
 

 

 University of Groningen

Atherosclerotic carotid disease, the vulnerable plaque in the vulnerable patient
Wallis de Vries, Bastiaan Melchior

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wallis de Vries, B. M. (2019). Atherosclerotic carotid disease, the vulnerable plaque in the vulnerable
patient. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, 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), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/a848da5b-b527-4549-92b1-882b6fb96f00




http://www.studioanne-marijn.com


 
 
 
 
 
 

Atherosclerotic carotid disease, the 
vulnerable plaque in the vulnerable patient 

 
 
 
 
 
 
 

Proefschrift 
 
 
 
 

ter verkrijging van de graad van doctor aan de  
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus prof. dr. E. Sterken 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op 
 

woensdag 8 mei 2019 om 14.30 uur 
 
 
 

door 
 
 
 

Bastiaan	Melchior	Wallis	de	Vries	
 

geboren op 9 april 1974 
te Leiden 

 	



Promotor	
Prof. dr. C.J.A.M. Zeebregts  

 
Copromotor	
Dr. R.A. Pol  

 
Beoordelingscommissie	
Prof. dr.  W. Wisselink  

Prof. dr.  H.A.H. Kaasjager  

Prof. dr.  J.P.P.M. de Vries  

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Paranimfen	
Drs. Bas Beek  

Drs. Bas Geldermans  

  

 
 



Voor mijn ouders, 
Melchior en Annelies Wallis de Vries – de Heer 











1

10

GENERAL INTRODUCTION

The burden of ischemic stroke
Stroke is the second leading cause of morbidity and mortality in industrialized 
countries.1-3 In 2015, stroke deaths accounted for 11.8% of total deaths 
worldwide.3 The Global Burden of Disease Study showed that the absolute 
number of people affected by stroke substantially increased across all countries 
in spite of declines in age-standardized incidence, prevalence and mortality 
rates. Population growth and aging have played an important role in the 
observed increase in stroke.1,2 Surviving a stroke may lead to new undesired 
situations. About one in seven of the survivors had been institutionalized in 
long-term nursing or residential care home settings.4 In 2010, over 100 million 
disability-adjusted life-years (DALYs) were lost worldwide  because of stroke.5,6 
Of all strokes, 87% are classified as ischemic.7 In about 10% of the ischemic 
strokes, the carotid artery is the origin.8-10

Surgery for carotid atherosclerotic disease
Atherosclerotic disease of the carotid bifurcation was first related to ischemic 
symptoms in the ipsilateral eye and cerebral hemisphere by Fisher in 1951.11 
In that period, various surgical options for arterial diseases were developed 
and performed in humans for the first time.12 The first surgical intervention 
for carotid atherosclerotic disease was performed by a neurosurgeon, Raul 
Carrea, in Buenos Aires (Argentina) in 1951. He resected the diseased portion 
of the internal carotid artery, and reconstructed flow by using the the external 
carotid artery to make an external carotid artery – distal internal carotid artery 
anastomosis. In 1954, Eastcott used a variant of this technique. The first carotid 
thromboendarterectomy was performed in 1953 by Michael DeBakey.13 In the 
following decades, carotidendarterectomy became one of the most performed 
procedures in vascular surgery.14 The landmark NASCET and ECST trails showed 
the benefit of carotid endarterectomy over medical therapy for patients with a 
symptomatic high grade stenosis of the internal carotid artery.15,16 The number 
needed to treat (NNT) was 6 in the NASCET and 9 in the ECST trial. However, 
carotid surgery comes at a price. In het NASCET and ECST trials, approximately 
6% of the patients suffered a perioperatively cerebrovascular event.15,16 Taking 
into account the risk of a cerebrovascular event after surgery, case selection 
becomes even harder in asymptomatic carotid stenosis. The ‘Asymptomatic 
Carotid Surgery Trial’ showed a NNT of 22 over a 10 year period, meaning that 
22 asymptomatic patients have to undergo carotid surgery, to prevent 1 stroke 
after a 10 year period, as opposed to medical therapy.17,18
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Medical therapy for carotid atherosclerotic disease
The clear benefit of carotid surgery for a symptomatic high-grade carotid 
stenosis, and the smaller benefit for an asymptomatic stenosis, are under 
debate because of the progression made in medical therapy. Pooled data of 
nearly 16.000 patients (from 12 trials) showed a reduction in the 6 weeks risk 
of recurrent ischemic stroke of 60%, if acetylsalicylic acid was started as soon 
as possible after the index event.19 Statins are another group of drugs that 
have beneficial effect on carotid atherosclerosis, and the risk of stroke.20,21 If 
best medical treatment (BMT), consisting of acetylsalicylic acid, a statin and 
antihypertensive medication was started directly after a cerebrovascular event, 
the risk of a recurrent stroke within 90 days was even reduced by 80%.22 So the 
risk of a stroke diminishes by proper medical therapy, while the surgical risks 
have not reduced over the last years. 

Factors regarding case selection for carotid surgery, the plaque
The discrepancy in absolute risk reduction after carotid endarterectomy in 
symptomatic and asymptomatic patients highlights the importance of factors 
other than plaque size and degree of luminal obstruction in determining risk.23 
Muller et al. were the first to coin the concept of the vulnerable plaque. They 
stated that vulnerable atherosclerotic plaques are prone to triggers that produce 
acute risk factors, leading to acute ischemic cardiovascular events. This opposed 
to non-vulnerable atherosclerotic plaques, who are less susceptible for acute 
risk factors leading to plaque rupture and thrombotic events.24 Acute plaque 
rupture with subsequent thrombosis may occur in vulnerable plaques that do not 
physically appear threatening, whereas other lesions that are more flow-limiting 
may be dormant and not progress. The vulnerability is largely dictated by plaque 
morphology, which, in turn, is influenced by pathophysiologic mechanisms 
at the cellular and molecular level. Additionally, there is a growing notion 
that plaque instability is important in the etiology of acute cerebral ischemic 
events in patients with carotid disease.25,26 Therefore, it seems reasonable to 
select patients for intervention on the basis of plaque vulnerability assessed 
from morphologic characteristics, rather than on the degree of stenosis or the 
symptoms alone. 

Factors regarding case selection for carotid surgery, the patient
Atherosclerosis is a systemic disease, rather than just a local problem in a 
single arterial segment.27,28 In the 1950s, several epidemiological studies were 
set in motion with the aim of clarifying the cause of cardiovascular disease. 
Soon after the Framingham Heart Study started, researchers had identified 
cigarette smoking,  high cholesterol and high blood pressure levels as important 
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factors in the development of cardiovascular disease. In subsequent years, the 
Framingham study and other epidemiological studies have helped to identify 
other risk factors, which are now considered classical risk factors.29,30 Among 
these risk factors are body mass index, blood cholesterol,  blood pressure and 
glucose/diabetes mellitus.30 It was Haller who in 1977 used the term metabolic 
syndrome (MetS) for a combination of factors (obesity, diabetes mellitus, 
hyperlipoproteinemia, hyperuricemia, steatosis hepatis) describing the additive 
effects of these risk factors on atherosclerosis31, but at that time there was no 
clear consensus on which factors should be included. In 2009 consensus had 
been reached about the term MetS, consisting of a cluster of risk factors for 
cardiovascular disease and type 2 diabetes mellitus, which occur together more 
often than by chance alone. These risk factors include raised blood pressure, 
dyslipidemia (raised triglycerides and lowered high-density lipoprotein 
cholesterol), raised fasting glucose, and central obesity.32 Patients with MetS 
have a 2-fold risk of developing cardiovascular disease (CVD) and a 1.5-fold 
increased risk of all-cause mortality compared to patients without MetS.33 Various 
studies have shown a positive association between MetS and the development of 
atherosclerosis, resulting in an increased incidence and more rapid progression 
of carotid atherosclerotic plaque formation in patients with MetS.34-36 In carotid 
surgery, patients with MetS are at a greater risk for perioperative morbidity as 
well as stroke, myocardial infarction and death. There seems to be a greater risk 
for the development of restenosis after surgery in patients with MetS, compared 
to patients without MetS.37-39

OUTLINE OF THIS THESIS

Part I - The vulnerable plaque
The indication for carotid surgery on the basis of luminal stenosis and symptoms 
alone, refrain patients with a vulnerable plaque (but a low-grade stenosis, or no 
symptoms of cerebrovascular disease yet) from the benefits of surgery. On the 
other hand, patients with a stable plaque can be exposed to the risks of carotid 
surgery, only on the basis of a high-grade luminal stenosis. The holy grail in patient 
selection for carotid surgery, would be to identify the patients with a vulnerable 
plaque, prone to rupture. Those are the patients likely to most benefit from a 
carotid intervention. In chapter 2 the current imaging modalities are judged on 
their ability to visualize vulnerability within the atherosclerotic carotid plaque. 
In chapter 3 we used a specific novel molecular imaging technique to identify 
levels of matrix metalloproteinases (MMPs) across the entire plaque. Areas with 
high-levels of MMPs were declared hot spots. With this novel imaging modality 
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of multispectral near-infrared fluorescence imaging using a smart activatable 
fluorescent probe, these hot spots (of plaque vulnerability) would be detected in 
the  atherosclerotic carotid plaque (ex-vivo). The aim was to detect components 
of plaque vulnerability, within the atherosclerotic plaque. In chapter 4, the hot 
spots detected with the multispectral near-infrared fluorescence molecular 
imaging were analyzed for their components, and related to the composition of 
the areas with low levels of MMPs (so called cold spots). 

Part II - The vulnerable patient
This part addresses the clinical outcome of carotid surgery in patients with 
multiple high-risk factors of cardiovascular disease. Chapter 5 evaluates the 
influence of metabolic syndrome on the outcome after carotid endarterectomy, 
with a focus on cerebrovascular events, myocardial infarction and death. 
In chapter 6, we used a combined cohort of two tertiary referral centers to 
investigate the role of metabolic syndrome on the occurrence of carotid 
restenosis after carotid endarterectomy. 

This thesis is concluded by a summary, general discussion and future perspectives 
(chapter 7), in English and Dutch, respectively.
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ABSTRACT

Background: There is increasing evidence that plaque vulnerability, 
rather than the degree of stenosis, is important in predicting the 
occurrence of subsequent cerebral ischemic events in patients with 
carotid artery stenosis. The many imaging modalities currently 
available have different properties with regard to the visualization of 
the extent of vulnerability in carotid plaque formation.

