (34) <0.001

Antiplatelets, n/N (%) 28 (31) 59/205 (29) 0.69

IV rtPA prior to EVT, n (%) 78 (87) 124/209 (59) <0.001

Pre-stroke mRS, n/N (%) <0.01

0 71/88 (81) 121/207 (59)

1 8/88 (9) 39/207 (19)

2 5/88 (6) 17/207 (8)

≥3 4/88 (5) 30/207 (15)

Clinical characteristics

Median NIHSS (IQR)a 16 (13-19) 16 (12-20) 0.76

Median systolic blood pressure in mHg (IQR)b 160 (145-175) 152 (133-170) 0.01

Median diastolic blood pressure in mmHg (IQR)c 84 (71-94) 84 (71-95) 0.86

Median onset-to-groin in minutes (IQR) 213 (150-284) 225 (169-300) 0.43

Laboratory investigations

Median serum glucose (IQR)d 6.5 (5.8-8.1) 6.9 (6.08.2) 0.20

Median platelet count (IQR)e 231 (204-276 ) 222 (185-277) 0.41

Median INR (IQR)f 1.0 (1.0-1.0) 1.1 (1.0-1.6) <0.001

Imaging characteristics

Median ASPECTS (IQR)g 9 (7-10) 9 (7-10) 0.69

Occlusion location on CT-angiography, n/N (%) <0.001

ICA 16/90 (18) 4/194 (2)

ICA-T 34/90 (38) 38/194 (20)
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eTICI 0-2A (N = 299)

Cervical carotid 
atherosclerosis
(n = 90)

Cardioembolism
(n = 209)

P-value

Imaging characteristics (continued)

Occlusion location on CT-angiography, n/N (%) (continued)

Proximal M1 20/90 (22) 45/194 (23)

Distal M1 16/90 (18) 68/194 (35)

M2 4/90 (4) 36/194 (19)

Hyperdense artery sign, n/N (%) 60/87 (69) 104/193 (54) 0.02

Median TAI in Hounsfield units (IQR)h 8.5 (1.6-17.6) 2.2 (-1.7-8.0) 0.04

Clot length (mm) (IQR)i 21.5 (18.7-29.8) 13.3 (10.2-16.9) <0.001

ASPECTS indicates Alberta Stroke Program Early CT Score; DOAC, direct oral anticoagulant; eTICI, 

extended Treatment in Cerebral Ischemia scale; EVT, endovascular treatment; INR, international 

normalized ratio; ICA(-T), internal carotid artery(-terminal); IQR, interquartile range; IV rtPA indicates 

intravenous recombinant tissue plasminogen activator; M1, first segment of middle cerebral artery; 

M2, second segment of middle cerebral artery; mRS, modified Rankin Scale score; National Institutes 

of Health Stroke Scale; TAI, thrombus attenuation increase (∆). Missing: a6; b3; c6; d40; e38; f45; g16, 
h224, i224.

SUPPLEMENTAL TABLE V. Clinical outcomes of patients with large vessel 
occlusion stroke with incomplete recanalization (eTICI 0-2A) 

eTICI 0-2A (N = 299)

Cervical carotid 
atherosclerosis  (n = 90)

Cardioembolism 
(n = 209)

Adjusted (common) 
OR/β (95% CI)

Median mRS at 90 days (IQR) a 4 (2-6) 5 (3-6) 2.12 (1.17 – 3.83)

mRS 0-2 at 90 days, n/N (%) 26/84 (31) 45/197 (23) 1.86 (0.92 – 3.74)

Mortality, n/N (%) 23/84 (27) 83/197 (42) 0.52 (0.25 – 1.06)

Symptomatic ICH, n/N (%) 6/90 (7) 13/209 (6) 0.94 (0.34 – 2.62)

ICH indicates symptomatic intracranial hemorrhage; IQR interquartile range; OR, odds ratio; mRS, 

modified Rankin Scale score.  aMissing: 18.

SUPPLEMENTAL TABLE IV.  (Continued)
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SUPPLEMENTAL FIGURE I. Collateral circulation for patients with large vessel occlusion stroke 

with moderate and severe stenosis of the ipsilateral cervical carotid artery.

Collateral score was graded by the imaging core laboratory on a 4-point scale, with 0 for absent 

collaterals (0% filling of the occluded vascular territory), 1 for poor (>0% and ≤50% filling), 2 for 

moderate (>50% and <100% filling), and 3 for good collaterals (100% filling).   

A slightly larger proportion of patients with 71-99% stenosis had a good (grade 2-3) collateral status 

compared to those with 51-70% stenosis (33/44 (75%) vs 22/33 (67%), p = 0.423), although this 

difference was not present after adjustment for confounders (adjusted OR 1.06; 95% CI 0.39 – 2.90). 

Also in ordinal regression analyses patients with 71-99% stenosis tended to have a shift towards better 

collateral scores than patients with 51-70% stenosis, although this  failed to reach statistical significance 

(median 2 vs 2, adjusted cOR 1.14, 95% CI 0.47 – 2.60.
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FIGURE 1.  A) Typical location of a carotid web at the posterior wall of the proximal (arrow) aspect 

of the carotid bulb. B) The lesion described by Vercelli and colleagues is located at the distal (arrow) 

aspect of the carotid bulb.  

A B
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The article by Vercelli and colleagues (Vercelli GG, Campeau NG, Macedo TA, et 
al: De novo formation of a carotid web: case report. J Neurosurg published online 
November 30 2018) presents a 47-year old man with presumed de novo formation 
of a carotid artery web.1 We find the authors’ hypothesis interesting, and we think 
that the ensuing discussion is a worthwhile contribution. But there is one particular 
aspect of the manuscript which needs elaboration.  

The manuscript describes de novo formation of a shelf-like structure along the 
posterior wall of the internal carotid artery with the “classic radiological appearance” 
of a carotid artery web, and suggests that this web arose from an arterial dissection. 
We agree that the posterior wall of the internal carotid artery is the typical location 
for a carotid artery web. But our experience and the existing literature suggest that 
the typical location is more specifically along the posterior wall at the proximal 
aspect of the carotid artery bulb (Fig. 1A)  rather than at the distal aspect. The 
lesion in the manuscript is located at the distal aspect of the bulb (Fig. 1B), not at the 
usual location for a carotid artery web. 

The location and morphology of the lesion is indeed more consistent with the 
residua of an arterial dissection. Internal carotid artery dissections are typically 
located distal to the carotid artery bulb, and the most proximal part of a dissection 
does not extend more proximally than this transition zone, where the elastic type of 
the artery changes into the muscular type.2

Previously reported histological findings3 describe a dissection splitting the 
intima in two surgically resected carotid artery webs, but it remains unclear whether 
focal microdissection leads to carotid artery web formation, or occurs secondary to 
the hemodynamic or arterial wall abnormality from a pre-existing web.   

Again, we agree that the presented case is interesting. But we do not think 
that the entity described in the manuscript is a carotid artery web, at least, not a 
typical one. 
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ABSTRACT 

BACKGROUND AND PURPOSE
A carotid artery web (CaW) is a shelf-like lesion in the posterior wall of the proximal 
internal carotid artery bulb and an under-recognized cause of stroke in the young. 
Anecdotal studies suggest that patients with symptomatic CaW have a high risk of 
recurrent stroke, but high quality data are lacking. We examined the 2-year risk of 
recurrent stroke in patients with symptomatic CaW.

METHODS  
We performed a comparative cohort study, using data of consecutive adult patients 
with an anterior circulation large-vessel occlusion (LVO) stroke from the MR 
CLEAN trial and MR CLEAN Registry (2010-2017). CT-angiography images were 
re-evaluated by two experienced neuroradiologists to identify patients with a CaW 
and these patients were interviewed for follow-up data. We compared patients with 
CaW ipsilateral to the index stroke to patients without CaW who participated in 
the MR CLEAN extended follow-up trial and who were randomized to the EVT 
arm. Recurrent stroke risk at 2-years was analysed with a Cox proportional-hazards 
model.

RESULTS  
Of 4137 patients included in the MR CLEAN trial (n=500) and Registry (n=3637), 
CT-angiography could be reassessed in 3439 patients. We identified 30 (0.9%) 
patients with a CaW ipsilateral to the index stroke and compared these to 168 
patients without a CaW who participated in the MR CLEAN extended follow-up 
trial. Patients with a CaW were younger (median age 57 vs 66 years, P=0.015) and 
more often women (73% vs 40%, P=0.001). At discharge, 26/30 (87%) CaW patients 
used antiplatelets and 3/30 (10%) anticoagulation. In the 2 years after the index 
stroke, 5/30 (17%) patients with a CaW had a recurrent stroke, compared to 5/168 
(3%) patients without a CaW (HR 5.0, 95% CI, 1.5 to 17.3). Details of recurrent 
stroke were available for 4 patients with a CaW, and all had an ischemic stroke in 
the vascular territory of the CaW.

CONCLUSIONS 
One out of every 6 patients with a symptomatic CaW had a recurrent stroke within 
2 years, suggesting that antiplatelet therapy alone provides insufficient protection 
for these patients.
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INTRODUCTION 

Carotid artery web (CaW) is a shelf-like lesion located in the posterior wall of the 
internal carotid artery bulb. Pathological studies suggest CaW is an intimal variant 
of fibromuscular dysplasia (FMD).1 CT-angiography is the preferred noninvasive 
method for identification of CaW.1-5 Because CaWs protrude into the lumen of the 
carotid artery, flow disruption and blood stasis can occur, resulting in thrombus 
formation and ischemic stroke.2, 6 Case-control studies have found that CaW are 
present in 9-37% of patients with cryptogenic stroke younger than 60 years, and 
that the presence of a CaW increases the risk of stroke approximately 10-20 fold.3, 

7, 8 Although data are limited, women and Black individuals appear most often 
affected.2, 4, 7, 9, 10  

It is unclear how patients with a symptomatic CaW, i.e. those who have had a 
stroke, are best treated.1 Most patients are treated with antiplatelet therapy, but some 
physicians advocate anticoagulation is a better choice because of the focal blood 
stasis in the carotid artery caused by CaW.1 Carotid artery stenting and surgical 
resection of the CaW have also been reported, especially in those with recurrent 
stroke.9, 10 One of the major knowledge gaps in deciding the optimal treatment is 
the lack of studies on the natural history of patients with a symptomatic CaW.1, 3 
A recent systematic review reported an alarming ischemic stroke recurrence rate 
of 56% in medically managed symptomatic CaW patients, but these data came 
from case reports and uncontrolled, retrospective, single center cohort studies.10 
Since these studies undoubtedly suffer from publication and selection bias, the true 
recurrent stroke risk in patients with a symptomatic CaW remains unknown. The 
aim of the current was study was to determine this recurrent stroke risk.

METHODS  

STUDY DESIGN, PATIENT SELECTION AND CAW ASSESSMENT
We conducted a comparative cohort study. We used data from the MR CLEAN 
trial11 (December 2010 – March 2014) and the MR CLEAN Registry12 (March 
2014 – November 2017). The MR CLEAN trial was a randomized controlled trial 
conducted at 16 centers in the Netherlands in which adult patients with an anterior 
circulation large vessel occlusion (LVO) stroke were allocated to endovascular 
treatment (EVT) or no EVT.11 The MR CLEAN Registry was a nation-wide 
observational cohort study in which data from consecutive patients with LVO 
stroke treated with EVT in the Netherlands were collected.12 All Dutch EVT centers 
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participated in this registry, and enrolment started directly after the last patient was 
randomized in the MR CLEAN trial. Details of both studies have been published 
previously.11, 12

From both studies, we selected adult patients with an anterior circulation 
LVO stroke and with available baseline CT-angiography of the carotid bulb. For 
the purpose of this study, all CT-angiography images were reassessed by two 
experienced neuroradiologists (Bart J. Emmer and Adriaan C.G.M van Es) to 
determine if patients had a CaW ipsilateral to the index stroke. Carotid bulbs were 
evaluated in multiplanar reconstruction view. We defined CaW on CT-angiography 
as a thin, linear filling defect arising from the posterior wall of the proximal internal 
carotid bulb, with a typically smooth border and without atherosclerosis.2, 13 We 
distinguished CaW from arterial dissection by defining the latter as a linear filling 
defect beyond the distal internal carotid bulb, with typically irregular borders.1, 14 

DATA COLLECTION AND ETHICAL APPROVAL
To determine recurrent stroke risk, we obtained extended follow-up data from 
all patients with a CaW. Patients received an information letter, allowing them to 
opt-out of follow-up contact by telephone. In addition to interviewing patients, 
we acquired follow-up data from medical records by contacting their treating 
physicians. We collected information on the use of anti-thrombotics and inquired 
whether patients had undergone any carotid artery intervention (stenting or surgical 
resection). The medical ethics committee of the Erasmus University Medical Center 
in Rotterdam evaluated the study and waived the need for written informed consent 
(MEC-2020-0084). 

To compare the risk of recurrent stroke of patients with a CaW to those without 
a CaW, we used data of patients who participated in the MR CLEAN extended 
follow-up trial (N=391), details of which have been published previously.15 In this 
extension study of the original MR CLEAN trial, detailed follow-up data, including 
stroke recurrences were assessed 2 years after randomization.15 Patients who were 
randomized to the "no EVT" arm in the trial were not used for comparison. 

OUTCOME AND DATA ANALYSIS 
The outcome of interest was recurrent stroke risk within 2 years after the index 
stroke. Strokes occurring within 24 hours of EVT for the index stroke were 
considered periprocedural and were excluded. 