Methods: Original published studies were identified using the 
MEDLINE database (January 1966 to March 2008). Manual cross-
referencing was also performed.

Results: There is no single imaging modality that can produce definitive 
information about the state of vulnerability of an atherosclerotic plaque. 
Each has its own specific drawbacks, which may be the use of ionizing 
radiation or nephrotoxic contrast agents, an invasive character, low 
patient tolerability, or simply the paucity of information obtained on 
plaque vulnerability. Functional molecular imaging techniques such 
as positron emission tomography (PET), single photon emission-
computed tomography (SPECT) and near infra-red spectroscopy 
(NIRS) do seem able accurately to visualize and even quantify features 
of plaque vulnerability and its pathophysiologic processes. Promising 
new techniques like near infra-red fluorescence imaging are being 
developed and may be beneficial in this field.

Conclusion: There is a promising role for functional molecular imaging 
modalities like PET, SPECT, or NIRS related to improvement of selection 
criteria for carotid intervention, especially when combined with CT 
or MRI to add further anatomical details to molecular information. 
Further information will be needed to define whether and where this 
functional molecular imaging will fit into a clinical strategy.
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INTRODUCTION

The current indication for intervention in patients with carotid artery stenosis is 
primarily based on the degree of stenosis and the symptoms.1,2 In contrast, it has 
become apparent that coronary atherosclerosis produces symptoms because of 
plaque rupture and this risk is determined more by plaque composition than 
plaque size or degree of stenosis.3 The discrepancy in absolute risk reduction 
after carotid endarterectomy (CEA) in symptomatic and asymptomatic patients 
highlights the importance of factors other than plaque size and degree of 
luminal obstruction in determining risk.4 Acute plaque rupture with subsequent 
thrombosis may occur in vulnerable plaques that do not physically appear 
threatening, whereas other lesions that are more flow-limiting may be dormant 
and not progress. The vulnerability is largely dictated by plaque morphology, 
which, in turn, is influenced by pathophysiologic mechanisms at the cellular and 
molecular level. Additionally, there is a growing notion that plaque instability is 
important in the etiology of acute cerebral ischemic events in patients with carotid 
disease.5,6 Therefore, in the future patients may be selected for intervention on 
the basis plaque vulnerability assessed from morphologic characteristics, rather 
than on the degree of stenosis or the symptoms.

PLAQUE MORPHOLOGY

There are various stages of atherosclerotic plaque development, each with 
specific histopathologic characteristics. In the mature stage, the plaque has 
advanced into an occlusive atherosclerotic plaque characterized by smooth 
muscle cell migration and the formation of a fibrous cap, a lipid-rich necrotic 
core, and an ever-increasing inflammatory infiltrate. Atherosclerotic plaque 
rupture associated with inflammation has been correlated with the presence of 
highly activated macrophages.7 Macrophages weaken the extracellular matrix 
of the fibrous cap through phagocytosis or by secreted proteolytic enzymes, 
such as cathepsins or matrix metalloproteinases (MMPs), leading to plaque 
rupture.8 This exposes highly pro-thrombotic material, leading to the formation 
of thrombus, which may result in clinically recognizable events. In this review, 
we categorize the imaging techniques currently available and discuss specific 
properties of each technique with regard to visualization and quantification of 
vulnerability in carotid plaque formation. New developments within this field are 
also discussed.
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CONVENTIONAL IMAGING TECHNIQUES

Angiography
In the North American Symptomatic Carotid Endarterectomy Trial (NASCET) 
and European Carotid Surgery Trial (ECST) trials, angiography was the gold 
standard in determining luminal stenosis in carotid extracranial disease.1,2 
On the basis of these two trials stenosis became the most important factor in 
defining stroke risk. However, additional subset analysis of the NASCET data 
showed that in 659 patients with stenosis ranging from 70-99%, the risk of 
stroke increased between 70% and 94% and then actually decreased as 
occlusion was approached.9 Other indicators than stenosis alone are thought to 
be predictive of stroke risk. Already in 1978 it was mentioned by Moore, et al, 
that the aspect of ulceration as detected on angiography could predict patients 
at high risk for a subsequent stroke.10 Although in general, the inter- and intra-
observer variability in judging angiographic images is small, the sensitivity 
and specificity of angiography in detecting ulcerated plaques are less well-
defined.6,11 Many studies compare the angiographic image with the macroscopic 
appearance of the plaque, but not with histological findings. Therefore, the first 
500 patients recruited into NASCET underwent angiography in an attempt to 
detect ulceration; angiography was subsequently compared to observations 
during endarterectomy. Sensitivity and specificity of detecting ulcerated plaques 
using angiography were 46% and 74%, respectively. The positive predictive 
value of identifying an ulcer was 72%. These results remained unchanged with 
differing degrees of carotid stenosis and were confirmed by analyses based on 
receiver operating characteristic methodology.12 A comparable study design was 
used for 1671 patients enrolled in ECST; sensitivity and specificity for ulceration 
were 69% and 47%, respectively.6 In studies where the radiological appearance 
was compared to histology of the resected plaque, sensitivity ranged from 
44% to 86%, and specificity from 33% to 74%, indicating that results vary 
extensively.13-15 Furthermore, the two largest studies comparing angiographic 
findings to histology showed conflicting results.14,15 In the first study, a series 
of 55 resected plaques from both symptomatic and asymptomatic patients 
was analyzed; no significant correlation was found between angiography 
and histology (P = .410).14 The second study examined 128 resected plaques 
from symptomatic patients and compared angiographic assessments to 
histologic features of the plaque, using reproducible semi-quantitative scales. 
Angiographic ulceration was associated with plaque rupture (P = .001), intra-
plaque hemorrhage (P = .001), large lipid core (P = .005), less fibrous tissue (P 
= .003), and increased general instability (P = .001). In comparisons between 
irregular and smooth plaques, a significant but less strong correlation was 
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found.15 There are conflicting results for detecting ulceration on angiography. 
Eliasziw, et al, found that the presence of angiographically defined ulceration is 
associated with an increased risk of stroke,11 while Kim, et al, found no significant 
relationship between angiographic ulceration and neurological symptoms.14 It 
may be concluded that ulceration is the only marker that can be detected on 
angiography, and with a very wide range of sensitivity and specificity. There is 
little agreement between angiography and histologic observation. The clinical 
implication of ulceration as a marker has conflicting results. Therefore, plaque 
morphology assessed by angiography cannot determine accurately which 
carotid plaque is stable and which is vulnerable.

Ultrasound (US)
Since the 1980s, duplex ultrasonography has been widely used, mainly to 
measure flow velocity and flow ratios. The severity of stenosis can be determined 
by combining results of peak systolic velocity (PSV), end-diastolic velocity 
(EDV) and pre- and poststenotic ratios.16 In a recent meta-analysis, duplex 
ultrasonography scan was found to have a sensitivity of 89% and a specificity 
of 84% in detecting a stenosis degree of 70% to 99% in carotid arteries. The 
accuracy of detecting a stenosis degree of 50% to 69% was considerably less 
(sensitivity 36%, specificity 91%).17 

In addition to flow measurements, echogenicity of different parts of the artery 
wall and the atherosclerotic plaque can be visualized. Areas with different shades 
of gray provide information on plaque consistency. Originally, the appearance 
of a plaque was either classified as echogenic (calcified) or echolucent (non-
calcified).18,19 Later, in an attempt to decrease observer variability, more detailed 
classifications were developed, such as the ones proposed by Gray-Weale and 
Geroulakos.20,21 In these studies, grading of plaque morphology was largely 
based on the ultrasound scan gray scale appearance, which was assessed 
subjectively by visual inspection of ultrasound scan images. However, these 
classifications showed a rather weak inter-investigator reliability and little or no 
agreement with the histologic results.22 An alternative approach to objectifying 
the plaque’s structural composition is to quantify its echogenicity by computer-
assisted image analysis. There are several possibilities for analyzing images, 
such as Gray Scale Median (GSM), Pixel Distribution Analysis (PDA), and Virtual 
Histology (VH).

Gray Scale Median (GSM) values are calculated by digitizing B-mode images 
and subsequently processing them with Adobe Photoshop (Adobe Systems Inc, 
San Jose, Calif). Intraluminal blood and the adventitia are chosen as reference 
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points. The image is normalized by adjusting the gray scale values of the image’s 
pixels according to the input and output values of the two reference points. The 
GSM can be used to quantify the echogenicity of the ultrasound scan image and 
has been found to be a reproducible index of the echogenicity of carotid plaques 
with low inter-observer and inter-scanner variability (Fig 1).23,24

Whereas GSM measures median brightness of the entire plaque, PDA provides 
a mapping of individual tissue components in the carotid plaque image. As with 
GSM, PDA digitizes ultrasound scan images and normalizes the pixel intensities 
between two constant reference points (blood and arterial adventitia). By 
comparing maps of pixel intensity with histology, one can determine Gray-Scale 
Pixel Ranges for different types of tissue. Since pixel intensity correlates with 
tissue type, one can use the computer to apply a false color scale, creating a 
form of VH.25,26

Although recent advances in ultrasonographic evaluation of plaques are 
promising, different ultrasound scan studies have varied widely in both sensitivity 
and specificity for determining surface ulceration.13,18,19,27,28 The same applies to 

Figure 1. In-vivo B-mode image of a 70-99% symptomatic carotid stenosis in an 80-year-old male 
patient. Calculated gray scale distribution (inlay) showed a Gray Scale Median of 36.
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the detection of intra-plaque hemorrhage. Moreover, in up to 37% of cases, it 
is not possible to evaluate the plaque surface due to acoustic shadowing or a 
high degree of stenosis.29,30 With the development of computer-assisted image 
analysis, inter-observer variability of ultrasound scan analysis has decreased. 
The Imaging in Carotid Angioplasty and Risk of Stroke (ICAROS) trial showed 
that increased echolucency of the carotid plaque, defined as a GSM of less than 
25, is a risk factor for stroke during and immediately after carotid artery stenting. 
As the ICAROS trial recruited patients receiving a carotid stent, there was no 
histologic substrate to compare to the GSM.31 Denzel, et al, compared B-mode 
images of 107 carotid endarterectomy specimens and their GSM values to a 
histologic classification consisting of only three groups (calcium-rich, lipid-rich, 
and combined plaques). Only 46% of the cases showed agreement between 
the GSM and the histopathologic findings.30 Correlation of PDA with histology 
showed similar results.25,32,33 Currently, it seems that the ability of ultrasound 
scan to predict signs of vulnerability in the preoperative phase is limited. New 
computer-assisted image analysis software is being introduced that should 
improve this technique’s accuracy.