We compared patients with an ipsilateral CaW to patients from the MR CLEAN 
extended follow-up trial without a CaW. Baseline characteristics were described 
using standard statistics. For comparison of continuous data we used a two-sided 
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independent T-test and for proportions we used a Chi-Square test or Fisher’s exact 
test, whichever was appropriate. We used a Cox proportional-hazards model to 
analyse recurrent stroke risk at 2-years. Using the same method, we performed an 
additional analysis of recurrent ischemic stroke risk ipsilateral to the index stroke 
within 2 years after the index stroke. We performed binary logistic regression for 
dichotomous outcomes (functional independence and mortality at 90 days) and 
report odds ratios (ORs). Imputation was not necessary as 90-day outcome data was 
complete. Two-sided P values of 0.05 or less were considered to indicate statistical 
significance for all statistical tests. Statistical analyses were performed with SPSS 
software (version 26.0, IBM) and R software (version 3.6.1, R Foundation). 

Role of the funding source 
This study received funding only from non-profit organizations. The MR CLEAN 
trial and Registry were coordinated by the Erasmus University Medical Centre, 
the Amsterdam University Medical Centres, and the Maastricht University 
Medical Centre. The MR CLEAN trial was additionally funded by the Dutch 
Heart Foundation and the MR CLEAN Registry by Applied Scientific Institute for 
Neuromodulation (Toegepast Wetenschappelijk Instituut voor Neuromodulatie). 
None of the funders played any role in trial design and patient enrolment, nor in 
data collection, analysis, or writing of the manuscript. 

Data availability
Individual patient data cannot be made available under Dutch law because we did 
not obtain patient approval for sharing individual patient data, even in coded form. 
However, syntax and output files of statistical analyses will be made available upon 
reasonable request to the corresponding author.

RESULTS

Of 4137 patients included in the MR CLEAN trial (n=500) and Registry (n=3637), 
698 were excluded (Figure 1). Of the remaining 3439 patients of whom the CT-
angiography was reassessed, we identified 30 (0.9%) patients with a CaW ipsilateral 
to the side of the index stroke. The CaWs were located in the right internal carotid 
artery in 24/30 (80%) cases. There were two patients with a bilateral CaW. From 
391 patients who participated in the MR CLEAN extended follow-up trial,15 we 
selected the 168 patients who were randomized to the EVT arm as a comparative 
cohort (Figure 1).  
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Patients with a CaW were younger (median age 57 vs 66 years, P=0.015) 
and more often women (73% vs 40%, P=0.001) compared to patients without a 
CaW (Table 1). Three patients with a CaW had had an ischemic stroke prior to 
the index stroke, two of which were in the same vascular territory as the CaW. 
Patients with a CaW had a lower National Institutes of Health Stroke Scale 
(NIHSS) score (median 15 vs 17, P=0.022) and systolic blood pressure (median 
137 vs 145 mmHg, P=0.027) at the time of the index stroke. At 90 days, patients 
with a CaW had a higher proportion of mRS 0-2 (16/30 (53%) vs 58/168 (35%), 
and lower mortality (2/30 (7%) vs 41/168 (24%), than patients without a CaW 
(supplementary material, Figure I). 

FIGURE 1. Flowchart of patient selection 

Abbreviations: CTA, CT-angiography; EVT, endovascular treatment.   

Study population (N=4137) 

• MR CLEAN trial (n=500)
• MR CLEAN Registry (n=3637)

Baseline CTA reassessed (n=3439) 

• MR CLEAN trial (n=443)
• MR CLEAN Registry (n=2996)

Excluded (n=698) 

• Age <18 years (n=9)
• No MR CLEAN trial center (N=177)
• Posterior circulation (n=172)
• CTA not available (n=49)
• Poor quality CTA or carotid bulb not 

imaged (n=291)

Ipsilateral carotid 
artery web

(n=30)

No ipsilateral carotid 
artery web 
(n=3409)

No carotid
 artery web

(n=168)

Excluded (n=3241) 
 

• MR CLEAN Registry (n=2977)
• Did not participate in MR CLEAN 

extended follow-up trial (n=93)
• Randomized to no EVT (n=171)
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FIGURE 2. Kaplan-Meier estimates of survival without recurrent stroke during 2-year follow-up 

after index stroke 

At 2-year follow-up 5/30 (17%) of patients with carotid artery web (CaW) had a recurrent stroke, 

compared to 5/168 (3%) without CaW (hazard ratio 5.0, 95% CI, 1.4-17.3, P=0.005). 

FIGURE 3. Kaplan-Meier estimates of survival without recurrent ipsilateral ischemic stroke during 

2-year follow-up after index stroke

At 2-year follow-up 4/30 (13%) of patients with carotid artery web (CaW) had a recurrent ischemic 

stroke ipsilateral to ithe index stroke, compared to 2/168 (1%) without CaW (hazard ratio 9.9 (95% 

CI, 1.8-54.2; P=0.001). 
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TREATMENT OF PATIENTS WITH CAW
Twenty-six of 30 (87%) CaW patients received intravenous thrombolysis (IVT) 
in addition to EVT for the index stroke. At discharge, 26/30 (87%) patients used 
antiplatelets (17 single and 9 double) and 3/30 (10%) used anticoagulation. The last 
patient died during admission of the index stroke. Two of the 30 (7%) cases with a 
CaW underwent carotid endarterectomy (CEA). One case underwent CEA 19 days 
after the index stroke and had no recurrent stroke. The other case had a recurrent 
stroke 6 months after the index stroke and underwent CEA 8 days thereafter. 
Histopathological samples of CaW were not available. None of the patients with 
CaW underwent carotid stenting.

RISK OF RECURRENT STROKE 
During the two years after the index stroke, 5/30 (17%) patients with a CaW had 
a recurrent stroke, compared to 5/168 (3%) patients without a CaW (HR 5.0, 95% 
CI, 1.5 to 17.3; P=0.005; Figure 2). Median time to recurrent stroke was longer in 
patients with a CaW (6 months (IQ 1-10) vs 1 month (IQR 0-7), but this difference 
was not statistically significant (P=0.396). Details of the recurrent stroke could be 
ascertained in 4/5 CaW patients, and all these 4 recurrences were ischemic strokes 
ipsilateral to the index stroke, and thus in the same vascular territory as the CaW 
(Supplemental Table I). For the last case the type and location of the recurrent 
stroke could not be determined because the patient died shortly after the event in a 
nursing home and no imaging or autopsy was performed (patient C, Supplemental 
Table I). CT-angiography images (acquired at the time of the index stroke) of the 
CaW patients who had recurrent stroke are provided in Figure 4A-E. 

All five recurrent strokes in the control group were ischemic, two of which were 
in the same vascular territory as the index stroke. When restricting the analysis of 
recurrent stroke to those ipsilateral to the index stroke, the risk was almost 10-fold 
increased in patients with a CaW (HR 9.9, 95% CI, 1.8-54.2; P=0.001; Figure 3). 
For both 2-year outcomes there was no indication of violation of the proportional 
hazards assumption by visual inspection of the Schoenfeld residuals.  

For 28/30 (93%) patients with a CaW, follow-up beyond 2 years was available 
(median duration of follow-up 45 months, IQR 28-79). During this extended follow-
up period, two additional patients had a recurrent stroke, at 28 and 30 months, 
respectively. In one of these cases (patient D) it was a second recurrent stroke, 
but further details were not available because the patient succumbed shortly after 
the recurrence. The other case was a woman of 55 years with a medical history of 
smoking who had a recurrent ischemic stroke ipsilateral to the index stroke. 
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FIGURE 4A-E. Carotid artery webs (arrows) on CT-angiography (sagittal plane) at index stroke, in 

patients who had recurrent stroke during 2-year follow-up 

Detailed patient data is provided in supplemental Table I. 
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DISCUSSION

We found that patients with a symptomatic CaW had a five times higher risk of 
recurrent stroke than patients without a CaW. In absolute terms, one out of every 
six patients with a symptomatic CaW had a recurrent stroke within 2 years of the 
index stroke. Moreover, most recurrent strokes were in the same vascular territory 
as the CaW, and the risk of recurrent stroke appeared to persist after the 2-year 
follow-up period. This study provides the most reliable data thus far on the natural 
history of symptomatic CaW in acute ischemic stroke patients.

In our study, almost 90% of patients with a CaW received antiplatelet therapy 
after the index stroke. Since there are no guideline-based recommendations for the 
treatment of CaW, and CaWs are often not recognized as a cause, most patients 
with a CaW likely also receive antiplatelet therapy in routine clinical practice. While 
we cannot determine from our data what the optimal therapy for these patients 
should be, at the very least, the high recurrent stroke risk we observed indicates 
that antiplatelets alone provide insufficient protection. A number of other therapies 
have been advocated for the treatment of symptomatic CaW. Considering our 
results, together with the imaging evidence of flow disruption and blood stasis in 
CaW,6, 9 anticoagulation or endovascular stenting may be better secondary stroke 
prevention strategies for these often young stroke patients, but this requires further 
study.9 Carotid surgery may also be an option, although such an invasive strategy 
should be deliberated with caution.16 In our sample, two (7%) patients underwent 
CEA, in one case after a second recurrent stroke.   

Despite the high recurrent stroke risk in our comparative cohort study, it is lower 
than reported in a systematic review of medically managed symptomatic CaW (56%, 
with a median time to recurrent stroke of 12 months, range 0-97).10 This difference 
is most likely the result of publication and reporting bias inherent to case reports 
and case series. Previous studies in ischemic stroke patients with an undetermined 
source have reported a yearly stroke recurrence risk of 3-6%.17 

The prevalence of a CaW ipsilateral to the index stroke was approximately 1% 
in our study, which is in line with a previous report that used data from a general 
acute ischemic stroke population (0.7% ipsilateral),2 but lower than reported in 
other studies.3, 7, 8, 13  Studies have shown that CaW is more prevalent in selected 
populations of young (<60 years) stroke patients with no other apparent cause.3, 7, 8 
We found a higher prevalence of CaW in patients included in the MR CLEAN trial 
than in the Registry, which may be explained by the older median age of patients 
from the MR CLEAN Registry.12 Because we only wanted to include certain CaW 
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cases, we used a narrow definition of CaW. For instance, patients with carotid 
atherosclerosis were not scored as CaW, since it can be difficult to differentiate 
between atherosclerotic luminal protrusions and CaW in these patients.1, 18 Due to 
this narrow definition, we may have missed some cases with a CaW. 

The patients with a CaW were more often women than those without a 
CaW, which is consistent with female predominance in previous CaW studies.9, 

10, 16 FMD generally affects women more often than men.19, 20 FMD is a non-
atherosclerotic, non-inflammatory vascular disease and likely has a multifactorial 
etiology, with genetics, hormonal factors and smoking as potential contributors to 
pathophysiology.19 It has been diagnosed across all ethnic groups, but most often 
reported in White populations, a potential result of referral bias.21 Contrarily, limited 
CaW data on ethnicity suggests Black populations are more affected than others 
ethnicities.2, 4, 7, 9 In our study, data on ethnicity was not available.  

Notably, the CaW was located in the right internal carotid artery in 80% of 
patients. We could not find a similar skewed distribution in any of the other studies 
on CaW, but location was often not reported.9, 16 A right sided predominance has 
been observed in some studies on renal FMD,22 but not in others.19, 20 Thus, while the 
right side preference in our study is somewhat remarkable, it may be due to chance.  
Our study has several limitations. Ideally, we would have collected 2-year follow-up 
data for the total study population, but this was not feasible. In addition, despite 
data being derived from a large cohort, the number of patients with a CaW was 
limited. As a result, our estimate of the recurrent stroke risk has a wide confidence 
interval. Also, detailed information on the recurrent stroke was unavailable for one 
CaW patient with a recurrent stroke at 2-year follow-up. Furthermore, the study 
populations included in the MR CLEAN trial and MR CLEAN Registry are not 
entirely the same.12 We attempted to miminize differences by selecting patients with 
anterior circulation LVO stroke treated with EVT from the total study population. 
Our results may not be fully representative for stroke patients with a CaW but 
without LVO or with a TIA. 

CONCLUSIONS 

Patients with a symptomatic CaW have a very high risk of recurrent stroke. Our 
data suggest that antiplatelet therapy alone provides insufficient protection for 
recurrent stroke. Prospective studies on targeted secondary prevention measures 
are warranted.  



168 CHAPTER 9  /  THE  ARTERIES

ACKNOWLEDGMENTS 
We thank all colleagues from MR CLEAN trial centers who contributed follow-up 
data of CaW patients. We thank Mayte Sánchez van Kammen for her contribution 
to the statistical analyses.  

Declarations of interest 
JMC reports grants from Medtronic. VG has no financial conflicts of interest.

REFERENCES

1. Kim SJ, Nogueira RG, Haussen DC. Current 

understanding and gaps in research of carotid 

webs in ischemic strokes: A review. JAMA Neurol. 

2019;76:355-361.

2. Choi PM, Singh D, Trivedi A, et al. Carotid 

webs and recurrent ischemic strokes in the era 

of ct angiography. AJNR Am J Neuroradiol. 

2015;36:2134-2139.

3. Coutinho JM, Derkatch S, Potvin AR, et al. Carotid 

artery web and ischemic stroke: A case-control 

study. Neurology. 2017;88:65-69.

4. Sajedi PI, Gonzalez JN, Cronin CA, et al. 

Carotid bulb webs as a cause of "cryptogenic" 

ischemic stroke. AJNR Am J Neuroradiol. 

2017;38:1399-1404.

5. Hu H, Zhang X, Zhao J, et al. Transient ischemic 

attack and carotid web. AJNR Am J Neuroradiol. 

2019;40:313-318.

6. Compagne KCJ, Dilba K, Postema EJ, et al. 

Flow patterns in carotid webs: A patient-based 

computational fluid dynamics study. AJNR Am J 

Neuroradiol. 2019;40:703-708.

7. Joux J, Boulanger M, Jeannin S, et al. Association 

between carotid bulb diaphragm and ischemic 

stroke in young afro-caribbean patients: A 

population-based case-control study. Stroke. 

2016;47:2641-2644.