Intravascular ultrasound (IVUS)
In addition to being used transcutaneously, the ultrasound scan technique can 
be applied using miniature transducers small enough to be placed within an 
angiographic catheter, achieving realtime imaging of vascular structures.34 With 
IVUS, the high frequency transducer (20 to 40 MHz) can be placed in proximity 
to the tissue to be visualized, yielding images of high spatial resolution. This 
makes it possible to assess the vascular wall from within the lumen and to 
monitor blood flow as well. Currently, IVUS is used as an integrated monitoring 
tool in several vascular centers during endograft and stent-graft placement, 
often to provide additional information on vessel wall morphology in order to 
achieve optimal stent placement (Fig 2).35,36 So far, most of the work done on 
IVUS comes from the field of coronary heart disease.32-34,37 An IVUS was first 
described almost 20 years ago in the imaging of coronary arteries.38 In coronary 
artery plaques, spectrum analysis of IVUS-derived data has identified four major 
plaque components, ie, fibrous, fibrofatty, necrotic core, and dense calcified 
tissue.37 Recently, Irshad, et al, published their early experiences with VH-IVUS 
during carotid artery stenting. Five cases were presented in which VH-IVUS 
was found to give useful plaque mapping.35 The Carotid Artery Plaque Virtual 
Histology Evaluation (CAPITAL) study analyzed the use of VH-IVUS in 15 patients 
who subsequently underwent carotid endarterectomy.39 The VH-IVUS data were 
compared to histology of the resected specimens. The diagnostic accuracy 
varied with the composition of the plaque (from 99% in thin-cap fibroatheroma 
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to 72% for calcified atheroma). A drawback of IVUS is its invasiveness. In the 
CAPITAL study, 2 out of 15 CEA patients had debris collected from their filters, 
presumably due to manipulation of the IVUS probe.39 Further studies will be 
needed to determine its definitive role during carotid artery stenting (CAS) and 
other vascular interventions.35

Computed tomography (CT)
A CT-angiography (CTA) is a validated tool for determining the degree of 
stenosis in the internal carotid artery. Single-slice CTA has been shown to have a 
sensitivity of 79-87% and a specificity of 88-90% (compared to “gold standard” 
angiography).40 A more recent study showed a significant correlation between 
single-slice CTA and angiography regarding degree of carotid stenosis, with 
100% sensitivity and 100% specificity using CTA to depict internal carotid 
artery (ICA) stenosis greater than 70%.41

Assessment of arterial wall morphology with CTA is clearly not as reliable as 
assessment of luminal narrowing. Research has focused on three major topics, 
ie, ulceration, calcification, and morphology/plaque composition. With regard 
to detection of ulceration, somewhat disappointing results have been found: 
sensitivity ranged between 50-94% and specificity between 74-99%. Two 
studies compared preoperative CTA images to postoperative histology.42,43 In 
both studies, a single-slice scanner was used, which might explain the poor 
results. Saba, et al, used a multi-slice CT with much better results. However, 
they did not use histology as control, but instead examined the macroscopic 
morphology of the plaque for ulceration.44

Figure 2. Virtual histology intravascular ultrasound (VH-IVUS) on a carotid stenosis, showing a 
calcified narrowing with white calcium and green fibrous plaque (with kind permission of Donald B. 
Reid, MD, FRCS, Wishaw Hospital, Scotland, UK).



25

2

There are conflicting results in the detection of calcification with CT. A comparison 
between CT images and histology with regard to the amount of calcification 
is often biased through decalcification in the processing of the specimen for 
histology.42,43 Other explanations for the conflicting results are displacement 
of calcified foci during slide preparation, the inability to detect early stages of 
mineralization microscopically, or the varying volume incorporated within the 
CT sections.42 Most studies have shown that CT has a significant ability to detect 
calcification.45-47 Some studies showed a relationship between calcification and 
symptomatology,47 while others did not.48

It seems that calcification is the only histological content that can be determined 
in carotid plaques using CTA. There have been some small studies illustrating 
the ability of CT to determine plaque morphology.

In 2008, Wintermark, et al, published their results of high-resolution CT imaging 
of carotid plaques, using a multidetector-row CT (MDCT) and compared the 
images with histology of the resected carotid plaques. Their study population 
contained 8 patients and they found an overall agreement of 72.6% between CTA 
and histologic examination. For large calcifications, CTA classified the lesions 
with a 100% sensitivity and a 100% specificity. However, a significant overlap 
between densities associated with lipid-rich necrotic core, connective tissue, 
and hemorrhage limited the reliability of individual pixel readings to identify 
these components. Lipid cores were identified with a sensitivity of 76% and a 
specificity of 74%, wide hemorrhages with a sensitivity of 62% and a specificity 
of 99%, and ulcerations with a sensitivity of 87% and a specificity of 99%.49

Hardie, et al, found, using MDCT, that expansive carotid remodeling was 
significantly greater in patients with cerebral ischemic symptoms than in 
asymptomatic patients. The extent of expansive remodeling may indicate 
underlying atherosclerotic plaque vulnerability.50 Saba, et al, found a similar 
correlation between thickness of the arterial wall and symptoms. The drawback to 
these studies is lack of histologic confirmation of the CT images.51 A smaller study 
(n = 9) used CTA to assess plaque density; histologic findings (lipid/hemorrhage, 
fibrous tissue) were reflected in CTA findings.42 The two largest studies (n = 
38 and n = 55) with histological confirmation purported that CTA could not 
depict plaque morphology (lipid, hemorrhage, fibrous tissue, inflammation).43,45 
A recent study of 14 patients using a multi-slice scanner showed that CTA is 
capable of characterizing and quantifying plaque burden, calcifications, and 
fibrous tissue in atherosclerotic carotid plaque, with results that correlated well 
with histology. The study also had a good inter-observer reliability. However, 
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the lipid core could only be adequately quantified in certain subsets of plaques, 
and hemorrhage and thrombus could not reliably be distinguished from lipid.52

In conclusion, CT is currently not useful for predicting vulnerable plaques 
because it only visualizes the amount of calcification, nor does it have the 
potential to provide functional pathophysiologic information.

Magnetic resonance imaging (MRI)
An MRI’s ability to detect features of plaque vulnerability can be categorized 
into intra-plaque hemorrhage, necrotic core, fibrous cap, and calcification. Intra-
plaque hemorrhage can be detected with a sensitivity of 82-92% and a specificity 
of 74-100%.53-56 In addition, MRI can differentiate between hemorrhages of 
different ages, but with only moderate agreement between MRI and histology 
(� = 0.44-0.66).54 Moody, et al, showed that an MRI technique exploiting the T1-
shortening properties of recent thrombus can identify histologically-confirmed 
carotid thrombus, and, thus, complicated plaque.57 This technique has the 
advantage of a short scan time of little over 4 minutes.

A lipid-rich necrotic core can be detected with MRI with a sensitivity of 84-
98% and a specificity of 65- 100%.53,55,56,58,59 More recently, in an ex-vivo 
experiment, pixels were classified into different plaque components and then 
compared to histological specimens.58 Necrotic core could be detected with 
a sensitivity of 84% and a specificity of 75%. An in-vivo study showed that 
MRI measurements of the lipid-rich necrotic core did not differ significantly 
from findings on histologic examination of the resected carotid plaque with a 
strong correlation between MRI and histologic area measurements (r = 0.75; P 
< .001).55 Gadolinium-enhanced images showed even better results (correlation 
r = 0.87, P < .001).59 Gadolinium-based contrast agents are known to distribute 
into the extra-cellular fluid space and a greater degree of enhancement in the 
vessel wall may be due to (1) increased wash-in of gadolinium-based contrast 
agent (increased permeability), (2) increased volume of distribution (increased 
extracellular volume), (3) decreased washout.60

MR imaging can detect an unstable or disrupted fibrous cap with a sensitivity 
of 81-100% and a specificity of 80-90%.56,61,62 An unstable fibrous cap may 
be defined as (1) interruptions or irregularities in the juxta-luminal area; (2) 
absence of intimal tissue between the lumen and deeper structures; or (3) focal 
contour abnormalities of the luminal surface.62 In a small study (n = 9), 5 subjects 
underwent carotid endarterectomy and subsequent histologic examination. 
Gadolinium-enhanced images helped discriminate fibrous cap from lipid core.60 
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Cai, et al, noted that the degree of enhancement of the fibrous cap varied 
depending on its composition. A fibrous cap with loose matrix, neo-vasculature 
and inflammatory cell infiltrates was associated with stronger enhancement 
compared with fibrous caps predominantly composed of organized, dense 
collagen.59 This is consistent with the belief that greater enhancement is seen 
with increased permeability and increased volume of distribution within the cap.

Overall, MR imaging can detect plaque calcification with a sensitivity of 76-98% 
and a specificity of 86-98%.55,56,58 Most studies routinely decalcified their tissues 
in the histologic processing, but this can be a source for error. Nevertheless, 
Saam, et al, found an underestimation by MRI of the calcification as percentage 
of the vessel wall (5.0% by MRI, 9.4% by histology; P < .001).55 They suggested 
that calcification shrinks less than other components during histologic 
processing. Another possible explanation could be that MRI underestimates 
areas with hypointense signals because of signal averaging of voxels that only 
partially contain calcification. The resolution of MRI and the inaccuracy that can 
arise because of signal averaging is thought to improve in the future with the 
development of better hardware.55

An MRI has a clear advantage in plaque imaging: it does not use ionizing 
radiation. An MRI has a moderate to good ability to detect a number of plaque 
components. Despite this, it is challenging to distinguish different intra-
plaque tissues from each other. For example, both calcification and chronic 
hemorrhage produce hypointense signals in four separate contrast weightings. 
Differentiation can only be made by very meticulous examination of the borders 
of the hypointense signal to detect specific border irregularities, which are 
characteristic for both plaque components. 63 Another drawback of MRI is the 
high percentage (8-28%) of failed tests because of poor image quality, which 
is mainly due to motion artifacts. Finally, the use of gadolinium-based contrast 
agents was considered harmless, but recent reports describe an incidence of 
nephrogenic systemic fibrosis in up to 3% of the patients with renal dysfunction 
who receive gadolinium-based contrast during MRI.64

In conclusion, the use of MRI to create images of vulnerable plaques is 
promising. However, scan time, image quality, and the possibility to distinguish 
between different tissues are all issues that need to be improved. Additionally, it 
is anticipated that by the development of new MR contrast agents for molecular 
imaging, like magneto-nanoparticles, the accuracy of MR in detecting the 
vulnerable plaque will improve.
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NEW DEVELOPMENTS

The above-mentioned imaging modalities are used for anatomic imaging; 
they can identify several morphological features of the vulnerable plaque, but 
provide little or no information regarding cellular and molecular mechanisms. 
Cellular and molecular mechanisms can be measured by systemic markers. 
Inflammation is an important part of atherosclerosis and serum markers such 
as high sensitivity C-reactive protein (hsCRP) are important independent risk 
factors for future cardiovascular events.65 However, these markers resemble the 
entire cardiovascular burden of a patient and do not give information on specific 
plaques at risk for rupture. New techniques are currently being developed to 
obtain images of molecular processes within specific plaques, techniques that 
try to image the morphological properties of the plaque with new methods also 
denoted as functional molecular imaging.