8. Kim SJ, Allen JW, Bouslama M, et al. Carotid webs 

in cryptogenic ischemic strokes: A matched 

case-control study. J Stroke Cerebrovasc Dis. 

2019;28:104402.

9. Haussen DC, Grossberg JA, Bouslama M, et al. 

Carotid web (intimal fibromuscular dysplasia) has 

high stroke recurrence risk and is amenable to 

stenting. Stroke. 2017;48:3134-3137.

10. Zhang AJ DP, Choi P, Bakker C, Koffel J, Anderson 

D, Kim J, Jadadeesan B, Menon BK, Streib C. A 

systematic literature review of patients with carotid 

web and acute ischemic stroke. Stroke. 2018;49:00.

11. Berkhemer OA, Fransen PS, Beumer D, et al. A 

randomized trial of intraarterial treatment for acute 

ischemic stroke. N Engl J Med. 2015;372:11-20.

12. Jansen IGH, Mulder M, Goldhoorn RB, et al. 

Endovascular treatment for acute ischaemic 

stroke in routine clinical practice: Prospective, 

observational cohort study (mr clean registry). BMJ. 

2018;360:k949.

13. Compagne KCJ, van Es A, Berkhemer OA, et al. 

Prevalence of carotid web in patients with acute 

intracranial stroke due to intracranial large vessel 

occlusion. Radiology. 2018;286:1000-1007.

14. Guglielmi V, Mandell DM. Letter to the editor. 

Classic radiological appearance of a carotid web. J 

Neurosurg. 2019:1-2.

15. van den Berg LA, Roos YB. Two-year outcome after 

endovascular treatment for stroke. N Engl J Med. 

2017;376:2597.

16. Joux J, Chausson N, Jeannin S, et al. Carotid-

bulb atypical fibromuscular dysplasia in young 

afro-caribbean patients with stroke. Stroke. 

2014;45:3711-3713.

17. Hart RG, Diener HC, Coutts SB, et al. Embolic 

strokes of undetermined source: The case 

for a new clinical construct. Lancet Neurol. 



169

2014;13:429-438.

18. Goyal M, Singh N, Marko M, et al. Embolic stroke of 

undetermined source and symptomatic nonstenotic 

carotid disease. Stroke. 2020;51:1321-1325.

19. Narula N, Kadian-Dodov D, Olin JW. Fibromuscular 

dysplasia: Contemporary concepts and future 

directions. Prog Cardiovasc Dis. 2018;60:580-585.

20. Kadian-Dodov D, Goldfinger JZ, Gustavson S, et 

al. Natural history of cervical artery fibromuscular 

dysplasia and associated neurovascular events. 

Cerebrovasc Dis. 2018;46:33-39.

21. Olin JW, Froehlich J, Gu X, et al. The united states 

registry for fibromuscular dysplasia: Results in the 

first 447 patients. Circulation. 2012;125:3182-3190.

22. Varennes L, Tahon F, Kastler A, et al. Fibromuscular 

dysplasia: What the radiologist should know: A 

pictorial review. Insights Imaging. 2015;6:295-307.



170 CHAPTER 9  /  THE  ARTERIES

SUPPLEMENT 

TABLE I. Carotid artery web patients with recurrent stroke during 2-year follow-up 
(2Y-FU)

Patient Age Sex Cardiovascular 
risk factors

Index 
stroke* 

Recurrent stroke: 
(time since index stroke), 
details on type and acute 
treatment

Treatment 
at time of 
recurrent
stroke

Treatment 
after 
recurrent 
stroke

Alive 
at 
2Y-FU

A 44 F HT Right 
M1

(6mo) Ipsilateral ischemic 
LVO treated with IVT

AP CEA, AP Yes

B 74 F HT, AF,  
DM, HC

Right 
M1

(9mo) Ipsilateral ischemic, 
no cerebral artery imaging 
performed, no RT

AP, AC Palliative 
care

No†

C 90 F HT, AF Right 
M1

(2mo) Undetermined type, 
no imaging performed, 
no RT

AC Palliative 
care

No‡

D 93 F - Right 
M2

(6d) Ipsilateral ischemic 
LVO treated with EVT

AP AP Yes

E 63 F - Right 
M1

(11mo) Ipsilateral ischemic 
LVO treated with IVT and 
EVT

AP AP Yes

Data on age, risk factors and previous history refer to index stroke. 

Abbreviations: -, no; AF, atrial fibrillation; AC, anticoagulation; AP, antiplatelets; CEA, carotid 

endarterectomy; CTA, CT-angiography; d, days; DM, diabetes mellitus; F, female; HT, hypertension; 

M, middle cerebral artery; mo, months; HC, hypercholesterolemia; IVT, intravenous thrombolysis; 

LVO, large vessel occlusion; RT, reperfusion therapy. 

* All patients received IVT and EVT for index stroke. † Hemorrhagic transformation occurred after 

recurrent ischemic stroke, patient was discharged from hospital with palliative care and died of 

aspiration pneumonia three weeks after recurrent stroke. ‡ Died in a nursing home one day after 

recurrent stroke, no imaging or autopsy was performed..
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FIGURE I. Modified Rankin Scale (mRS) score at 90 days

At 90 days, patients with a carotid artery web (CaW) had a higher proportion of mRS 0-2 (16/30 (53%) 

vs 58/168 (35%), OR 2.17, 95% CI 0.99-4.75) and lower mortality (2/30 (7%) vs 41/168 (24%), OR 0.22, 

95% CI 0.05-0.97) than patients without a CaW.
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AIM  AND  OUTLINE

The aim of this thesis is to improve detection of embolic sources of ischemic 
stroke along the heart-brain axis. 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. The structure of the thesis follows this anatomical pathway.  

In the first part of this thesis (The Heart), we focused on sources of embolism 
from the heart which are detected through imaging. In this discussion, we offer 
a guide with the intention to encourage the stroke field to undertake studies on 
imaging of the heart in the acute phase of ischemic stroke. We define the acute 
phase of stroke as within the time window for reperfusion therapy (intravenous 
thrombolysis and endovascular treatment).

In the second part of this thesis (The Arteries), we explored (rare) sources of 
embolism from the arteries in an effort to increase awareness in the medical 
community. We will conclude by extending an invitation to help advance best 
treatment practices in patients with the most mysterious source of embolism in this 
thesis: carotid artery web.
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PART I: THE HEART 

Sources of embolism from the heart and aortic arch are an important cause of stroke 
and require tailored treatment.1, 2 Current guidelines recommend echocardiography as 
the first-line modality for imaging of the heart in stroke patients.3-5 Guidelines do not 
provide a recommendation on the timing of cardiac imaging in stroke. After 2015, CT-
angiography (CTA) of the aortic arch, cervical and cerebral vessels became standard 
care in the acute phase of stroke for patient selection for endovascular treatment.6, 7 
As a result, the window of opportunity is now wide open for studying incorporation of 
the heart and complete aortic arch in acute phase CTA in stroke patients.  

WHAT WE HAVE LEARNED 

We conducted a systematic literature review and meta-analysis on cardiac CTA 
versus echocardiography for the detection of cardiac thrombi in stroke patients and 
learned that cardiac CTA has a diagnostic yield at least equivalent to echocardiography 
(Chapter 2). Only one of the included studies (n=20) was performed in the acute 
phase of stroke.9 We also performed a retrospective cohort study (n=82) on non-
ECG-gated heart-brain axis CTA in the acute phase of stroke and found high-risk 
cardio-aortic sources of embolism in 15% of patients (Chapter 3). In addition, we 
discovered that cardiac image quality was suboptimal in a substantial number of 
patients and that third generation dual-source CT scanners yielded better cardiac 

FIGURE 1. CT-angiography in acute ischemic stroke: do you want a snapshot or the whole picture?8 
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image quality than second generation dual-source CT scanners. In Chapter 4, we 
provided the rationale and study design of the Mind the Heart prospective cohort 
study. The hypothesis of the Mind the Heart study is that ECG-gated CTA of the 
heart and aortic arch in patients with acute ischemic stroke has a higher diagnostic 
yield than TTE as a first-line screening method for the detection of cardio-aortic 
sources of embolism. At the time of submission of this thesis, inclusions were ongoing 
(written informed consent obtained from 398 patients). We invested a mountain of 
energy in the implementation of cardiac CTA in our acute stroke workflow and are 
excited to hear about and help other centers with this interest.

RECOMMENDATIONS REGARDING IMPLEMENTATION OF CTA OF 
THE HEART IN THE ACUTE PHASE OF STROKE 

• Multidisciplinary collaboration
• Interdisciplinary agreements on  

1) the responsibility; 2) time frame; and 3) systematic reporting of the heart and 
aortic arch, as well as the chest

• CT protocol testing
• Training of CT technologists and CT readers

Implementing cardiac CTA in the acute phase of stroke disrupts standard care 
workflow in an already high-stress environment ("time is brain"). Therefore, 
time must be invested to inquire about and cultivate the willingness to change. 
In order to avoid implementation pitfalls later down the road, we recommend 
identifying and involving neurologists, radiologists, cardiologists, CT technologists, 
echocardiography technicians, nurses etc. at an early stage to discuss potential 
benefit of this change. A growing body of literature on the diagnostic yield of acute 
phase cardiac imaging for detection of cardio-aortic sources of stroke will aid in 
getting teams on board.9-15

It is challenging to "mind the heart" in a "time is brain" setting. Also, the heart is 
a black box if you are not used to looking at it. In our retrospective study (Chapter 
3), almost none of the high-risk cardio-aortic sources which were later identified by 
experienced cardiac radiologists were reported by on-call radiologists at the time of 
the acute stroke. This was an important lesson for us, as it demonstrated extending 
the field of view is not enough to increase diagnostic yield. In our prospective Mind 
the Heart study (Chapter 4), we agreed that on-call radiologists report the images of 
the brain, extra- and intracranial arteries and screen for chest/cardiac findings that 
may directly impact patient management (e.g. acute aortic dissection [Chapter 5], 
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cardiac thrombus and pulmonary embolism). Subsequently, a comprehensive 
assessment of the heart, aortic arch, and lungs is performed by cardiac radiologists, 
at a later stage. Additional findings to the initial clinical report are communicated to 
the treating physician.  

Finding out which cardiac CT protocol works for our center was a matter of 
trial and error. During a pilot phase of several months, we tested ECG-gated and 
non-ECG gated protocols. We monitored cerebral and cardiac image quality, image 
acquisition times, contrast timing, door-to-needle (intravenous thrombolysis) and 
door-to-groin times (endovascular treatment). Prevention of acute stroke treatment 
delay in our patients was paramount. We found that implementing cardiac ECG-
gated CTA as add on to non-ECG-gated CTA of cervical and cerebral arteries 
provided the best image quality of the heart and brain, and was feasible in an acute 
stroke setting. Practical workflow details are available in Chapter 4. We encourage 
others to take time to find out which protocol works locally. 

In the next phase, we gradually implemented ECG-gated cardiac CTA in the 
standard care diagnostic work-up of stroke as CT technologists received training 
on the new protocol. In an effort to propagate minding the heart into the future, we 
are currently exploring ways to familiarize radiology residents with screening the 
heart and aortic arch in the context of acute stroke. 

ADDRESSING CONCERNS 

• "Time is brain"
• Radiation
• Contrast
• Over-investigation
• Cost

There is no denying the dilemma of quick acute treatment of stroke versus timely 
diagnosis of cardio-aortic sources of embolism. Together with others (see below), 
we show how "mind the heart" is compatible with "time is brain".9-15 Non-ECG-
gated heart-brain axis CTA has the benefit of fast acquisition time (less than 10 
seconds with modern CT scanners) and is the most straightforward to implement.  

It is a fact that extending the field of view of CT results in increased radiation 
exposure. In the protocol we used in Chapter 3, extending the CTA protocol to 
include the heart resulted in a slightly higher radiation dose (median +1.74 mSv). In 
comparison, the average yearly radiation exposure for individuals in the Netherlands 
is 2.9 mSv.16 More meaningfully, the risk of disease caused by radiation is low with 
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modern CT scanners.17 Furthermore, stroke patients are typically older and thus 
less prone to long-term radiation damage from cardiac CTA, whereas they likely do 
benefit within their lifetime from diagnosis of cardio-aortic sources of embolism.  

Remaining within patient tolerable ranges for contrast media volume while 
obtaining optimal image quality is a challenge. In the protocol we used in Chapter 3,  
no additional contrast was used for extending the regular non-ECG-gated CTA to 
include the heart. For the complete acute stroke protocol in Chapter 4, we used 
35mL for CT-perfusion of the brain, 50mL for non-ECG gated CTA of the aortic 
arch to the cerebral vessels and 40mL for ECG-gated cardiac CTA; in total 125mL 
(300mg I/mL). 

We acknowledge the risk of over-investigation for some patients with suspected 
stroke. As the additional radiation and the burden on the patient are low, we believe 
the potential benefits of incorporating cardiac CTA in the regular acute stroke 
work up outweigh the risks. Excluding certain patients in the emergency room is 
difficult and carries a risk of delaying reperfusion therapy. Even in patients with 
atrial fibrillation it may be useful to know if there is a cardiac thrombus, as this may 
impact early management or make it more likely this was the cause of the stroke in 
patients with multiple potential causes.

We do not know whether implementing cardiac CTA in the acute phase is 
cost-effective compared to standard care with echocardiography. This requires 
further study to answer properly. We can offer a common-sense "quick and dirty" 
thought experiment: the patient is already positioned on the CT table at the right 
place (the hospital) at the right time (directly after the stroke) for the right reason 
(diagnostic investigation of the stroke). From a logistical-financial point of view, 
now is a convenient time to perform a first screening of the heart (Chapter 1). Why 
delay this to beyond the acute phase, potentially missing relevant findings, maybe 
requiring a return visit from an impaired patient, and risk imaging of the heart is 
never done at all?18, 19 

 WHAT OTHERS HAVE LEARNED   

Cardiac CTA in stroke is not a new idea. We gratefully build on previous work in 
this field. Previous literature on cardiac CTA versus echocardiography for detection 
of cardiac thrombus in stroke patients is discussed in Chapter 2, but this is by no 
means an exhaustive overview. Application of cardiac CTA in the acute phase of 
ischemic stroke (as defined in this thesis) is a more recent avenue within this field. 
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CTA OF THE HEART IN THE ACUTE PHASE OF STROKE
Pioneers of cardiac CTA in the acute phase of stroke we are aware of include 
Furtado et al. (2010),10 Yeo et al. (2017),9 Mayer et al. (2018),11 and Popkirov et al. 
(2019).12 Furtado et al. performed retrospective ECG-gated cardiac CTA in patients 
with suspected stroke, and provided valuable information on image quality of 
coronary arteries and cardiac chambers, but did not include data on diagnostic yield 
for high-risk sources of embolism.10 Yeo et al. used non-ECG-gated cardiac CTA 
and reported high-risk sources of embolism in 3/20 (15%) of stroke patients with 
symptom onset <4.5 hours.9 Mayer et al. performed ECG-gated cardiac CTA and 
found cardiac thrombus in 9% of 122 patients with large vessel occlusion.11 Popkirov 
showed cardiac thrombi in 2 of 17 (12%) patients with ischemic stroke or transient 
ischemic attack and atrial fibrillation. These studies have small sample sizes, but 
they demonstrate feasibility and reveal a promising diagnostic yield of acute phase 
cardiac CTA. Besides the Mind the Heart study (Chapter 4), ongoing studies on 
acute phase cardiac CTA in stroke in larger sample sizes include ENCLOSE,20 the 
VASCU trial,21 and CCT Stroke trial.22 

MAGNETIC RESONANCE IMAGING (MRI) OF THE HEART IN THE 
ACUTE PHASE OF STROKE 
Although globally less widely available, some hospitals perform acute phase stroke 
diagnostic work-up with MRI.23, 24 As a result, extending acute phase MRI protocols 
to include the heart is another avenue of research. For example, the currently ongoing 
Bern heart and brain interaction study (BEHABIS) examines heart-brain interaction 
from both perspectives.25 Myocardial infarction can lead to thromboembolism 
and ischemic stroke, but stroke can also affect the heart by inducing neurogenic 
stunned myocardium.26 Particularly left insular stroke is thought to be associated 
with decreased cardiac wall motion and worse outcome.27 Distinguishing myocardial 
infarction from neurogenic stunned myocardium is challenging, because both 
present similar abnormalities on ECG and echocardiography. Investigators of the 
BEHABIS study hypothesize that a combination of laboratory, clinical, radiological, 
echocardiographic and electrophysiological assessments in a predictive score can 
distinguish myocardial ischemia from neurogenic stunned myocardium in stroke 
patients.25 Acute stroke patients undergo a short protocol cardiac MRI study 
directly after brain MRI. They plan to enrol 220 participants, inclusions are currently 
ongoing.25 
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MIND THE HEART IN WOMEN
Women and men are equivalent but not equal. In Chapter 1, we emphasize that 
stroke affects women and men differently in terms of incidence rates and outcome. 
Studies in stroke have also shown that there are certain sex-specific risk factors 
(such as pregnancy, migraine and oral anticonception) and that there is a disparity 
in stroke presentation and treatment.28, 29 However, it is not yet clear how (and if) the 
pathophysiology of ischemic stroke differs between women and men.28 Investigators 
in the field of cardiology have learned that in women coronary vasomotion 
dysfunction, microvascular coronary impairments and non-atherosclerotic coronary 
artery dissection contribute to cardiac ischemic syndromes more frequently than 
in men.30, 31 In the Mind the Heart study we will perform a stratified analysis for 
sex, including stratification per age group (Chapter 4). However, our study is not 
powered to detect sex-differences in subtype prevalence, treatment and outcome 
in patients with cardio-aortic findings. We hope results will reveal paths for further 
exploration. Investigators in cardiology challenge us to go beyond "comparing 
apples and oranges" and study differences within women.31 We find ourselves in 
good company, as in 2014 the Women’s Initiative for Stroke in Europe (WISE) was 
founded by women active in the European Stroke Organisation.32 WISE aims to 
promote scientific initiatives which emphasize women’s stroke care.33 This acronym 
is shared with a historic predecessor: Women’s Ischemia Syndrome Evaluation 
(WISE), an American study initiated in 1996 which advanced knowledge about the 
mechanisms of heart disease in women.31, 34 Intentional, or a stroke of luck?

WHERE TO GO FROM HERE?

The Mind the Heart study will raise more questions than it will answer. We will 
discuss a few of these questions.  

WHAT IS THE IMPACT OF IMPLEMENTING ACUTE PHASE 
CARDIAC CTA?  
This is the million dollar question. Impact can be defined in a multitude of ways. For 
example, as a change in patient management, reduction of cardiovascular events 
(recurrent stroke, transient ischemic attack, myocardial infarction, intracerebral 
hemorrhage), or a reduction in disability. Studies focusing on any of these impact 
definitions of cardiac CTA risk measuring what is done, rather than what should be 
done with respect to patient management. The issue is that we do not know what 
the best tailored management strategies are for many cardio-aortic sources, such 
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as large atherosclerotic plaques in the aortic arch and proximal descending aorta, 
cardiac thrombi in the acute phase of ischemic stroke, left atrial appendage slow 
flow or stasis.35-38 However, widespread implementation of acute phase cardiac 
CTA can help determine what best treatment practices are for patients with cardio-
aortic sources of embolism, by detecting these sources in the first place. As noted 
in Chapter 1, a substantial amount of patients do not receive the complete regular 
work-up, and often no cause is found after regular work-up.2, 18, 19 In stroke patients 
with unknown etiology the recurrence rate is on average 3-6% per year.2 Another 
way to define impact is reduction of proportion of patients with an undetermined 
stroke etiology. We think this is a feasible goal for the near future. 

HOW SHOULD WE TREAT STROKE PATIENTS WITH A CARDIAC 
THROMBUS? 
The Mind the Heart study hypothesis is based in part on the assumptions that 
(1) residual cardiac thrombus remains in a proportion of patients who suffer 
cardioembolic stroke; and (2) cardiac thrombi dissolve over time (Chapter 1). The 
truth is, we do not know how quickly cardiac thrombi dissolve in stroke patients, 
and whether intravenous thrombolysis directed at dissolving the cerebral occlusion 
impacts residual cardiac thrombus. To our best knowledge, the most compelling 
evidence in favor of this assumption comes from a study by Ferrari et al. in 18 
patients with pulmonary embolism and simultaneous thrombus in right-sided 
cardiac chambers.39 They found that in patients treated with alteplase, the cardiac 
thrombus vanished within 2 hours in 50%, and within 24 hours cardiac thrombi 
were no longer detectable in any patient.39 Studies on cardiac imaging in the acute 
phase of stroke – prior to intravenous thrombolysis, followed by sequential cardiac 
imaging can help answer these questions.  

But what can we do for the patient? A stroke patient with a cardiac thrombus 
is a reason for concern. The dilemma of starting early anticoagulation to prevent 
additional embolization versus risking hemorrhagic transformation of ischemic 
stroke is a familiar headache for physicians who care for stroke patients with atrial 
fibrillation. Trials suggest that early initiation of direct oral anticoagulants (DOACs) 
prevent early recurrences of embolic stroke, with low frequency of symptomatic 
haemorrhage.40 Applying cardiac CTA in the acute phase may help stratify which 
patients benefit from early initiation (e.g. patients with a large cardiac thrombus may 
have high recurrence risk). Furthermore, acute phase cardiac CTA could potentially 
help guide endovascular treatment strategy, because it may provide insight into 
thrombus characteristics.41, 42
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ECG-GATED OR NON-ECG-GATED CARDIAC CTA:  
DOES IT MATTER? 
Non-ECG-gated cardiac CTA is easier to implement, as there are literally no strings 
attached. Proper placement of ECG-leads on the patient is an extra step in the acute 
stroke workflow. On the other hand, ECG-gating improves image quality of the 
moving heart. Prospective ECG-gating (also known as triggering) allows for imaging 
of the heart in a specific point in the cardiac cycle (e.g. diastole, when the cardiac 
chambers can be optimally visualized) and results in less exposure to radiation 
than retrospective ECG-gating.43 Retrospective ECG-gating entails imaging of the 
heart throughout the cardiac cycle, followed by retrospective selection of images 
of interest. This technique could potentially increase the chance of acquiring high-
quality images in patients with atrial fibrillation or other rhythm abnormalities. We 
hope currently ongoing and future studies will shed light on the additional value of 
different CTA protocols versus standard care with echocardiography.  

CONCLUSION 
In time, cardiac CTA may replace echocardiography as the first-line screening 
method to detect cardio-aortic sources of embolism in the acute phase of stroke. 
As CT and echography each have unique non-overlapping qualities, it is unlikely 
cardiac CTA will fully replace echocardiography. There will always be a keen eye for 
the "true stethoscope" (Chapter 1).44  
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PART II: THE ARTERIES 

WHAT WE HAVE LEARNED 

Based on a prospective registry in our comprehensive stroke center (Chapter 5), 
we found that 0.5% of patients with suspected acute stroke ("code stroke") have an 
underlying Stanford classification type A aortic dissection. This means that yearly 
roughly 6 such patients present to a neurologist in our center. This estimate is based 
on a volume of about 1200 "code strokes" per year in 2019. It is a lot to ask of a doctor 
to look and listen carefully when there is no time to lose. Directly noticeable clinical 
clues in our sample were low systolic blood pressure and decreased consciousness. 
Pain was present in only about half. Notably, left hemiparesis was more frequent 
than right hemiparesis. An anatomical explanation is found in the order of the aortic 
arch branches, the brachiocephalic and right common carotid arteries are nearest 
to the origin of the dissection and therefore most likely to be affected as dissection 
spreads, resulting in right hemisphere hypoperfusion. Acute aortic dissection was 
an incidental finding during CTA in 1 in 4 patients. We proposed extending the 
field of view of CT-angiography to include the complete aortic arch in code stroke 
patients in order to make acute dissection easier to detect, hereby expediting referral 
for emergency aortic surgery and helping neurologists refrain from administering 
i.v. thrombolysis. Cardio-thoracic surgeons are often hesitant to operate comatose 
(Glasgow Coma Scale score [GCS] ≤ 8) type A acute aortic dissection patients, on 
the basis of low expectations of a good outcome. However, there is evidence that 
preoperative GCS score does not adequately predict neurological recovery.45 As a 
suggestion for further study, we hypothesized that CT-perfusion may aid in decision 
making in these patients. CT-perfusion can distinguish between comatose patients 
with infarcted brain tissue and those with potentially salvageable brain tissue, the 
latter category may benefit from emergency aortic surgery. 

In Chapter 6, we performed a systematic review of individual patient data on 
simultaneous triple and quadruple cervical artery dissection and found 96 patients, 
most of them young women with an underlying disease or triggering event. Twelve 
patients were diagnosed with fibromuscular dyplasia, a recent infection was 
reported in 16, and 12 had received recent cervical manipulative therapy. To us, 
an important take home message was: visiting a chiropractor is a modifiable risk 
factor for multiple cervical artery dissection. Previous literature provides evidence 
of a temporal association between cervical manipulative therapy and cervical 
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dissection. However, proving a causal relationship is complicated. It is plausible that 
cervical dissection may occur as a result of manipulation of the neck, but patients 
may also seek treatment for neck pain caused by a cervical dissection. Importantly, 
cervical manipulative therapy is an elective procedure and not a necessary life-
saving acute procedure. Informed consent prior to cervical manipulation would 
enable patients to carefully weigh potential risks and benefits. 

In Chapter 7, we found that patients with stroke due to large artery atherosclerosis 
have a more extensive collateral circulation and slightly better outcome at 90 days 
(median mRS) than those with cardioembolic stroke, confirming the hypothesis that 
chronic cervical carotid artery stenosis promotes cerebral collateral circulation. We 
found no statistically significant difference in functional independence (mRS 0-2) 
or mortality between patients with stroke due to atherosclerosis and cardioembolic 
stroke. In an effort to further investigate the hypothesis in a "dose-response" 
manner, we added an explorative analysis in patient with 51-70% (moderate) carotid 
stenosis compared to those with 71-99% (severe) stenosis and found that the latter 
category had a slightly larger proportion with good collateral status compared to 
those with a moderate stenosis, but this difference disappeared after adjustment for 
confounders. A larger proportion of patients with a severe stenosis had mRS 0-2 at 
90 days, although this difference was not statistically significant (62% vs 41%,  aOR 
2.15, 95% CI 0.62-7.49). Our study may have been underpowered to detect a true 
difference in outcome. Our findings help elucidate the pathophysiological concept 
of ischemic preconditioning and development of collaterals in patients with cervical 
carotid stenosis, but should not influence the decision making process of patient 
selection for endovascular treatment. 

Chapters 8 and 9 are about patients with a carotid artery web (CaW). In 
the former, we presented a histo-anatomical argument to distinguish CaW (at the 
proximal aspect of the bulb, along the posterior wall) from dissection (distal to bulb) 
on imaging. The last chapter is a comparative cohort study in stroke patients who 
received endovascular treatment for large vessel occlusion. During a 2-year follow-
up period, 5/30 (17%) of patients with an ipsilateral CaW had a recurrent stroke, 
versus 5/168 (3%) of patients without CaW (Hazard ratio 5.0, 95% CI 1.5-17.3; 
P=0.005). Recurrent strokes were ischemic and in the same vascular territory as the 
index stroke in 4/5 CaW patients and in 2/5 of patients without CaW, respectively. 
A majority of CaW patients were medically managed with antiplatelets. Our data 
suggest standard secondary stroke prevention with antiplatelets is insufficient to 
limit the risk of recurrent stroke in these patients. We dedicate the remaining space 
to patients with CaW.  