Optical coherence tomography (OCT)
An OCT is analogous to IVUS; while IVUS measures sound waves, OCT 
measures the intensity of reflected infrared light. The major advantage of OCT 
is the spatial resolution, which is approximately 10 times higher than that of an 
ultrasound scan.66 However, the major drawback to this invasive technique is the 
necessity to temporarily displace the blood volume with saline, because blood 
significantly attenuates OCT images. Another limitation of this technique is the 
small penetration depth (1-2 mm), which is not enough to obtain an image of the 
entire vessel wall.67,68 Therefore, clinical use is not anticipated.

Thermography
Atherosclerosis is an inflammatory process. Detection of the heat produced by 
activated macrophages provides a metabolic functional characterization of the 
atherosclerotic plaque. Temperature variations can be measured with sensors 
fitted to catheters.69 A study using carotid endarterectomy specimens and a needle 
thermistor demonstrated that atherosclerotic plaques exhibit thermal heterogeneity 
on their luminal surface.70 Catheter-based measurements of coronary arteries 
showed an increased difference in temperature and an increased heterogeneity in 
temperatures within the plaques in patients with ischemic heart disease compared 
with healthy subjects. Within the group of patients with ischemic heart disease, 
the differences were greater when the disease was more severe (stable angina vs 
unstable angina vs acute myocardial infarction).71 This suggests that progressive 
disease alters the metabolic state of the atherosclerotic plaque. However, 
thermography is an invasive technique and less patient friendly. Its true value 
in clinical application and improved selection of patients needs to be evaluated.
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Positron emission tomography (PET) and single photon emission 
computed tomography (SPECT)
Nuclear imaging modalities are capable of visualizing metabolic activity and 
molecular processes. PET has an advantage over SPECT in having a 2-3 times 
better spatial resolution.72 The spatial resolution for PET is approximately 5 mm 
and is only useful in larger arteries. The restricted resolution can be partially 
counteracted by co-registration of scintigraphic images with CT (SPECT-CT 
and PET-CT hybrid camera systems) or MRI. If PET and SPECT are to gain 
a position as a clinical instrument in the search for the vulnerable plaque, 
specific tracers will be needed to image components which play an important 
role in the formation and progression of vulnerable plaques. The most widely 
available tracer for analysis of plaque inflammation is 18F-Fluorodeoxyglucose 
(FDG). FDG is a glucose analogue that is taken up by glucose-using cells that 
are metabolically active, and it is phosphorylated by hexokinase. However, no 
further intracellular metabolization takes place, which results in an accumulation 
of the tracer intracellularly. FDG is known to accumulate in macrophage-rich 
areas of carotid plaques. 

Figure 3. Fused PET-CT images of a 50-70% symptomatic stenosis 
on the left side. Gray scale median of the plaque was 10 indicating 
the existence of an atheromatous non-calcified plaque with high risk 
for thromboembolism. No FDG uptake was noted at the level of the 
asymptomatic stenosis on the contralateral side.
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Rudd, et al, demonstrated that atherosclerotic plaque inflammation can be 
im aged with FDG-PET, and that symptomatic unstable plaques accumulate 
more FDG than asymptomatic le sions.73 Other radiolabeled SPECT tracers are 
available for imaging specific plaque vulnerability items, such as 99mTc-labeled 
oxidized low-density lipoprotein (99mTc-LDL) accumulation and apoptosis (99mTc-
annexin-V). Preoperative FDG-PET imaging of 17 patients who underwent a 
carotid endarterectomy showed a significant correlation between the PET signal 
from the carotid plaques and the macrophage staining from the corresponding 
histological sections (r = 0.70; P < .0001).74 Assessment of macrophages in the 
specimens was done by the method previously described by Jander, et al, in which 
macrophages (CD68) and T cells (CD3) were immunocytochemically stained. 
The staining was quantified by planimetry of immunostained areas (CD68) or 
counting individual cells (CD3).75 In a study combining FDG-PET with high 
resolution MRI, 3 out of 12 patients had inflamed lesions on localizations different 
from the stenotic internal carotid lesion targeted for surgery.4 Because of the 
time interval (up to 163 days) between the index clinical event and the imaging, 
in which period the patients received antiplatelet and cholesterol-lowering 
therapy, the initial symptomatic lesion could have become less inflamed, which 
could have had an effect on the degree of FGD uptake. Therefore, quantification 
of inflammatory levels within plaques cannot provide conclusive evidence of 
causality. FDG-PET has also been used to quantify reduction in carotid plaque 
inflammation after statin pharmacotherapy76 (Fig 3).

Near infrared spectroscopy (NIRS)
NIRS quantitatively and qualitatively detects the chemical composition of an 
atherosclerotic plaque. A near infrared spectrometer emits light into a sample 
and measures the proportion of light that is returned over a wide range of 
optical wavelengths. It is based on the fact that different substances absorb and 
scatter NIR light to different degrees at various wavelengths.77 Ex-vivo analysis 
of freeze-dried sections of carotid endarterectomy specimen measured at room 
temperature within 10 minutes of harvesting showed significantly different 
absorption spectra between stable and vulnerable plaques.78 A catheter-based 
system has been developed that demonstrated the ability to safely obtain high-
quality near infrared spectra in 6 patients with stable angina. Additional studies 
are planned to validate the technique’s ability to identify lipid-rich coronary 
artery plaques and ultimately link chemical characterization with subsequent 
occurrence of an acute coronary syndrome.77 No FDA approval for clinical use 
of molecular imaging probes has yet been gained. Another innovative and 
promising technique relates to the use of NIR fluorescence imaging (NIRF). 
This technique operates in the near infrared spectrum for imaging of molecular 



31

2

processes like atherosclerosis.79 By using so-called smart activatable probes 
such as MMPSense (VisEn Medical Inc, Woburn, Mass) activated by MMPs 
like MMP-2 and MMP-9, these optical contrast agents can be visualized in-
vivo in dedicated small animal imaging camera systems or in endarterectomy 
specimen from patients after ex-vivo incubation with MMPSense (Figs 4 and 5). 
MMP-2 and MMP-9 are considered important biomarkers in the formation of a 
vulnerable plaque.80 In-vivo NIRF studies in patients have to be awaited in order 
to evaluate this new technique on its merits for an improved selection of patients.

Figure 4. Ex-vivo near-infrared fluorescence imaging of intra- and extraluminal sides 
of resected specimen after carotid endarterectomy. Specimens were analyzed with a 
patented highly sensitive cooled charge-coupled device camera connected to a light-
tight black chamber. Strongest autofluorescence signals were found at dense lipid 
core sites, whereas the largest accumulation of MMPSense, a protease activatable 
fluorescent agent that is activated by matrix metalloproteinases (MMPSense 680, 
VisEn Medical Inc, Woburn, Mass), seemed to occur at shoulder regions of the plaque.
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CONCLUSION

There is not yet any superior modality of atherosclerotic plaque imaging for 
the selection of patients for CEA. First, there is no single imaging modality 
that can produce definitive information about the level of vulnerability of an 
atherosclerotic plaque. Most imaging modalities can produce only partial 
morphological information. Second, all imaging modalities have their own 
specific drawbacks; they are invasive, use ionizing radiation, or nephrotoxic 
contrast agents, have low patient tolerability, or simply provide little information 
about plaque vulnerability. Established techniques such as US and CT need to 
be improved, while SPECT, PET, MRI, and the associated specific probes and 
contrast agents for functional molecular imaging need to be further developed 
on their clinical applicability. Combined techniques like SPECT-CT, PET-CT, 
and fused PET-MRI may be promising tools for the near future for non-invasive 
clinical use. The exact role of NIRS and NIRF in the clinical setting needs to 
be further explored. From all this, we are optimistic that it will be possible to 
develop a better selection policy for carotid intervention.

Figure 5. Overlay color photography of human carotid endarterectomy 
specimen and near-infrared fluorescence imaging using the IVIS Spectrum 
camera system (FOV 15, binning 16, aquisition 1 second, f/stop 2, spectral 
unmixing at excitation/emission 680/720, epi-illumination). Images were 
taken immediately after resection (visible light, left panel; autofluorescence, 
middle panel) and one hour after incubation with MMPSense 680 (right 
panel). Data are expressed as radiance (ph/sec/cm2/sr) and depicted as a 
pseudocolor scale on the right. Visible light pictures were fused with the 
fluorescent data (with kind permission of Johannes S. de Jong, Department of 
Surgery, University Medical Center Groningen, Groningen, The Netherlands).



33

2

1. European Carotid Surgery Trialists’ Collabo-
rative Group. MRC European Carotid Surgery 
Trial: interim results for symptomatic patients 
with severe (70-99%) or with mild (0-29%) 
carotid stenosis. Lancet 1991;337:1235-43.

2. North American Symptomatic Carotid Endar-
terectomy Trial Collaborators. Beneficial effect 
of carotid endarterectomy in symptomatic pa-
tients with high-grade carotid stenosis. N Engl 
J Med 1991;325:445-53.

3. Davies MJ. Stability and instability: two fac-
es of coronary atherosclerosis. The Paul 
Dudley White Lecture 1995. Circulation 
1996;94:2013-20.