185

WHAT OTHERS HAVE LEARNED 

In 1968, Rainer et al. first reported a shelf-like filling defect at the posterior aspect 
of the internal carotid artery bulb in a young woman with recurrent transient 
ischemic attacks.46 Pathologists have suggested that CaW is an intimal variant of 
fibromuscular dysplasia.47 Because CaWs protrude into the lumen of the carotid 
artery, flow disruption and blood stasis can occur, resulting in embolic stroke.48, 49 
The prevalence of CaW in the general population is unclear. Case-control studies 
reported CaW in 9-37% of patients with cryptogenic stroke younger than 60 
years.50-52 Although data are limited and suffer from selection bias, women and Black 
individuals appear most often affected.47, 53 The risk of recurrent stroke appears (or 
is - Chapter 9) high in symptomatic CaW patients managed with antiplatelets.53 
Optimal management of CaW is unknown. 

WHERE TO GO FROM HERE? 

We see two avenues: studying treatment and studying origin.  

TREATMENT 
As many CaW patients are young and the risk of recurrent stroke is high, we feel 
a sense of urgency to answer the treatment question. Ideally, we would design a 
global randomized controlled trial (RCT) in which all symptomatic CaW patients 
would be randomized into one of three arms: (1) standard care (antiplatelets), (2) 
anticoagulation (e.g. direct oral anticoagulants), and (3) carotid artery stenting or 
surgery. As a primary outcome measure we would select recurrent ischemic stroke. 
Among the secondary outcome measures we would include are symptomatic 
intracranial hemorrhage,54 functional outcome (modified Rankin Scale score) and 
quality of life (e.g. European Quality of Life 5-Dimensions).55 An RCT design has 
the potential to answer the treatment question, but would not answer the origin 
question. Will we "try hitting a home run with a reasonable hypothesis"?, as professor 
of neurology Robert Hart said while discussing the results of the NAVIGATE-ESUS 
trial at the Heart-and-Brain Symposium in Chicago in 2018.56 CaW is rare and 
resources are limited. Also, after having read Chapter 9, would you randomize 
your mother-in-law into the standard care arm? A regular RCT may not be feasible, 
and would raise ethical concerns in our mind. Maybe we can reach out to computer 
modeling experts and conduct an in silico RCT? 
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ORIGIN 
On the other hand, perhaps we should not skip bases and answer the origin 
questions first. Maybe she’s born with it. Maybe it’s acquired. Cases of intimal 
fibromuscular dysplasia in the internal carotid artery have been described in 
children.57 Whereas undeniable evidence of a de novo CaW is yet to be reported 
(Chapter 8).47, 58 We do not know, but we suspect CaW is congenital. If so, why are 
some CaWs symptomatic and others not? Size and morphology of CaW would be 
logical factors of influence. Furthermore, something at a certain point in time makes 
CaW vulnerable to thromboembolism. Is it because blood characteristics, artery 
attributes and flow dynamics change as we age?59 Could a transient inflammatory 
vasculopathy play a role in thromboembolism in CaW? Also, was finding a significant 
predominance of right hemisphere stroke in patients with CaW compared to 
those without CaW really a coincidence (Chapter 9)? Or does it represent a 
pathophysiological clue, such as with right hemisphere stroke in patients with 
acute aortic dissection (Chapter 5)? On the topic of location, pathologists have 
demonstrated that the length of the microscopic transitional zone between elastic 
and muscular arteries in the carotid bulb varies per individual.60 Were we wrong to 
argue against the case presented in Chapter 8? Finally, in stroke patients with an 
undetermined cause because of an ipsilateral web and atrial fibrillation, how do we 
know which of the two was the culprit? Maybe they interact. Could atrial fibrillation 
increase the chance of turbulence further downstream, at the CaW? Mechanical 
engineers who study flow dynamics and source-destination mapping may help us 
identify the most likely cause in stroke patients with multiple potential causes.61

INTERNATIONAL REGISTRY OF CAW 
Studying treatment and studying origin are not mutually exclusive. Answers may be 
there to find in anatomy, embryology, pathology, histology, hematology, infection, 
engineering and flow-dynamics, and computer modeling. A more feasible human 
study design that could help answer questions would be an international registry 
of CaW (INTERWEB?), including a biobank. Specifically, a global observational 
cohort study in which patients with CaW (symptomatic and non-symptomatic) 
are included and the following information is collected: systematic clinical data at 
baseline (including symptomatic hemisphere, recent infection, ethnicity), long-term 
clinical follow-up data, sequential imaging data, blood samples, histological samples 
of thrombi in CaW patients who underwent endovascular treatment for large vessel 
occlusion stroke, and (postmortem) resected histological CaW samples. A control 
cohort of patients with cardioembolic and atherosclerotic stroke would also aid in 
closing the knowledge gap. 
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CONCLUSION 

"Idiopathic" stroke etiology makes the doctor look like an idiot and the patient 
feel pathetic. Our interpretation: we must strive to better understand our patients. 
Only by looking will we see. The road ahead is multidisciplinary. Collaboration will 
enable us to solve the mysteries of the heart-brain axis.62
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SUMMARY

Mind  the Heart 
EMBOLIC SOURCES  OF STROKE ALONG THE HEART-BRAIN AXIS

CHAPTER 1 
DEFINITION OF CHALLENGES

Stroke is a leading cause of death and disability worldwide. In this thesis, stroke 
refers to ischemic stroke. Patients with cardioembolic stroke require a tailored 
approach in terms of acute treatment and secondary prevention measures. Issues 
with standard diagnostic work-up include delay, incompleteness, and failure to 
identify a specific cause of the stroke. The diagnostic yield of echocardiography for 
detection of high-risk cardiac sources of embolism in stroke patients is limited to 
0-9%. Many stroke cases of undetermined etiology likely have a cardio-aortic source 
of embolism. Stroke patients may benefit from early imaging of the heart, as there 
is evidence that cardiac thrombi disappear over time (particularly after intravenous 
thrombolysis). Furthermore, some stroke cases of undetermined etiology have a 
rare cause, which may be difficult to recognize and treat. 

The aim of this thesis is to improve detection of embolic sources of stroke 
along the heart-brain axis. The structure of the thesis follows this anatomical 
pathway. In the first part of this thesis (The Heart), we focused on sources of 
embolism from the heart which are detected through imaging. In the second part of 
this thesis (The Arteries), we explored (rare) sources of embolism from the arteries 
in an effort to increase awareness in the medical community. In this summary we 
report main conclusions of the individual chapters. 
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PART I: THE HEART 

CHAPTER 2

Summary of the literature on CTA versus echocardiography in stroke
In this chapter, we provided a systematic review and meta-analysis of the literature 
on CT-angiography (CTA) versus echocardiography for detection of cardiac 
thrombi in stroke patients. We included 14 single-center cohort studies with data 
on 1568 patients. We found that cardiac CT appears to have a higher diagnostic 
yield than transesophageal (TEE) and transthoracic (TTE) echocardiography for 
detection of cardiac thrombi in stroke patients (6.3% vs 4.9%, p<0.001 and 12.5% 
vs 6.6%, p=0.010, respectively). When examined in terms of diagnostic accuracy, 
CTA appears to have a high sensitivity and specificity compared to TEE: 86% (95% 
CI 66-95%) and 97% (95% CI 95-99%), respectively. There was insufficient data 
for conclusions on sensitivity and specificity for CTA versus TTE. Interpretation of 
results for daily clinical practice is complicated. An important issue was the lack of a 
true gold standard. Therefore, we reasoned that diagnostic yield and not diagnostic 
accuracy should be considered the primary outcome measure. Another issue we 
identified in comparing studies was heterogeneity in terms of the:
 
1. timing: of investigation since stroke, order of and time interval between investi-

gations;  
2. technique: ECG-gated versus non-ECG-gated CT protocols, use of different 

CT scanners;  
3. populations: unselected versus selected stroke patients.  

Finally, we reported quality concerns: missing definition of thrombus, lack of 
detail in methodological reporting, and high risk of bias in patient selection 
and reference standard interpretation. Some studies did not describe clearly 
why and how many patients were excluded and whether the reference 
standard results were interpreted without knowledge of index test results.  
 Notably, only one of the 14 studies (N=20) examined cardiac CTA in the acute 
phase of stroke. We define the acute phase of stroke as within the time window 
for reperfusion therapy (intravenous thrombolysis and endovascular treatment). 
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CHAPTER 3

Non-ECG-gated cardiac CTA in the acute phase of stroke
In this retrospective cohort study (N=82), we demonstrated that non-ECG-gated 
entire heart-brain axis CTA can be done in the acute phase of ischemic stroke in 
seconds (median 7 for third generation dual source CT scanner), with a slightly 
higher radiation dose (median +1.74 mSv) and without the requirement of additional 
contrast. We found a diagnostic yield of 15% for high-risk cardio-aortic sources 
of embolism in a population of patients with suspected large vessel occlusion 
eligible for endovascular treatment. Limitations of this study include poor cardiac 
image quality in 40% of patients and an absent diagnostic comparator such as 
echocardiography. We suggest ways of improving cardiac image quality, such as 
applying ECG-gating, cardiac contrast injection protocols and patient positioning 
with arms above the head.  

CHAPTER 4

ECG-gated cardiac CTA in the acute phase of stroke
Mind the Heart is an ongoing prospective cohort study (N=450), based on the 
hypothesis that ECG-gated CTA of the heart and aortic arch, acquired in the 
acute phase in stroke patients, has a higher diagnostic yield than TTE as a first-
line screening method for detection of cardio-aortic sources of embolism. In this 
chapter we provided the rationale and study design, including the CT protocol 
and practical workflow. We chose TTE instead of TEE as comparator because 
guidelines recommend TTE as the first-line screening method for imaging of the 
heart in stroke patients with suspected cardioembolic source and is part of the 
standard work-up prior to classification as embolic stroke of undetermined source 
(ESUS). The population consists of consecutive adult patients with acute ischemic 
stroke who are potentially eligible for acute reperfusion therapy. At the time of 
submission of this thesis, inclusions were ongoing (written informed consent 
obtained from 398 patients).
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PART II: THE ARTERIES

CHAPTER 5

Aortic dissection masquerading as an acute stroke 
In this chapter, we used data from a prospective registry of consecutive adult 
patients who presented to the emergency department of our comprehensive 
stroke center with neurological deficits suggestive of an acute stroke ("code 
stroke" patients). We found that 15/2874 (0.5%) patients who presented with a 
suspected acute stroke between 2015 and 2018 had a Stanford classification type 
A aortic dissection. The risk of acute aortic dissection in a code stroke population 
confronts the physician with a dilemma. Timely start of intravenous thrombolysis in 
ischemic stroke patients is of vital importance, and in many hospitals thrombolysis 
is started prior to, or simultaneous with CTA. However, if a patient turns out to 
have an acute aortic dissection, thrombolysis may be detrimental. Emergency 
aortic surgery provides the only chance for survival in patients with acute aortic 
dissection. In our study, typical symptoms of acute aortic dissection were not 
always present. For example, only 8/15 (53%) presented with pain. Acute aortic 
dissection was an incidental finding during CTA in 4/15 (27%). Two out of 15 
patients (13%) received intravenous thrombolysis as a result of diagnosis delay, with 
an aortic rupture and fatal outcome in one patient. Overall, 9/15 (60%) underwent 
aortic surgery and 10/15 (67%) died. Of those who survived, 3/5 (60%) had no or 
only minor disability at follow-up (modified Rankin Scale score 0-2). We concluded 
by recommending routine CTA of the entire aortic arch in patients with suspected 
acute ischemic stroke, in order to expedite early diagnosis of aortic dissection 
and prevent administering intravenous thrombolysis to these patients. This would 
entail a minor extension of the current standard care CTA in most hospitals, which 
generally stops at the top part of the aortic arch. 

CHAPTER 6

Triple and quadruple cervical artery dissection 
We performed a systematic review of individual patient data on simultaneous 
triple and quadruple cervical artery dissection in this chapter. We included 52 
studies with data on 96 patients. We found that triple or quadruple cervical artery 
dissection mostly affected young women (mean age 42 years (SD 9), 66% women) 



197

and an underlying disease or triggering event could be identified in more than two-
thirds of patients. Cervical manipulative therapy was a potential triggering event 
in 12 patients. Despite recall bias playing a potential role in the large number of 
reported triggering events, this underlines the need for a careful patient history 
and diagnostic work-up in these patients. Eighty-eight percent of patients had a 
good functional outcome (modified Rankin Scale score 0-2). This is similar to 
the outcome in a large multicenter cohort of patients with single cervical artery 
dissection (CADISP study, 88% modified Rankin Scale score 0-2), although this 
comparison must be done with caution as it is subject to data collection bias. 
This surprisingly good outcome may be explained by the fact only 57% of triple 
and quadruple cervical artery dissection patients had a stroke at presentation or 
during hospitalization, and in the majority the stroke was confined to the vascular 
territory of a single artery. There are no evidence-based guidelines on the optimal 
treatment of multiple cervical artery dissection. We found that most patients (83%) 
were managed medically (antiplatelets or anticoagulants) and 11% underwent 
endovascular stent placement. Recurrences of cervical dissection were rare (3%). 