4. Davies JR, Rudd JH, Fryer TD, Graves MJ, 
Clark JC, Kirkpatrick PJ, et al. Identification 
of culprit lesions after transient ischemic at-
tack by combined 18F-fluorodeoxyglucose 
positron-emission tomography and high-res-
olution magnetic resonance imaging. Stroke 
2005;36:2642-7.

5. Lammie GA, Sandercock PA, Dennis MS. Re-
cently occluded intracranial and extracranial 
carotid arteries. Relevance of the unstable ath-
erosclerotic plaque. Stroke 1999;30:1319-25.

6. Rothwell PM, Gibson R, Warlow CP. Interre-
lation between plaque surface morphology 
and degree of stenosis on carotid angiograms 
and the risk of ischemic stroke in patients with 
symptomatic carotid stenosis. On behalf of the 
European Carotid Surgery Trialists’ Collabora-
tive Group. Stroke 2000;31:615-21.

7. Lendon CL, Davies MJ, Born GV, Richardson 
PD. Atherosclerotic plaque caps are locally 
weakened when macrophage density is in-
creased. Atherosclerosis 1991;87:87-90.

8. Sukhova GK, Shi GP, Simon DI, Chapman HA, 
Libby P. Expression of the elastolytic cathep-
sins S and K in human atheroma and regu-
lation of their production in smooth muscle 
cells. J Clin Invest 1998;102:576-83.

9. Morgenstern LB, Fox AJ, Sharpe BL, Eliasziw 
M, Barnett HJ, Grotta JC. The risks and ben-
efits of carotid endarterectomy in patients 
with near occlusion of the carotid artery. 
North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) Group. Neurology 
1997;48: 911-5.

10. Moore WS, Boren C, Malone JM, Roon AJ, 
Eisenberg R, Goldstone J, et al. Natural his-
tory of nonstenotic, asymptomatic ulcera-
tive lesions of the carotid artery. Arch Surg 
1978;113:1352-9.

11. Eliasziw M, Streifler JY, Fox AJ, Hachinski 
VC, Ferguson GG, Barnett HJ. Significance 
of plaque ulceration in symptomatic patients 
with high-grade carotid stenosis. North Amer-
ican Symptomatic Carotid Endarterectomy 
Trial. Stroke 1994;25:304-8.

12. Streifler JY, Eliasziw M, Fox AJ, Benavente 
OR, Hachinski VC, Ferguson GG, et al. Angio-
graphic detection of carotid plaque ulceration. 
Comparison with surgical observations in a 
multicenter study. Stroke 1994;25:1130-2.

13. O’Donnell TF Jr, Erdoes L, Mackey WC, Mc-
Cullough J, Shepard A, Heggerick P, et al. 
Correlation of B-mode ultrasound scan imag-
ing and arteriography with pathologic find-
ings at carotid endarterectomy. Arch Surg 
1985;120:443-9.

14. Kim DI, Lee SJ, Lee BB, Kim YI, Chung CS, 
Seo DW, et al. The relationship between the 
angiographic findings and the clinical fea-
tures of carotid artery plaque. Surg Today 
2000;30:37-42.

15. Lovett JK, Gallagher PJ, Hands LJ, Walton J, 
Rothwell PM. Histological correlates of carotid 
plaque surface morphology on lumen contrast 
imaging. Circulation 2004;110:2190-7.

16. Koelemay MJ, den Hartog D, Prins MH, Kro-
mhout JG, Legemate DA, Jacobs MJ. Diag-
nosis of arterial disease of the lower extrem-
ities with duplex ultrasonography. Br J Surg 
1996;83:404-9.

REFERENCES



34

2

17. Wardlaw JM, Chappell FM, Best JJ, Warto-
lowska K, Berry E; NHS Research and De-
velopment Health Technology Assessment 
Carotid Stenosis Imaging Group. Non-in-
vasive imaging compared with intraarterial 
angiography in the diagnosis of symptomat-
ic carotid stenosis: a meta-analysis. Lancet 
2006;367:1503-12.

18. Ratliff DA, Gallagher PJ, Hames TK, Hum-
phries KN, Webster JH, Chant AD. Character-
isation of carotid artery disease: comparison 
of duplex scanning with histology. Ultrasound 
Med Biol 1985;11:835-40.

19. Reilly LM, Lusby RJ, Hughes L, Ferrell LD, 
Stoney RJ, Ehrenfeld WK. Carotid plaque his-
tology using real-time ultrasonography. Clin-
ical and therapeutic implications. Am J Surg 
1983;146:188-93.

20. Gray-Weale AC, Graham JC, Burnett JR, Byrne 
K, Lusby RJ. Carotid artery atheroma: compar-
ison of preoperative B-mode ultrasound ap-
pearance with carotid endarterectomy spec-
imen pathology. J Cardiovasc Surg (Torino) 
1988;29:676-81.

21. Geroulakos G, Ramaswami G, Nicolaides A, 
James K, Labropoulos N, Belcaro G, et al. 
Characterization of symptomatic and asymp-
tomatic carotid plaques using high-resolu-
tion real-time ultrasonography. Br J Surg 
1993;80:1274-7.

22. Arnold JA, Modaresi KB, Thomas N, Taylor 
PR, Padayachee TS. Carotid plaque charac-
terization by duplex scanning: observer error 
may undermine current clinical trials. Stroke 
1999;30:61-5.

23. Elatrozy T, Nicolaides A, Tegos T, Zarka AZ, 
Griffin M, Sabetai M. The effect of B-mode 
ultrasonic image standardisation on the 
echodensity of symptomatic and asympto-
matic carotid bifurcation plaques. Int Angiol 
1998;17:179-86.

24. Sabetai MM, Tegos TJ, Nicolaides AN, Dhan-
jil S, Pare GJ, Stevens JM. Reproducibility of 
computer-quantified carotid plaque echo-
genicity: can we overcome the subjectivity? 
Stroke 2000;31:2189-96.

25. Lal BK, Hobson RW 2nd, Hameed M, Pappas 
PJ, Padberg FT Jr, Jamil Z, et al. Noninvasive 
identification of the unstable carotid plaque. 
Ann Vasc Surg 2006;20:167-74.

26. Lal BK, Hobson RW 2nd, Pappas PJ, Kubic-
ka R, Hameed M, Chakhtoura EY, et al. Pixel 
distribution analysis of B-mode ultrasound 
scan images predicts histologic features of 
atherosclerotic carotid plaques. J Vasc Surg 
2002;35:1210-7.

27. Barry R, Pienaar C, Nel CJ. Accuracy of 
B-mode ultrasonography in detecting carotid 
plaque hemorrhage and ulceration. Ann Vasc 
Surg 1990;4:466-70.

28. Denzel C, Fellner F, Wutke R, Bazler K, Müller 
KM, Lang W. Ultrasonographic analysis of ar-
teriosclerotic plaques in the internal carotid 
artery. Eur J Ultrasound 2003;16:161-7.

29. Grønholdt ML, Wiebe BM, Laursen H, Niels-
en TG, Schroeder TV, Sillesen H. Lipid-rich 
carotid artery plaques appear echolucent on 
ultrasound B-mode images and may be asso-
ciated with intraplaque haemorrhage. Eur J 
Vasc Endovasc Surg 1997;14:439-45.

30. Denzel C, Balzer K, Müller KM, Fellner F, Fell-
ner C, Lang W. Relative value of normalized 
sonographic in vitro analysis of arterioscle-
rotic plaques of internal carotid artery. Stroke 
2003;34:1901-6.

31. Biasi GM, Froio A, Diethrich EB, Deleo G, Gal-
imberti S, Mingazzini P, et al. Carotid plaque 
echolucency increases the risk of stroke in 
carotid stenting: the Imaging in Carotid An-
gioplasty and Risk of Stroke (ICAROS) study. 
Circulation 2004;110:756-62.

32. Prati F, Arbustini E, Labellarte A, Dal Bello B, 
Sommariva L, Mallus MT, et al. Correlation 
between high frequency intravascular ultra-
sound and histomorphology in human coro-
nary arteries. Heart 2001;85:567-70.

33. Nasu K, Tsuchikane E, Katoh O, Vince DG, 
Virmani R, Surmely JF, et al. Accuracy of in 
vivo coronary plaque morphology assessment: 
a validation study of in vivo virtual histology 
compared with in vitro histopathology. J Am 
Coll Cardiol 2006;47:2405-12.



35

2

34. Nissen SE, Gurley JC, Grines CL, Booth DC, 
McClure R, Berk M, et al. Intravascular ul-
trasound assessment of lumen size and wall 
morphology in normal subjects and patients 
with coronary artery disease. Circulation 
1991;84:1087-99.

35. Irshad K, Millar S, Velu R, Reid AW, Diethrich 
EB, Reid DB. Virtual histology intravascular 
ultrasound in carotid interventions. J Endo-
vasc Ther 2007;14:198-207.

36. Reid DB, Diethrich EB, Marx P, Wrasper R. In-
travascular ultrasound assessment in carotid 
interventions. J Endovasc Surg 1996;3:203-10.

37. Nair A, Kuban BD, Tuzcu EM, Schoenhagen 
P, Nissen SE, Vince DG. Coronary plaque 
classification with intravascular ultrasound 
radiofrequency data analysis. Circulation 
2002;106:2200-6.

38. Nissen SE, Grines CL, Gurley JC, Sublett K, 
Haynie D, Diaz C, et al. Application of a new 
phased-array ultrasound imaging catheter in 
the assessment of vascular dimensions. In vivo 
comparison to cineangiography. Circulation 
1990;81:660-6.

39. Diethrich EB, Margolis MP, Reid DB, Burke A, 
Ramaiah V, Rodriguez- Lopez JA, et al. Virtual 
histology intravascular ultrasound assessment 
of carotid artery disease: the Carotid Artery 
Plaque Virtual Histology Evaluation (CAPI-
TAL) Study. J Endovasc Ther 2007;14:676-86.

40. Cinat M, Lane CT, Pham H, Lee A, Wilson SE, 
Gordon I. Helical CT angiography in the pre-
operative evaluation of carotid artery stenosis. 
J Vasc Surg 1998;28:290-300.

41. Randoux B, Marro B, Koskas F, Duyme M, 
Sahel M, Zouaoui A, et al. Carotid artery 
stenosis: prospective comparison of CT, 
three-dimensional gadolinium-enhanced MR, 
and conventional angiography. Radiology 
2001;220:179-85.

42. Oliver TB, Lammie GA, Wright AR, Wardlaw J, 
Patel SG, Peek R, et al. Atherosclerotic plaque 
at the carotid bifurcation: CT angiographic ap-
pearance with histopathologic correlation. Am 
J Neuroradiol 1999; 20:897-901.

43. Walker LJ, Ismail A, McMeekin W, Lambert D, 
Mendelow AD, Birchall D. Computed tomog-
raphy angiography for the evaluation of ca-
rotid atherosclerotic plaque: correlation with 
histopathology of endarterectomy specimens. 
Stroke 2002;33:977-81.

44. Saba L, Caddeo G, Sanfilippo R, Montisci R, 
Mallarini G. Efficacy and sensitivity of axial 
scans and different reconstruction methods in 
the study of the ulcerated carotid plaque using 
multidetector-row CT angiography: compar-
ison with surgical results. Am J Neuroradiol 
2007; 28:716-23.

45. Grønholdt ML, Wagner A, Wiebe BM, Hansen 
JU, Schroeder TV, Wilhjelm JE, et al. Spiral 
computed tomographic imaging related to 
computerized ultrasonographic images of ca-
rotid plaque morphology and histology. J Ul-
trasound Med 2001;20:451-8.

46. Denzel C, Lell M, Maak M, Höckl M, Balzer 
K, Müller KM, et al. Carotid artery calcium: 
accuracy of a calcium score by computed to-
mography - an in vitro study with comparison 
to sonography and histology. Eur J Vasc Endo-
vasc Surg 2004;28:214-20.

47. Nandalur KR, Baskurt E, Hagspiel KD, Finch 
M, Phillips CD, Bollampally SR, et al. Carotid 
artery calcification on CT may independent-
ly predict stroke risk. Am J Roentgenol 
2006;186:547-52.

48. Culebras A, Otero C, Toledo JR, Rubin BS. 
Computed tomographic study of cervical ca-
rotid calcification. Stroke 1989;20:1472-6.

49. Wintermark M, Jawadi SS, Rapp JH, Tihan 
T, Tong E, Glidden DV, et al. High-resolution 
CT imaging of carotid artery atherosclerotic 
plaques. AJNR Am J Neuroradiol 2008;29:875-
82.

50. Hardie AD, Kramer CM, Raghavan P, Baskurt 
E, Nandalur KR. The impact of expansive 
arterial remodeling on clinical presenta-
tion in carotid artery disease: a multidetec-
tor CT angiography study. Am J Neuroradiol 
2007;28:1067-70.



36

2

51. Saba L, Sanfilippo R, Pascalis L, Montisci R, 
Caddeo G, Mallarini G. Carotid artery wall 
thickness and ischemic symptoms: evaluation 
using multi-detector-row CT angiography. Eur 
Radiol 2008 Apr 11 [Epubahead of print].

52. de Weert TT, Ouhlous M, Meijering E, 
Zondervan PE, Hendriks JM, van Sambeek 
MR, et al. In vivo characterization and quan-
tification of atherosclerotic carotid plaque 
components with multidetector computed to-
mography and histopathological correlation. Ar-
terioscler Thromb Vasc Biol 2006;26:2366-72.

53. Yuan C, Mitsumori LM, Ferguson MS, Polissar 
NL, Echelard D, Ortiz G, et al. In vivo accuracy 
of multispectral magnetic resonance imaging 
for identifying lipid-rich necrotic cores and 
intraplaque hemorrhage in advanced human 
carotid plaques. Circulation 2001;104:2051-6.

54. Chu B, Kampschulte A, Ferguson MS, Ker-
win WS, Yarnykh VL, O’Brien KD, et al. 
Hemorrhage in the atherosclerotic carotid 
plaque: a high-resolution MRI study. Stroke 
2004;35:1079-84.

55. Saam T, Ferguson MS, Yarnykh VL, Takaya 
N, Xu D, Polissar NL, et al. Quantitative 
evaluation of carotid plaque composition by 
in vivo MRI. Arterioscler Thromb Vasc Biol 
2005;25:234-9.

56. Puppini G, Furlan F, Cirota N, Veraldi G, Piu-
bello Q, Montemezzi S, et al. Characterisation 
of carotid atherosclerotic plaque: comparison 
between magnetic resonance imaging and his-
tology. Radiol Med (Torino) 2006;111:921-30.

57. Moody AR, Murphy RE, Morgan PS, Martel 
AL, Delay GS, Allder S, et al. Characteriza-
tion of complicated carotid plaque with mag-
netic resonance direct thrombus imaging in 
patients with cerebral ischemia. Circulation 
2003;107:3047-52.

58. Clarke SE, Hammond RR, Mitchell JR, Rutt 
BK. Quantitative assessment of carotid 
plaque composition using multicontrast MRI 
and registered histology. Magn Reson Med 
2003;50:1199-208.

59. Cai J, Hatsukami TS, Ferguson MS, Kerwin WS, 
Saam T, Chu B, et al. In vivo quantitative meas-
urement of intact fibrous cap and lipid-rich 
necrotic core size in atherosclerotic carotid 
plaque: comparison of high-resolution, con-
trast-enhanced magnetic resonance imaging 
and histology. Circulation 2005;112:3437-44.

60. Wasserman BA, Smith WI, Trout HH 3rd, 
Cannon RO 3rd, Balaban RS, Arai AE. Carot-
id artery atherosclerosis: in vivo morphologic 
characterization with gadolinium-enhanced 
double oblique MR imaging initial results. Ra-
diology 2002;223:566-73.

61. Hatsukami TS, Ross R, Polissar NL, Yuan C. 
Visualization of fibrous cap thickness and rup-
ture in human atherosclerotic carotid plaque 
in vivo with high-resolution magnetic reso-
nance imaging. Circulation 2000;102:959-64.

62. Mitsumori LM, Hatsukami TS, Ferguson MS, 
Kerwin WS, Cai J, Yuan C. In vivo accuracy of 
multisequence MR imaging for identifying un-
stable fibrous caps in advanced human carotid 
plaques. J Magn Reson Imaging 2003;17:410-20.

63. Kampschulte A, Ferguson MS, Kerwin WS, 
Polissar NL, Chu B, Saam T, et al. Differen-
tiation of intraplaque versus juxtaluminal 
hemorrhage/ thrombus in advanced human 
carotid atherosclerotic lesions by in vivo 
magnetic resonance imaging. Circulation 
2004;110:3239-44.

64. Issa N, Poggio ED, Fatica RA, Patel R, Ruggieri 
PM, Heyka RJ. Nephrogenic systemic fibrosis 
and its association with gadolinium exposure 
during MRI. Cleve Clin J Med 2008;75:95-111.

65. de Ferranti SD, Rifai N. C-reactive protein: a 
nontraditional serum marker of cardiovascular 
risk. Cardiovasc Pathol 2007;16:14-21.

66. Patel NA, Stamper DL, Brezinski ME. Review 
of the ability of optical coherence tomography 
to characterize plaque, including a compari-
son with intravascular ultrasound. Cardiovasc 
Intervent Radiol 2005;28: 1-9.

67. Pasterkamp G, Falk E, Woutman H, Borst C. 
Techniques characterizing the coronary ath-
erosclerotic plaque: influence on clinical deci-
sion making? J Am Coll Cardiol 2000;36:13 21.



37

2

68. Jang IK, Bouma BE, Kang DH, Park SJ, Park 
SW, Seung KB, et al. Visualization of coronary 
atherosclerotic plaques in patients using opti-
cal coherence tomography: comparison with 
intravascular ultrasound. J Am Coll Cardiol 
2002;39:604-9.

69. Madjid M, Naghavi M, Malik BA, Litovsky 
S, Willerson JT, Casscells W. Thermal de-
tection of vulnerable plaque. Am J Cardiol 
2002;90:36L-9L.

70. Casscells W, Hathorn B, David M, Krabach 
T, Vaughn WK, McAllister HA, et al. Thermal 
detection of cellular infiltrates in living ath-
erosclerotic plaques: possible implications 
for plaque rupture and thrombosis. Lancet 
1996;347:1447-51.

71. Stefanadis C, Diamantopoulos L, Vlachopou-
los C, Tsiamis E, Dernellis J, Toutouzas K, et 
al. Thermal heterogeneity within human ath-
erosclerotic coronary arteries detected in vivo: 
a new method of detection by application of 
a special thermography catheter. Circulation 
1999;99: 1965-71.

72. Davies JR, Rudd JH, Weissberg PL. Molecular 
and metabolic imaging of atherosclerosis. J 
Nucl Med 2004;45:1898-907.

73. Rudd JHF, Warburton EA, Fryer TD, Jones HA, 
Clark JC, Antoun N, et al. Imaging atheroscle-
rotic plaque inflammation with [18F]- fluoro-
deoxyglucose positron emission tomography. 
Circulation 2002;105:2708-11.

74. Tawakol A, Migrino RQ, Bashian GG, Bedri S, 
Vermylen D, Cury RC, et al. In vivo 18F-fluoro-
deoxyglucose positron emission tomography 
imaging provides a noninvasive measure of 
carotid plaque inflammation in patients. J Am 
Coll Cardiol 2006;48:1818-24.

75. Jander S, Sitzer M, Schumann R, Schroeter M, 
Siebler M, Steinmetz H, et al. Inflammation in 
high-grade carotid stenosis: a possible role for 
macrophages and T cells in plaque destabili-
zation. Stroke 1998;29: 1625-30.

76. Tahara N, Kai H, Ishibashi M, Nakaura H, Kai-
da H, Baba K, et al. Simvastatin attenuates 
plaque inflammation: evaluation by fluorode-
oxyglucose positron emission tomography. J 
Am Coll Cardiol 2006;48: 1825-31.

77. Caplan JD, Waxman S, Nesto RW, Muller JE. 
Near-infrared spectroscopy for the detection 
of vulnerable coronary artery plaques. J Am 
Coll Cardiol 2006;47:C92-6.

78. Wang J, Geng YJ, Guo B, Klima T, Lal BN, 
Willerson JT, et al. Near-infrared spectro-
scopic characterization of human advanced 
atherosclerotic plaques. J Am Coll Cardiol 
2002;39:1305-13.

79. Chen J, Tung CH, Mahmood U, Ntziachristos 
V, Gyurko R, Fishman MC, et al. In vivo im-
aging of proteolytic activity in atherosclerosis. 
Circulation 2002;105:2766-71.