CHAPTER 7

Collateral circulation and outcome in atherosclerotic versus cardioembolic stroke
Cervical carotid atherosclerosis in humans develops over decades and is often 
accompanied by arterial stenosis. Theoretically, this might promote the cerebral 
collateral circulation. In contrast, since cardioembolic stroke is not accompanied by 
chronic cerebral hypoperfusion, collateral artery formation and recruitment are less 
likely in these patients. In this chapter, we hypothesized that patients with stroke 
due to cervical stenotic carotid atherosclerosis have a more extensive collateral 
circulation and better outcomes than patients with stroke due to cardioembolism. 
We tested this hypothesis in patients who underwent endovascular treatment for 
acute stroke with large vessel occlusion (N=190 with cervical carotid atherosclerosis 
and N=476 with cardioembolism) from the MR CLEAN Registry. In line with our 
hypothesis, we found that in this sample, patients with large-artery atherosclerosis 
had a more extensive cerebral collateral circulation and a slightly better outcome 
at 90 days than those with cardioembolic stroke (proportion of good (grade 2-3) 
collateral score 71% versus 60%, adjusted common odds ratio 1.84 [95% CI 1.15-
2.94]); median modified Rankin scale score 3 versus 4, adjusted common odds 
ratio, 1.45 [95% CI 1.03-2.05]). There were no statistically significant differences in 
the proportions of patients with functional independence (modified Rankin Scale 
score 0-2) or mortality between the groups. 
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CHAPTER 8

Carotid web or dissection?
Diagnosis of carotid artery web and dissection on imaging can be difficult. In this 
brief chapter, which consists of a letter to the editor, we commented on a case 
report of a presumed de novo formation of a carotid artery web. We offered a histo-
anatomical argument to distinguish carotid artery web from dissection on imaging. 
The carotid bulb is located in a transition zone, where the elastic type of artery 
changes into the muscular type as ventricular pressure waves travel towards the 
brain. We argued that internal carotid artery dissections are typically located distal 
to the carotid artery bulb. Whereas literature suggests that carotid artery webs 
are typically located at the proximal aspect of the carotid artery bulb, along the 
posterior wall.  

CHAPTER 9

High stroke recurrence risk in symptomatic carotid web 
Carotid artery web is a shelf-like lesion located in the posterior wall of the internal 
carotid artery bulb and is considered an intimal variant of fibromuscular dysplasia. 
Best treatment practices and recurrent stroke risk in symptomatic carotid artery 
web patients (i.e. those who have suffered a stroke) are unclear. In chapter 9, we 
determined this recurrent stroke risk. In a comparative cohort study, we used 
data from the MR CLEAN trial and the MR CLEAN Registry (total N=4137). We 
selected consecutive adult patients with anterior circulation large vessel occlusion 
stroke and available baseline CT-angiography of the carotid bulb (N=3439). For 
the purpose of this study, all images were reassessed for presence or absence of 
carotid artery web by two experienced neuroradiologists. We identified 30 (0.9%) 
patients with a carotid artery web ipsilateral to the side of the index stroke. We 
collected follow-up data on recurrent stroke for these patients. As a comparator 
cohort, we selected 168 patients from the MR CLEAN trial who were randomized 
to endovascular treatment and were included in the MR CLEAN extended follow-
up trial, and who thus had 2-year follow-up data. Patients with carotid artery web 
were younger (median age 57 [IQR 46-66] vs 66 years [IQR 56-77], P=0.015) and 
more often women (73% vs 40%, P=0.001) compared to patients without carotid 
artery web. At discharge, 26/30 (87%) carotid artery web patients used antiplatelets. 
During the 2-year follow-up period, 5/30 (17%) of carotid web patients had a 
recurrent stroke, versus 5/168 (3%) in the comparator cohort (Hazard ratio 5.0, 95% 
CI 1.5-17.3; P=0.005). Recurrent stroke details were available for 4 patients with a 
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carotid artery web, and all 4 strokes were ischemic and in the same vascular territory 
as the index stroke. In patients without a carotid artery web, 2/5 had a recurrent 
ischemic stroke ipsilateral to the index stroke. 

A limitation is the absence of 2-year follow-up for the full study population 
(N=3439). Also, data from this selected sample of patients with large vessel 
occlusion stroke may not be representative of all patients with symptomatic carotid 
artery web. Despite these limitations, our study found that the risk of recurrent 
stroke in patients with carotid artery web is very high, and therefore that standard 
secondary prevention measures are insufficient in these patients. 
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NEDERLANDSE SAMENVATTING

Mind  the Heart 
EMBOLIC SOURCES  OF STROKE ALONG THE HEART-BRAIN AXIS

HOOFDSTUK 1 
 DEFINITIE VAN UITDAGINGEN 

Beroertes zijn wereldwijd een belangrijke oorzaak van sterfte en invaliditeit. 
Dit proefschrift gaat specifiek over herseninfarcten. Patiënten met een 
cardioembolisch herseninfarct vereisen een aanpak op maat wat betreft acute 
behandeling en secundaire preventie maatregelen. Problemen met standaard 
diagnostische evaluatie zijn vertraging, incompleetheid en het niet vinden van 
een specifieke oorzaak van het herseninfarct. De diagnostische opbrengst van 
echocardiografie voor het opsporen van hoog-risico emboliebronnen bij patiënten 
met een herseninfarct is beperkt tot 0-9%. In veel gevallen met een onbekende 
etiologie is het waarschijnlijk dat er een cardio-aortale emboliebron aan ten grondslag 
ligt.  Patiënten met een herseninfarct hebben mogelijk baat bij vroege beeldvorming 
van het hart, aangezien er aanwijzingen zijn dat cardiale trombi verdwijnen na 
verloop van tijd (in het bijzonder na intraveneuze trombolyse). Daarnaast hebben 
sommige patiënten met een herseninfarct en een onbekende etiologie een zeldzame 
oorzaak, die mogelijk moeilijk te herkennen en te behandelen is.  

Het doel van dit proefschrift is het verbeteren van de opsporing van embolische 
oorzaken van herseninfarcten langs de as van het hart naar de hersenen. De 
structuur van dit proefschrift volgt deze anatomische route. In het eerste deel van 
dit proefschrift (Het Hart), richten we ons op embolische oorzaken uit het hart die 
opgespoord worden middels beeldvorming. In het tweede deel van dit proefschrift 
(De Arteriën), verkennen we (zeldzame) emboliebronnen in de arteriën, mede 
om de bewustwording hiervan onder medici te vergroten. In deze samenvatting 
rapporteren we de belangrijkste conclusies van de individuele hoofdstukken. 
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DEEL I: HET HART 

HOOFDSTUK 2

Literatuuroverzicht CTA versus echocardiografie
In dit hoofdstuk hebben een systematische review en meta-analyse uitgevoerd van 
de literatuur over CT-angiografie (CTA) versus echocardiografie voor het opsporen 
van cardiale trombi bij patiënten met een herseninfarct. We hebben 14 monocenter 
cohort studies geïncludeerd met data van 1568 patiënten. We vonden dat CTA van 
het hart een hogere diagnostische opbrengst lijkt te hebben dan transoesophageale 
(TEE) en transthoracle (TTE) echocardiografie voor het opsporen van cardiale 
trombi bij patienten met een herseninfarct (6.3% versus 4.9%, p<0.001 and 12.5% 
vs 6.6%, p=0.010, respectievelijk). Beschouwd vanuit diagnostische accuratesse, 
lijkt CTA een hoge sensitiviteit en specificiteit te hebben vergeleken met TEE: 86% 
(95% CI 66-95%) and 97% (95% CI 95-99%), respectievelijk. Er waren onvoldoende 
gegevens voor conclusies over sensitiviteit en specificiteit van TTA ten opzichte 
van TTE. Het interpreteren van deze resultaten voor de dagelijkse klinische 
praktijk is lastig. Een belangrijk probleem is het ontbreken van een echte gouden 
standaard. Hierdoor beredeneerden we dat de diagnostische opbrengst en niet de 
diagnostische accuratesse als de primaire uitkomstmaat beschouwd zou moeten 
worden. Als aanvullend probleem vonden we dat er sprake was van heterogeniteit 
op de volgende gebieden: 

1. tijd: tussen het herseninfarct en het eerste onderzoek, volgorde van en het 
tijdsinterval tussen de onderzoeken; 

2. techniek: ECG-getriggerd versus niet ECG-getriggerde CT protocollen, ge-
bruik van verschillende CT scanners;

3. populatie: algemene versus geselecteerde populatie van patiënten met een 
herseninfarct. 

Tot slot waren er ook zorgen over de kwaliteit: de definitie van een trombus ontbrak, 
onvoldoende gedetailleerde beschrijving van de methodologie, een hoog risico 
op bias wat betreft patiëntselectie en interpretatie van de referentie standaard. 
Sommige studies beschreven niet duidelijk waarom en hoeveel patiënten werden 
geëxcludeerd en of de resultaten van de referentie standaard geïnterpreteerd 
werden zonder kennis van de resultaten van de index test. 
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Opvallend was dat slechts één van de 14 studies (N=20) CTA van het hart 
onderzocht in de acute fase van het herseninfarct. Wij definiëren de acute fase 
als binnen het tijdswindow voor reperfusietherapie (intraveneuze trombolyse en 
endovasculaire behandeling). 

HOOFDSTUK 3

Niet ECG-getriggerde cardiale CTA in de acute fase van het herseninfarct 
In deze retrospectieve cohort studie (N=82) hebben we aangetoond dat niet ECG-
getriggerde CTA van de hele hart-hersen as uitgevoerd kan worden in de acute fase 
van het herseninfarct, binnen enkele seconden (mediaan 7 bij derde generatie dual 
source CT scanner), met geringe toename van de stralingsdosis (mediaan +1.74 
mSv) en zonder extra contrast. We vonden een diagnostische opbrengst van 15% 
voor hoog-risico cardio-aortale emboliebronnen in een populatie van patiënten met 
het vermoeden op een occlusie van de grote cerebrale arteriën die in aanmerking 
komt voor endovasculaire behandeling. Beperkingen van deze studie zijn slechte 
beeldkwaliteit van het hart in 40% van de patiënten en het ontbreken van een 
vergelijkend diagnostisch onderzoek zoals echocardiografie. We hebben suggesties 
gedaan voor het verbeteren van de cardiale beeldkwaliteit, zoals het toepassen van 
ECG-triggering, cardiale contrast injectie protocollen en het positioneren van de 
patiënt met armen boven het hoofd.  

HOOFDSTUK 4

ECG-getriggerde cardiale CTA in de acute fase van het herseninfarct 
Mind the Heart is een prospectieve cohort studie (N=450) die gebaseerd is op de hypo- 
these dat ECG-getriggerde CTA van het hart en de aortaboog, verricht in de acute 
fase bij patiënten met een herseninfarct, een hogere diagnostische opbrengst heeft 
dan TTE als een eerstelijns screening methode voor het opsporen van cardio-aortale 
emboliebronnen. In dit hoofdstuk hebben we de motivering voor de studie en het 
studie design uiteengezet, inclusief het CT protocol en de logistiek in de praktijk. We 
kozen voor TTE in plaats van TEE als vergelijkend onderzoek omdat richtlijnen TTE 
adviseren als eerstelijns methode voor beeldvorming van het hart bij patiënten met 
een vermoeden op een cardioembolische oorzaak en omdat TTE onderdeel is van de 
standaard diagnostische evaluatie die nodig is voordat een casus als "embolic source 
of undetermined source (ESUS)" geclassificeerd kan worden. De onderzoekspopu-
latie bestaat uit consecutieve volwassen patiënten met een acuut herseninfarct die 
mogelijk in aanmerking komen voor acute reperfusietherapie. 
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DEEL II: DE ARTERIËN 

HOOFDSTUK 5

Aortadissectie vermomd als een acuut herseninfarct 
In dit hoofdstuk hebben we data gebruikt van een prospectieve registratie van 
consecutieve volwassen patiënten die zich presenteerden op de acute hersenhulp 
van het Amsterdam UMC met neurologische uitval die mogelijk past bij een 
acuut herseninfarct ("code stroke" patiënten). We vonden dat 15/2874 (0.5%) 
van de patiënten die zich presenteerden met een verdenking acuut herseninfarct 
tussen 2015-2018 een type A acute aortadissectie (Stanford classificatie) bleken 
te hebben. Het risico op een acute aortadissectie in een "code stroke" populatie 
confronteert de arts met een dilemma. Het snel toedienen van intraveneuze 
trombolyse bij patiënten met een herseninfarct is belangrijk en in veel ziekenhuizen 
wordt intraveneuze trombolyse toegediend voorafgaand aan of gelijktijdig met het 
verrichten van een CTA. Echter, intraveneuze trombolyse is schadelijk als een patiënt 
een aortadissectie blijkt te hebben. Een spoedoperatie van de aorta biedt de enige 
kans op overleving bij patiënten met een acute aortadissectie. In onze studie waren 
typische verschijnselen van een acute aortadissectie niet altijd aanwezig. Slechts 
8/15 (53%) van de patiënten presenteerden zich met pijnklachten, bijvoorbeeld. 
Acute aortadissectie was een toevalsbevinding tijdens CTA bij 4/15 (27%). Twee van 
de 15 patiënten (13%) kreeg intraveneuze trombolyse als gevolg van diagnostische 
vertraging, wat leidde tot een aortaruptuur en overlijden van één patiënt. In totaal 
ondergingen 9/15 (60%) van de patiënten aortachirurgie en er overleden 10/15 
(67%). Van de overlevenden hadden 3/5 (60%) geen of slechts geringe beperkingen 
in het dagelijks functioneren (modified Rankin Scale score 0-2). We adviseren om 
bij patiënten met het vermoeden op een acuut herseninfarct standaard CTA van 
de volledige aortaboog te verrichten om het diagnostische proces te versnellen en 
zo te voorkómen dat deze patiënten intraveneuze trombolyse toegediend krijgen. 
Gezien in de meeste ziekenhuizen de top van de aortaboog reeds wordt afgebeeld 
op CTA, zou dit slechts een kleine aanpassing betekenen.    



204 APPENDICES

HOOFDSTUK 6

Drie- en viervoudige cervicale arteriële dissecties  
In dit hoofdstuk hebben we een systematische review verricht van individuele 
patiënt data over simultane drie- en viervoudige cervicale arteriële dissecties. 
We includeerden 52 studies met data van 96 patiënten. We vonden dat drie- en 
viervoudige cervicale arteriële dissecties met name voorkwamen bij jonge vrouwen 
(gemiddelde leeftijd 42 jaar (SD 9), 66% vrouwen) en dat er een onderliggende 
aandoening of een uitlokkende gebeurtenis kon worden geïdentificeerd bij meer dan 
twee derde van de patiënten. Cervicale manipulatieve therapie was een mogelijke 
uitlokkende factor bij 12 patiënten. Ondanks dat "recall bias" mogelijk een rol speelde 
in het grote aantal gerapporteerde uitlokkende gebeurtenissen, onderstreept dit het 
belang van een gedegen anamnese en diagnostische evaluatie bij deze patiënten. 
Achtentachtig procent van de patiënten had een goede functionele uitkomst 
(modified Rankin Scale score 0-2). Dit komt overeen met een groot multicenter 
cohort van patiënten met een enkelvoudige cervicale arteriële dissectie (CADISP 
studie, 88% modified Rankin Scale score 0-2), alhoewel voorzichtigheid geboden is 
bij deze vergelijking wegens "data collection bias". Deze verrassend goede uitkomst 
valt mogelijk te verklaren vanwege het feit dat slechts 57% van de patiënten met een 
drie- of viervoudige cervicale arteriële dissectie een herseninfarct had ten tijde van 
presentatie of gedurende opname. Bij de meeste patiënten was het herseninfarct 
beperkt tot het vasculaire stroomgebied van één cervicale arterie. Er bestaan 
geen "evidence-based" richtlijnen over de optimale behandeling van meervoudige 
cervicale arteriële dissecties. Wij vonden dat de meeste patiënten (83%) behandeld 
werden met medicijnen (trombocytenaggregatieremmers of orale anticoagulantia) 
en 11% onderging endovasculaire stentplaatsing. Het optreden van een recidief 
cervicale dissectie was zeldzaam (3%).  

HOOFDSTUK 7

Collaterale circulatie en uitkomst bij patiënten met een atherosclerotisch 
versus een cardioembolisch herseninfarct 
Atherosclerose in de cervicale a. carotis ontwikkelt zich bij mensen in de loop 
van tientallen jaren en hierbij treedt vaak arteriële stenose op. Theoretisch zou dit 
de cerebrale collaterale circulatie kunnen bevorderen. Daarentegen wordt een 
cardioembolisch herseninfarct doorgaans niet voorafgegaan door chronische 
cerebrale hypoperfusie, waardoor cerebrale collaterale circulatie vorming en 
recrutering minder waarschijnlijk zijn bij deze patiënten. In dit hoofdstuk formuleerden 



205

we de hypothese dat patiënten met een herseninfarct ten gevolge van stenoserende 
atherosclerose van de cervicale a. carotis een uitgebreidere collaterale circulatie en 
betere uitkomsten hebben dan patiënten met een cardioembolisch herseninfarct. We 
toetsten deze hypothese bij patiënten die endovasculaire behandeling ondergingen 
vanwege een acuut herseninfarct met occlusie van de grote cerebrale arteriën (N=190 
met atherosclerose van de cervicale a. carotis en N=476 met een cardioembolisch 
herseninfarct) uit de MR CLEAN Registry. In lijn met onze hypothese, vonden we 
dat in deze populatie, patiënten met atherosclerose van de grote vaten een betere 
cerebrale collaterale circulatie hadden en een net iets betere uitkomst na 90 dagen 
dan patiënten met een cardioembolisch herseninfarct (proportie goede (grade 2-3) 
"collateral score" 71% versus 60%, adjusted common odds ratio 1.84 [95% CI 1.15-
2.94]); mediane modified Rankin scale score 3 versus 4, adjusted common odds 
ratio, 1.45 [95% CI 1.03-2.05]). Er waren geen statistisch significante verschillen 
in het aandeel van patiënten met functionele onafhankelijkheid (modified Rankin 
Scale score 0-2) of mortaliteit tussen de twee groepen.   

HOOFDSTUK 8

"Carotid web" of dissectie? 
Het op beeldvorming diagnosticeren van een "carotid artery web" (CaW) en 
een a. carotis dissectie kan lastig zijn. In dit korte hoofdstuk wat bestaat uit een 
"letter to  the editor" leverden wij commentaar op een casusbeschrijving van een 
veronderstelde de novo CaW. We bieden een histologisch-anatomisch argument om 
een CaW van een dissectie te onderscheiden op beeldvorming. De bulbus caroticus 
is gelokaliseerd in een transitiezone, waarin het elastische type arterie overgaat in 
het gespierde type naargelang bloed voortgestuwd wordt naar de hersenen. We 
stellen dat dissecties van de a. carotis interna doorgaans distaal van de bulbus 
caroticus ontstaan. Op basis van de literatuur zijn CaWs doorgaans gelokaliseerd 
bij het proximale aspect van de bulbus carotis, langs de posterieure wand.  

HOOFDSTUK 9

Hoog risico op recidief herseninfarct bij patiënten met een symptomatische 
"carotid web" 
"Carotid artery web" (CaW) is een richelvormige lesie die gelokaliseerd is in de 
posterieure wand van de bulbus caroticus en beschouwd wordt als een variant van 
fibromusculaire dysplasie waarbij de intima betrokken is. Het is onduidelijk wat de 
beste behandeling is en wat het recidiefrisico is bij symptomatische CaW patiënten 
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(patiënten die een herseninfarct hebben gehad). In hoofdstuk 9 hebben we dit 
recidiefrisico onderzocht. Voor deze "comparative cohort" studie hebben we data 
gebruikt van de MR CLEAN trial en de MR CLEAN Registry (totaal N=4137). We 
selecteerden consecutieve volwassen patiënten met een herseninfarct op basis van 
een occlusie van de grote cerebrale arteriën in de anterieure circulatie en beschikbare 
CTA beelden van de bulbus caroticus (N=3439). Voor deze studie werden alle 
beelden herbeoordeeld op aanwezigheid of afwezigheid van CaW door twee 
ervaren neuroradiologen. We identificeerden 30 (0.9%) patiënten met een CaW aan 
de ipsilaterale zijde van het index herseninfarct. We verzamelden vervolgens follow-
up data over recidief herseninfarcten bij deze patiënten. Als "comparator cohort’ 
selecteerden we 168 patiënten uit de MR CLEAN trial die waren gerandomiseerd 
in de endovasculaire behandeling arm en deelnamen aan de MR CLEAN exended 
follow-up trial, en dus van wie 2-jaars follow-up data beschikbaar was. Patiënten met 
een CaW waren jonger (mediane leeftijd 57 [IQR 46-66] versus 66 jaar [IQR 56-77], 
P=0.015) en vaker vrouw (73% versus 40%, P=0.001) vergeleken met patiënten zonder 
CaW. Zesentwintig van de 30 (87%) CaW patiënten kregen als ontslagmedicatie 
trombocytenaggregatieremmers. Gedurende de follow-up periode van 2 jaar kreeg 
5/30 (17%) van de CaW patiënten een recidief beroerte versus 5/168 (3%) van de 
patiënten in het "comparator cohort" (hazard ratio 5.0, 95% CI 1.5-17.3; P=0.005). 
Gedetailleerde informatie over de recidief beroerte was beschikbaar voor 4 van de 
CaW patiënten, in alle gevallen betrof het een herseninfarct in hetzelfde vasculaire 
stroomgebied als het index herseninfarct. Bij 2/5 patiënten zonder CaW betrof het 
een recidief herseninfarct in hetzelfde vasculaire stroomgebied.  

Een beperking is het ontbreken van 2-jaars follow-up voor de volledige 
studiepopulatie (N=3439). Daarnaast zijn resultaten in deze geselecteerde groep 
patiënten met een herseninfarct op basis van een occlusie in de grote cerebrale 
arteriën mogelijk niet representatief voor alle patiënten met een symptomatische 
CaW. Ondanks deze beperkingen vonden wij in deze studie dat het risico op 
een recidief herseninfarct in patiënten met CaW erg hoog is, wat laat zien dat de 
standaard secundaire preventie maatregelen onvoldoende bescherming bieden bij 
deze patiënten.
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ABBREVIATIONS
  
A1    first segment of anterior cerebral artery
A2    second segment of anterior cerebral artery
ACA   anterior cerebral artery
acOR   adjusted common odds ratio
AF    atrial fibrillation
AIS     acute ischemic stroke
AMC   academic medical center
aOR   adjusted odds ratio
ASPECTS  Alberta Stroke Program Early CT Score
AUC   area under the curve
BP    blood pressure
CaW   carotid artery web
CADISP   Cervical Artery Dissections and Ischemic Stroke Patients
CBF   cerebral blood flow
CI    confidence interval
CeAD   cervical artery dissection
CT    computed tomography
DBP   diastolic blood pressure
DGT   door-to-groin time
DLP   dose length product
DNT   door-to-needle time
DOAC   direct oral anticoagulation
DSA   digital subtraction angiography
ED    emergency department
FMD   fibromuscular dysplasia
EMBASE  Excerpta Medica Database
ESUS   embolic stroke of undetermined source
eTICI   extended thrombolysis in cerebral infarction score
EVT   endovascular treatment
FAST   face, arm, speech test
FMD   fibromuscular dysplasia
GCS   Glasgow coma scale
HR    hazard ratio
ICA    internal carotid artery
ICA-T   internal carotid artery terminus
ICH    intracranial hemorrhage
INR    international normalized ratio
IQR    interquartile range
IVT    intravenous thrombolysis
LA    left atrium
LAA   left atrial appendage
LV    left ventricle
LVO   large vessel occlusion
M1    first segment of middle cerebral artery
M2    second segment of middle cerebral artery
MR CLEAN  Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic  
    Stroke in the Netherlands
MRI    magnetic resonance imaging
mRS   modified Rankin Scale
mTICI   modified thrombolysis in cerebral infarction score
NA    not applicable
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NASCET  North Armerican Symptomatic Carotid Endarterectomy Trial 
NCCT   non-contrast computed tomography
NIHSS   National Institues of Health Stroke Scale
NR    not reported
OR    odds ratio
PFO   patent foramen ovale
PRISMA  preferred reporting items for sstematic reviews and meta-analyses
QUADAS  quality assessment of diagnostic accuracy studies
Rt-PA   recombinant tissue plasminogen activator
SBP    systolic blood pressure
SD     standard deviation
sICH   symptomatic intracranial hemorrhage
SPSS   Statistical Package for the Social Sciences
SROC   summary receiver operating curves
TAI    thrombus attenuation increase
TEE    transesophageal echocardiography
TIA    transient ischemic attack   
TOAST   trial of org 10172 in acute stroke treatment
TTE   transthoracic echocardiography
VKA   vitamin K antagonist
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2017
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2018
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1.0 
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0.75
0.2
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Dutch Heart Foundation: Cardiac Function & Adaption 
Research meeting cerebrovascular neurology, Amsterdam UMC
Nascholing Nederlandse Neurovasculaire werkgroep Utrecht
Neuroscience Rounds, University of Toronto
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2019
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3.0
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0.5
0.2
0.2
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0.5
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0.25
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Waarnemen denken doen II 

2020
2018-2019 
2020

1.0
1.0
0.2
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Year Workload 
(ECTS)

Teaching   (Continued)

Supervision
Neurological physical examination training of medical students
N.S. Groeneveld (Master thesis)
V.W.A. van Berge Henegouwen (Bachelor thesis) 
R.M. Demichelis (Bachelor student
L.A. Rinkel (Master student)

2017-2019
2018
2019
2019 
2019

0.5
1.0
1.0
1.0 
1.0

Other educational activities
University Teaching Qualification (BKO)
Elective course Vascular Neurology for Bachelor students
Medical Monitoring of Patient during Endovascular Procedure 
course (IAT opleiding) for Neurology nurses
Educational video (Kennisclip) Acute Treatment of Ischemic 
Strokea 

a Available at https://www.youtube.com/ watch?v=x3aHvnicwAs

2017-2020
2018-2020
2018, 2020

2020

6.0
6.0
4.0

0.25

Grants
2017 Travel Grant, AMC Young Talent Fund    € 5.000,-
2017 Travel Grant, Foundation De Drie Lichten    € 12.000,-
2018 Jubilee Grant and Travel Grant, Remmert Adriaan Laan Foundation  € 20.000,-
2018 Van Leersum Grant, Royal Netherlands Academy of Arts and Sciences  € 4.000,-
2019  Travel Grant, Genootschap ter bevordering van Natuur-, Genees- en € 1.000,-
  Heelkunde

Awards and prizes
2019 Best Abstract Finalist, Radiologendagen, Hilversum
2019  Best Pecha Kucha, Amsterdam Neuroscience Annual Meeting, Amsterdam
2020  FameLab Netherlands Science Communication National Finalist

Presentations (4.0 ECTS) 
Related to "Cardiac CT-angiograpy in acute ischemic stroke"b

Poster   Heart and Brain Symposium | Chicago, Unites States | 2018 
Oral  World Stroke Congress | Montreal, Canada | 2018 
Oral  Neuroradiology-Stroke rounds | Toronto Western Hospital, Canada | 2019
Oral  Radiologendagen, plenary session | Hilversum, the Netherlands | 2019
Oral   ACS Symposium Heart Failure & Arrhythmias | Amsterdam, the Netherlands | 2019
Oral  European Stroke Organisation Conference (ESOC) | Milan, Italy | 2019
Oral  Amsterdam Neuroscience Annual Meeting | Amsterdam, the Netherlands | 2019 
Oral  Neuro Meetups Bern | Bern Stroke Center, Switzerland | 2020

b Audio-visual content on this topic is available at: https://nl.linkedin.com/in/valeria-guglielmi

https://www.youtube.com/
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjYmZan0rvtAhWSzqQKHaaSB4kQFjAAegQIBBAC&url=https%3A%2F%2Fnl.linkedin.com%2Fin%2Fvaleria-guglielmi&usg=AOvVaw2n75h7BKYiknSjB_r3RLac


216 APPENDICES

DANKWOORD 

De kunst van het doen van onderzoek is er zo snel mogelijk achter komen met wie je 
geen onderzoek wil doen – zo werd mij verteld voordat ik begon. Het omgekeerde 
is ook waar. Mijn dank gaat uit naar iedereen die mij op de weg naar dit proefschrift 
heeft geholpen om zaken beter te begrijpen en om plezier te maken. 