80. Papaspyridonos M, Smith A, Burnand KG, 
Taylor P, Padayachee S, Suckling KE, et al. 
Novel candidate genes in unstable areas of 
human atherosclerotic plaques. Arterioscler 
Thromb Vasc Biol 2006;26:1837-44.







40

3

IMAGES IN CARDIOVASCULAR MEDICINE

Introduction
Formation of unstable atherosclerotic plaque in the internal carotid artery 
carries a high risk for emboli and subsequent cerebral ischemic events. The 
fibrous cap of such a plaque may become thin and rupture as a result of the 
depletion of matrix components through the activation of proteolytic enzymes 
such as matrix-degrading proteinases. Enhanced matrix breakdown has been 
attributed primarily to a family of matrix-degrading metalloproteinases (MMPs) 
that are highly concentrated in atherosclerotic plaques by inflammatory cells (eg, 
macrophages, foam cells), smooth muscle cells and endothelial cells.1 Elevated 
serum MMP-9 concentration is associated with carotid plaque instability and 
the presence of infiltrated macrophages.2 Furthermore, analysis of the presence 
of MMP-9 protein by ELISA within excised carotid plaques revealed high 
MMP-9 protein mass in calcified segments at or near the carotid bifurcation 
and in segments with intraplaque hemorrhage. Gelatin zymography showed an 
increased gelatinase activity of MMP-9 in these segments.3 These data favor the 
important role of MMP-9 in the pathogenesis of plaque instability. 

Methods
We analyzed the topographic distribution of MMPs within an excised human 
carotid plaque by applying multispectral near-infrared fluorescence (NIRF) 
imaging (IVIS Spectrum, Caliper Life Sciences, Hopkinton, Mass). A surgical 
endarterectomy was performed on a 74-year-old women with a left-sided, 
symptomatic, 70% carotid stenosis. Immediately after endarterectomy, the 
plaque was placed in PBS and transported to the NIRF system. The plaque was 
then stretched out and fixed on a silicon plate with 25G needles. 

Results
A PBS NIRF image was generated from both the intraluminal and extraluminal 
side of the plaque to determine the level of autofluorescence (background) 
(Figure 1). After incubation with a MMP-sensitive activatable fluorescent 
probe (MMPSense 680, VisEn Medical, Boston, Mass), we detected differential 
topographic NIRF signals within the specimen (Figure 1). Compared with the 
autofluorescence signal obtained without incubation with MMPSense, a 6- and 
7-fold increase of the total NIRF signal was observed on the intraluminal and 
extraluminal side, respectively, after incubation with MMPSense 680. The NIRF 
signal was not homogeneously distributed across the plaque surface but rather 
resulted in the identification of areas with high NIRF intensity (denominated as 
“hot spots”) and areas with relatively low NIRF intensity (so-called “cold spots”) 
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(Figure 1). Because MMP-9 activity has been positively correlated with plaque 
instability as described above, we next determined the contribution of MMP-9 
to the NIRF signals as shown in Figure 1. To this end, in situ zymography was 
performed on tissue sections from excised hot and cold spots as indicated in 
Figure 1 by the framed areas. 

After we had used dye-quenched gelatin as substrate on hot and cold spots, 
results indicated increased gelatinase activity within the hot spot relative to 
the cold spot (Figure 2). Both gelatinaseA (MMP-2) and gelatinaseB (MMP-9) 
are able to degrade, and thereby activate, dyequenched gelatin. We therefore 
performed real-time reversetranscriptase polymerase chain reaction analysis for 
MMP-2 and MMP-9 in order to discriminate between MMP-2 and MMP-9 as the 
gelatinase responsible for increased gelatinase activity in the hot spot. Results 
obtained revealed that the mRNA expression of MMP-2 decreased 14-fold and 

Figure 1. MMPSense 680 enables mapping of differential MMP activity in endarterectomized 
atherosclerotic plaques. Carotid endarterectomy specimen in white light (left), near-infrared 
fluorescence signal before (autofluorescence, middle) and after incubation with MMPsensitive 
activatable fluorescent probe (MMPSense, right) within the IVIS Spectrum. After incubation with 
MMPSense, clear hot spots (red areas) were identified both at the intraluminal and extraluminal side, 
most present in the origin of the internal carotid artery and at the level of the common carotid bulb. 
Spots indicated by the frames were excised and processed for in situ zymography, real-time reverse-
transcriptase polymerase chain reaction, and morphological analysis. The intensity of the NIRF 
signals obtained throughout the plaque is expressed as number of photons · sec-1 · cm-2 · steradian-1).
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that of MMP-9 increased 8-fold in the hot spot compared with the cold spot. 
Therefore, the gelatinase most abundantly present and enzymatically active in 
the hot spot, as identified by in situ zymography, is therefore most likely MMP-
9. Morphologically, the hot spot is characterized by reduced nuclear density 
(Figure 3A and 3B), reduced collagen deposition (Figure 3C and 3D), reduced 
numbers of invading smooth muscle actin (SMA)– expressing smooth muscle 
cells (Figure 3E and 3F) when compared with the cold spot. Real-time reverse-
transcriptase polymerase chain reaction analysis for SMA expression confirmed 
the immunofluorescence staining data (30-fold decrease of SMA expression 
in hot spot compared with cold spot). Furthermore, a slightly increased level 
of CD68 mRNA expression in the hot spot was observed (≈ 3-fold increase 
compared with cold spot) as also suggested by the CD68 immunofluorescent 
staining (Figure 3E and 3F). 

Figure 2. Hot spot identified using NIRF is characterized by increased gelatinase activity compared 
with coldspot. In situ zymography was performed on cryosections (7 µm) of cold (A) and hot spot (B). 
To this end, sections were incubated with DQ-gelatin (50 µg/mL, EnzCheck Gelatinase/Collagenase 
Assay Kit, Invitrogen-Molecular Probes, Breda, the Netherlands) overnight at room temperature. 
Nuclei were counterstained with DAPI. To control for specificity, sections of cold (C) and hot spot 
(D) were preincubated for 2 hours with 2 mmol/L 1,10-phenanthroline, a general inhibitor of MMPs. 
Sections were analyzed on a Leica DMLB fluorescensce microscope (Leica Microsystems, Rijswijk, 
the Netherlands) equipped with a Leica DC300F camera and LeicaQWin 2.8 software. For clarity, 
the nuclear DAPI staining in the lower power magnifications is omitted. Original magnifications: A 
through D, × 80; insets in A through D, × 320.
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Figure 3. Compared with the cold spot, the hot spot is characterized by reduced nuclear density, 
reduced collagen deposition, and reduced numbers of invading αSMA-expressing smooth 
muscle cells. Formalin-fixed cryosections (4 µm) of the hot and cold spot were stained with 
hematoxylin and eosin (A and B) and Masson trichrome (C and D) to evaluate general morphology 
and deposition of connective tissue (collagen), respectively. Sections were coverslipped in 
Depex mounting medium. Sections were analyzed on an Olympus BX50 microscope (Olympus 
Nederland BV, Zoeterwoude, the Netherlands) equipped with an Olympus DP70 camera and Cell 
B imaging software. Furthermore, immunofluorescent double-labeling for αSMA (clone 1A4, 
mIgG2a) and CD68 (clone KP-1, mIgG1) was performed on aceton-fixed cryosections to detect 
smooth muscle cells and infiltrating macrophages, respectively (E and F). Primary anti-αSMA 
and anti-CD68 monoclonal antibodies were detected with, respectively, Alexa488-conjugated 
goat anti-mouse IgG2a and TRITC-conjugated goat anti-mouse IgG1 polyclonal antibodies. Nuclei 
were counterstained with DAPI, and sections were coverslipped in Citifluor mounting medium. 
Sections were analyzed on a Leica DMLB fluorescence microscope (Leica Microsystems, Rijswijk, 
the Netherlands) equipped with a Leica DC300F camera and LeicaQWin 2.8 software. Original 
magnifications: A through D, ×20; E through F, ×100. Insets show high-power magnifications: A 
through D, ×400; E through F, ×630. H&E indicates hematoxylin and eosin.
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Conclusion
The possibility to map the MMP distribution within an atherosclerotic plaque 
with high sensitivity by using state-of-the- art multispectral NIRF molecular 
imaging offers a number of potential benefits for the future once translational 
studies on the pathogenesis and treatment of the vulnerable plaque have been 
conducted. Histological and morphological analysis of atherosclerotic plaques 
can be carried out more accurately because specific (MMP) hot and cold spots 
can be identified by NIRF imaging, enabling different areas of vulnerability 
within a specimen. This may enable the basis for future noninvasive in vivo 
imaging tools to create the possibility to longitudinally measure the effect of 
cardiovascular drugs on atherosclerotic plaques, shifting the paradigm toward 
spatiotemporal functional molecular imaging as surrogate end point. Finally, 
if the relation between MMP expression and plaque instability is further 
established, in vivo NIRF imaging of carotid plaques opens the possibility of 
determining which plaques are vulnerable and which are not, thereby improving 
selection criteria for surgical or endovascular intervention.
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ABSTRACT

Purpose: In this study, the potential of matrix metalloproteinase (MMP) 
sense for detection of atherosclerotic plaque instability was explored. 
Secondly, expression of MMPs by macrophage subtypes and smooth 
muscle cells (SMCs) was investigated. 

Procedures: Twenty-three consecutive plaques removed during carotid 
endarterectomy were incubated in MMPSense™ 680 and imaged 
with IVIS® Spectrum. mRNA levels of MMPs, macrophage markers, 
and SMCs were determined in plaque specimens, and in in vitro 
differentiated M1 and M2 macrophages.

Results: There was a significant difference between autofluorescence 
signals and MMPSense signals, both on the intraluminal and 
extraluminal sides of plaques. MMP-9 and CD68 messenger RNA 
(mRNA) expression was higher in hot spots, whereas MMP-2 and 
αSMA expression was higher in cold spots. In vitro M2 macrophages 
had higher mRNA expression of MMP-1, MMP-9, MMP-12, and TIMP-
1 compared to M1 macrophages.

Conclusion: MMP-9 is most dominantly MMP present in atherosclerotic 
plaques and is produced by M2 rather than M1 macrophages.
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INTRODUCTION

Atherosclerosis is a progressive inflammatory disease characterized by the 
accumulation of lipid-filled macrophages within the arterial intima. Continued 
inflammation may promote rupture of the atherosclerotic plaque’s protective 
fibrous cap causing subsequent clinical ischemic events 1,2. The fibrous cap 
covering an advanced atherosclerotic plaque is typically composed of smooth 
muscle cells (SMCs) and extracellular matrix (ECM) 3. Activated monocyte-
derived macrophages and SMCs are critically involved in the development of 
high-risk vulnerable plaques by producing matrix metalloproteinases (MMPs) 1,4,5.