Op de eerste plaats de patiënt en zijn/haar familie. Dank voor jullie vertrouwen 
wanneer mijn medeonderzoekers en ik vol verwachting verschijnen aan het bed met 
een boekwerk aan informatie en toestemmingsformulieren. Jullie vertrouwen in de 
wetenschap maakt wetenschappelijk onderzoek mogelijk. 

Graag bedank ik mijn (co-)promotoren prof. dr. Yvo Roos, prof. dr. Charles 
Majoie, dr. Jonathan Coutinho en dr. Nils Planken voor de begeleiding tijdens mijn 
promotietraject.  

Beste Yvo, dank dat je me de ruimte hebt gegeven om naast de Mind the Heart 
studie mijn “onderwijs mind” verder te ontwikkelen. Het is duidelijk waarom jouw 
behang bestaat uit onderwijsprijzen. Dank voor de inspiratie en bereidheid om mee 
te denken over het grotere geheel. Ik waardeer dat je altijd open staat voor een pitch. 
Zelfs al is het idee een beetje mal, hoog gegrepen, of weinig hoopvol (Babinski in 
tijden van Corona – “Geen hoop is ook zo saai”). Je stimuleert me om ervoor te gaan. 
Daarnaast wist je feilloos aan te voelen wanneer je druk van de ketel moest halen 
(deadline stress – “Niemand leest toch je proefschrift”). 

Beste Charles, onze interacties waren kort maar krachtig. Ik heb genoten van de 
gedachtewisseling in aanloop naar het schrijven van dit proefschrift en hoop dat er 
meer zullen volgen.  

Beste Jonathan, als coassistent kwam ik jou tegen in de kliniek. Je maakte indruk 
op mij. Ik dacht: als ik ooit promotieonderzoek ga doen – dan het liefst met jou. 
Op mijn verjaardag kreeg ik te horen dat ik mocht beginnen. Een waar cadeau. 
Dank dat ik mijn geest heb mogen slijpen aan de jouwe. Je bent een ideeënfontein 
waaruit ik heb mogen putten. Je hebt me de vrijheid gegeven om na te jagen wat ik 
belangrijk vond en was er voor me als ik tegen een grens aan liep, waarna ik altijd 
verder kon. Dit heb ik als uniek ervaren en hierom ben ik jou enorm dankbaar. 
Dit proefschrift bestaat dankzij jouw betrokken supervisie. Ik kon altijd rekenen 
op jouw snelle en directe feedback (“Dit is niet het !@#$%^* jeugdjournaal” – 
over het niveau van mijn presentatie; “Je lijkt wel een autoverkoper” – over mijn 
overenthousiaste toon; en, mijn persoonlijk favoriet, “Barf barf!!!” – als commentaar 
op een van mijn eerste beursaanvraag pogingen). Ik heb hier fotografisch bewijs van.  
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Gelukkig sta je zelf ook open voor feedback. En kun je goed omgaan met mijn 
irritante vastberadenheid. Ik vertrouw erop dat je direct blijft communiceren met mij.  

Beste Nils, jij bent de geestelijk vader van “Mind the Heart”. De beste stelling is 
inderdaad van Planken. Ik waardeer jouw gave om overal de humor van in te zien 
terwijl jij je werk serieus neemt. Hierin ben jij een voorbeeld voor mij. Ik heb genoten 
van onze werkbezoeken aan Maastricht. Ik hoop dat we naast werk, de waardering 
voor champagne en olijfolie nog lang met elkaar zullen delen.   

Graag wil ik de overige leden van de promotiecommissie, prof. dr. Diederik van de 
Beek, prof. dr. Joris de Groot, prof. dr. Marcel Levi, prof. dr. Angela Maas en prof. dr. 
Birgitta Velthuis, hartelijk bedanken voor de bereidheid om dit proefschrift kritisch 
te beoordelen en als opponent aanwezig te zijn tijdens de verdediging. Ik zie uit naar 
de wisseling van gedachten en het vuur aan de schenen. 

Het hele Mind the Heart team, dank voor al jullie bloed, zweet, CT-scans, echo’s 
en informed consents. Nick Lobé, Rianne Bon en Adrienne van Randen in het 
bijzonder. Er zijn niet genoeg brownies in Amsterdam om jullie te bedanken voor 
jullie inspanningen. Dat weerhoudt ons er uiteraard niet van om elke mijlpaal met 
brownies te vieren. Cardiologen Matthijs Boekholdt en Berto Bouma, dank voor 
jullie steun bij het omverwerpen van de schutting tussen de hersenen en het hart. 
Dank ook voor het tolereren van de neurologische woordgrapjes (strokewafels). 
Guido Clerx, met jouw energieke toewijding verbrijzel je inclusierecords en hebben 
we in sneltreinvaart de studie kunnen afronden. Nina-Suzanne Groeneveld, het is 
een voorrecht geweest om jou te begeleiden. Het succes van de pilot fase is voor een 
groot deel jouw verdienste. Dat je gekaapt bent door de kinderen is een gemis voor 
ons en een geschenk voor hen. En toen was daar Leon Rinkel. En ging mijn kwaliteit 
van leven omhoog. Ik heb bewondering voor hoe jij glimlachend keihard werkt en 
razendsnel nieuwe vaardigheden eigen maakt. Door jou kon ik aan dit proefschrift 
werken, wetende dat Mind the Heart in goede handen was. Dank hiervoor. Ik kan 
me geen betere – inmiddels collega – wensen om dit project samen mee over de 
finish te rijden. Chiel Beemsterboer, welkom aan boord! Ik hoop van harte dat dit 
slechts het einde is van het begin van onderzoek doen met jullie allemaal. 

Dear Danny Mandell, thank you for challenging me to question and for instilling in 
me a deep interest in etiology. It was a privilege to peek inside your mind. Although 
Mind the Heart TWH was not meant to be, my winter in Toronto was the most 
productive and adventurous one of my life. Ice fishing was not something I expected 
to learn during my PhD. P.S. you’ve got mail. 
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Het combineren van onderzoek met onderwijs heeft mij veel plezier gebracht. 
Vincent Odekerken en Twan van Velzen, het was een eer om samen met jullie 
aanstormend talent te laten zien hoe leuk het is om “hoofd- van bijzaken te 
onderscheiden” tijdens het neurologie keuzeonderwijs. Vincent, dank dat jij mij deze 
mogelijkheid hebt gegeven. Dat smaakt naar meer. Twan, mijn onderwijsbuddy, we 
hebben samen iets uit niets gemaakt. Ik waardeer je collegialiteit, je fascinatie voor 
totalitaire regimes uit vervlogen tijden en bizarre reizen naar obscure bestemmingen. 
Ik vertrouw erop dat we elkaar zullen blijven tegenkomen.  

IAT verpleegkundigen, gidsen in de jungle van de patiënt met een acute beroerte.
Het liedje “The Lion Sleeps Tonight” heeft een nieuwe lading gekregen door jullie. 
Dank voor jullie enthousiasme tijdens het doorlopen van de IAT opleiding. Ik kreeg 
bergen energie van jullie. Willen jullie alsjeblieft ook mijn gids zijn in de kliniek?

Harriët Kuil en Annick Fransen, dank voor alles wat jullie voor ons doen. Ik doe 
altijd maar alsof ik binnenloop voor drop of een vraag. Ik doe het eigenlijk voor de 
gezelligheid. Dank voor jullie belangstelling en het luisterend oor.

Vaatkamer instapmodel: Adrien Groot, Sophie van den Berg en Natalie LeCouffe. 
Wie heeft er daglicht nodig met zulke leuke collega’s? Onze planten. May they rest 
in peace. Ik heb me direct welkom gevoeld bij jullie en heb dankbaar genoten van al 
jullie talenten, waaronder taartenbakken, haarvlechten, statistiek, klassieke muziek 
en het consumeren van champagne. Het is een genoegen geweest om ruimte, tijd, 
lief en leed met jullie te delen. Dank, Natalie, dat jij mijn paranimf wilt zijn. Ik bof dat 
ik jullie alle drie aan mijn zijde zal hebben gedurende de opleiding tot neuroloog.  

 Stroke sloths Mayte Sánchez van Kammen, Josje Brouwer, Laura van Meenen, 
Irem Baharoglu, Suzanne Silvis, Yvonne Zuurbier, Laurien Kuhrij en Jeffrey Stolp, 
ook met jullie is het een plezier geweest om de vaatkamer te delen. Inmiddels is ook 
de grote kamer gedeeltelijk geannexeerd. Geen beter gezelschap dan taalpuristen 
met een scherp gevoel voor humor en bijzondere hobbies (of daarnaar opzoek 
zijnde, Suzanne). Mayte, ik ben blij dat Jonathan’s anticlimactische reactie ons er 
niet van weerhoudt om practical jokes te blijven uitvoeren.       

Vrienden van de vaatkamer, blijf vooral binnenlopen in onze Bose bubbel voor 
sfeerchecks. Soms is het goed om gestoord te worden om je niet gek te laten maken. 
Timo ten Brinke, humorverfijner van H2, dank voor het sparren. Jij weet altijd het 
juiste beter te zeggen. Manon Kappelhof, altijd vrolijk en bereid om te helpen, ook 
als ik weer eens het spoor bijster was met mijn kansloze gevoel voor richting. Kilian 
Treurniet, je speelde de chagrijnige interventie-radioloog met zo veel verve tijdens 
de simulatietraining, dat ik je bijna geloofde. Bijna.   
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Vrienden en vriendinnen, in het bijzonder Chantal Diederix, Emma Reiss, Marije 
Wijnberge, Gaia Koster, Vita Stokvis, Eveline Verheij, Anna Odenkirchen, Sanne 
Locher, Poultje van Oort, Judith Souget, Kenneth Yap en Rogier Houwen, dank voor 
jullie aanmoediging, liefde, geduld en herinnering aan het leven buiten het ziekenhuis. 
Jullie maken alles de moeite waard. Corona volente, gaan we deze mijlpaal vieren! 

Chantal en Emma, sinds lange tijd zijn jullie getuigen in mijn leven. En binnenkort 
getuigen op het huwelijk van mij en Niek. Het was liefde op het eerste gezicht met 
jullie allebei. Wat een geluk dat ik jullie families als package deal erbij heb gekregen. 
Chantal, wij zagen elkaar op de peuterspeelzaal en schreeuwden iedere dag zo 
enthousiast naar elkaar dat onze moeders geen andere keuze hadden dan ook 
vriendinnen te worden. Je inspireert me met je gevoel voor avontuur en je open geest. 

Emma, samen doorliepen we de geneeskunde opleiding en zetten we onze 
eerste wetenschappelijke stappen in Oeganda. Je kent mij als geen ander en toch 
wil je mijn vriendin zijn, ware vriendschap. Dank voor de wandelingen, de maaltijden 
en het aaien over de bol tijdens de laatste loodjes van dit proefschrift. Peter Reiss, 
je noemt mij je aangewaaide dochter. Jij bent mijn aangewaaide vader. Dank voor je 
gastvrijheid, carrière adviezen en kookkunsten. 

Lieve immer uitdijende schoonfamilie, toen ik net kwam kijken waren we met 12, 
inmiddels zijn we met 16 + 1 onderweg. Dank voor de open omarming vanaf het 
begin. Dank voor jullie belangstelling in mij en wat ik doe. Jullie terugblik/vooruitblik 
kerstraditie is de inspiratie geweest voor de opzet van dit dankwoord. Ik voel mij rijk 
met jullie levenslust om mij heen.  

Lieve Alessandro, mijn jongere broer. Jij bent al 29 jaar mijn paranimf. Ik 
ben dankbaar en trots dat ik jouw zus mag zijn. Je staat altijd voor me klaar om 
hoogtepunten te vieren en dieptepunten te verwerken. Hoe ben je zo wijs geworden 
ineens? In mijn hoofd ben je nog altijd 16. Lieve Caressa, dankjewel voor de “good 
vibes” zowel in persoon als in potjes.  

Dear parents, Gloria and Marco, thank you for enabling me to explore the world 
with confidence and curiosity, resting assured there is always a warm and loving 
home to return to. I thoroughly enjoyed dancing and banging on pots and pans 
with you after reaching every milestone during the final writing process. You both 
deserve a PhT (Putting her Through) for helping me deliver this thesis.  

Lieve Niek, jij laat je door niemand de les lezen. Ik leer iedere dag van jou. Dank 
dat je me wel en niet serieus neemt. Jij geeft me de rust om te rennen. Ik kan niet 
wachten om te zien waar naar toe. Met jou naast me weet ik dat ik hoe dan ook van 
het uitzicht zal genieten. Mijn hart is van jou.
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(isontwerp.nl) and Valeria Guglielmi. The cover is a conceptual translation of the 
heart-brain axis and was inspired by Piet Mondriaan. Blue represents the mind and 
red the heart. The combination of the two is purple, which symbolizes the arteries 
in between. The yellow dot is a blood clot, which travels from the heart along 
the arteries to the brain, in line with the content of the thesis. The internal “route 
planner” on the right page serves as an abstract anatomical guide for each chapter, 
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