A heterogeneous population of macrophages exists including a classically 
activated macrophage type (M1) as well as an alternatively activated macrophage 
population (M2) 6. The M1 macrophage is thought to have proinflammatory 
properties, and polarization in vitro is driven by low concentration 
lipopolysacharride (LPS) and interferon-gamma (IFN-γ). Defined as classically, 
however, M2 macrophages are anti-inflammatory and immune regulatory. Upon 
cytokine stimulation, they modify development of atherosclerotic plaques. The 
M2 macrophage population can be divided in M2a, M2b, and M2c subtypes, 
depending on the cytokine environment (IL-4, immune complexes, and IL-10, 
respectively)7. In contrast to its classical M2 properties, the function of M2a 
macrophages is type II inflammation, and the function of type M2c is matrix 
deposition and tissue remodeling; this last mentioned type might be most 
important in atherosclerosis8. Recently, Wolfs et al. suggested that additional 
circumstances in the local microenvironment makes macrophage polarization in 
the atherosclerotic tissue even more complex than the typically described M1 
and M2 macrophage distribution 9. So, not only cytokine environment, but also 
foam cell formation and chemokine ligand 4 (CXCL4), among other factors, play 
major roles. 

MMPs are proteolytic enzymes that can degrade ECM proteins such as gelatin 
(MMP-2 and MMP-9), collagen (MMP-1, MMP-8, and MMP-13), elastin (MMP-
12), and fibrin (MMP-3 and MMP-10). They can be inhibited by tissue inhibitors 
of metalloproteinases (TIMPs).  The evergrowing MMP family now consists of 
more than 20 known proteins 10. There is conflicting evidence about the role of 
MMP-9 in atherosclerosis. In carotid atherosclerotic disease, MMP-9 is associated 
with the development of unstable plaques. In patients with symptomatic carotid 
disease, increased MMP-9 levels have been shown both in plasma and in plaque 
tissue 11-16. Other studies showed an inverse relation between plaque activity and 
MMP-9 plasma levels or even evidence for a plaque-stabilizing role for MMP-
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9 17, 18. At the moment, MMPs cannot be visualized with conventional imaging 
modalities, such as duplex ultrasound, computerized tomography scanning, and 
magnetic resonance imaging. Although these conventional imaging techniques 
have improved and do have the ability to image cardiovascular anatomy and 
physiology on a macroscopic scale, they lack the possibility to detect biological 
processes at the cellular or molecular level 19. In contrast, molecular imaging 
has the possibility to target molecular components of atherosclerotic disease 
on a microscopic scale using smart activatable probes 20. As such, MMPs may 
be targeted with a MMP-sensitive probe (MMPSense) and can be visualized 
by fluorescence imaging 21-23. MMPSense is a protease activatable fluorescent 
imaging agent that is activated by MMP-2, MMP-3, MMP-9, and MMP-
13. MMPSense is optically silent in its inactivated state and becomes highly 
fluorescent following proteasemediated activation. Previously, we showed that 
MMPSense detected most likely MMP-9 in hot spots, which are in regions with 
high uptake 23. Also, increased presence of CD68-positive macrophages was 
present in these hot spots.

In this study, we analyzed the presence of MMPs in human carotid plaques by 
using MMPSense and investigated differences in intensity of fluorescence signals. 
Furthermore, monocytes were in vitro differentiated and polarized into M1, M2a, 
and M2c macrophages to investigate expression of MMPs in these subtypes, as well 
as in SMCs. In this way, the potential of MMPSense as marker for atherosclerotic 
carotid plaque vulnerability was explored, and the relation to MMP expression of 
macrophage subtypes and SMCs throughout atherosclerotic plaques.

MATERIALS AND METHODS

Study Design
Patients presenting with symptoms (i.e., with a history of recent cerebrovascular 
accident (CVA)), transient ischemic attack (TIA or amaurosis fugax), and a stenosis 
of the common carotid artery of 70–99 % as detected by duplex ultrasound 
examination underwent open carotid surgery at the University Medical Center 
Groningen (UMCG). Additionally, asymptomatic patients (mean age 71 years, 
range 51–81 years) with a stenosis of 80–99 %, found by routine control were also 
eligible for surgical treatment. Therefore, a total of 23 carotid specimens were 
obtained by means of carotid endarterectomy (CEA) of the carotid bifurcation 
using standard techniques 24. Risk factors such as hyperlipidemia, hypertension, 
smoking status, obesity (body mass index (BMI)), and diabetes mellitus were 
recorded. Hyperlipidemia and hypertension were defined as described before 
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by our group 25. To measure MMP expression in differentiated macrophages, 
ten healthy volunteers were included without known cardiovascular disease or 
risk factors. The study was approved by the Institutional Review Board (IRB) of 
the UMCG, and informed consent was obtained from all individual participants 
included in the study. 

Carotid Endarterectomy Sample Collection and Timepath of Study 
Plaques were obtained immediately after endarterectomy. Following 
endarterectomy, all specimens were washed with PBS to remove blood and 
debris. After storage in PBS, samples were put on ice and taken to the laboratory 
for fluorescence imaging. The plaques were cut open longitudinally and pinched 
on a silicone plate with nonreflective black paper (XPB-24 black paper, Caliper 
Life Sciences, Hopkinton, MA, USA) in between to reduce autofluorescence. 
Then, autofluorescence signals were recorded on the intraluminal and 
extraluminal sides of the plaque. The mean time between excision of the plaque 
and determination of autofluorescence was 31 min (16–45). It took 9 min (2–26) to 
complete the autofluorescence recordings. After that, the plaque was incubated 
with a MMP-sensitive activatable fluorescent probe (MMPSense™680, VisEn 
Medical, Boston, MA, USA), which was diluted 1:10. Specimens were incubated 
for 66 min (60–72) before imaging.

Fluorescence Imaging and Data Analysis
Fluorescence images were obtained with a commercial imaging system with 
an ultra-sensitive charge-coupled device camera mounted on a light-tight black 
chamber (IVIS® spectrum, Caliper Life Sciences, Hopkinton, MA, USA). The 
charged-coupled device (CCD) camera was cooled to −90 °C. The excitation 
and emission filter were set at Cy5.5. By dividing the mean radiance (p/s/cm2/
sr) from the MMPSense signal by the autofluorescence signal, the target to 
background ratio (TBR) was calculated. The imaging data were analyzed using 
Living Image® 3.0 software (Caliper Life Sciences, Hopkinton, MA, USA).

Immunohistochemistry
Slices of plaques were embedded in paraffin, and sections of 4 μm were cut. 
Macrophages were identified by incubation with monoclonal mouse anti-human 
CD68 (1:50; mo876 clone PG-M1 DAKO, Glostrup, Denmark). For detection 
of MMP-9, a goat antihuman antibody (AB911, R&D systems, Minneapolis, 
USA) was used. Appropriate secondary antibodies labeled with horseradish 
peroxidase (HRP) were used. Color reaction was developed using DAB staining 
with chromogen, and sections were counterstained with hematoxylin. 
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In Vitro Differentiation and Polarization of M1, M2a, and M2c 
Macrophages
From ten healthy donors peripheral blood mononuclear cells (PBMCs) were 
isolated by density gradient centrifugation using Lymphoprep (Axis Shield 
PoC As, Oslo, Norway). Subsequently, monocytes were allowed to adhere to 
culture plates. The adherent cells were maintained for 5 days in RPMI 1640 
medium (Lonza, Walkersville, MD, USA) supplemented with 10 % filtered fetal 
calf serum (FCS) and 20 ng/ml macrophage colony-stimulating factor (M-CSF, 
R&D Systems) for differentiation into macrophages. Macrophages were directed 
toward M1, M2a, and M2c phenotypes by use of 48-h stimulation with 100 U/
ml IFN-γ (PeproTech, USA) and 1 ng/ml LPS (Sigma, Germany) (leading to M1), 
20 ng/ml IL-4 (M2a), or 10 ng/ml IL-10 (M2c) (PeproTech) or both IL-4 and 
IL-10 (IL-4/IL-10), respectively. Validation of M1 and M2 marker expression 
after differentiation was shown previously 26. In that paper, we showed that in 
vitro differentiated M1 macrophages have a higher messenger RNA (mRNA) 
expression of proinflammatory TNF-α and TLR-2 compared to M2 macrophages 
(IL-4/IL-10), who in turn have higher mannose receptor and IL-10 mRNA 
expression. On receptor level, M1 showed to have higher CD86 expression, 
while M2 macrophages have a higher CD163 expression. By this method of 
differentiation indeed M1 and M2 markers are expressed on these macrophages. 
MMP-9 protein was measured in supernatants of cultured macrophages with 
ELISA (duoset, R&D Systems) according to manufacturer’s description.

RNA Expression In Vitro in Macrophage Subtypes and SMCs and Ex Vivo 
in Plaques
To measure MMP expression, RNA was extracted from abovenamed macrophage 
subtypes and from SMCs as described before 25. From four imaged plaques, 
areas with high intensity (hot spots) and low intensity (cold spots) were excised 
and mRNA was isolated from these specimens. Four un-imaged plaques were 
divided in equal slices of 5 mm, and mRNA was also isolated from these slices. 
Complementary DNA (cDNA) samples were added in duplicate for amplification 
by the TaqMan real-time PCR system (ABI Prism 7900HT Sequence Detection 
system, Applied Biosystems, Foster City, CA, USA). mRNA expression of MMP-
1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-12, MMP-13, MMP-14, –MMP-16, 
and TIMP- 1 was measured by using TaqMan primer/probes sets. The TaqMan 
primer/probe sets were the following: GAPDH: Hs9999905_m1; MMP1: 
Hs00233958_m1; MMP2: Hs01548727_m1; MMP3: Hs00233962_m1; MMP8: 
Hs01029057_m1; MMP9: 00234579_m1; MMP12: Hs00899662_m1; MMP13: 
Hs00233992_m1; MMP14: Hs01037009_m1; MMP16: Hs00234676_m1; and 
TIMP-1: Hs00171558_m1. In slices of plaques, also mRNA expression of CD68 
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(pan macrophages), CD86 (M1 macrophage marker), CD163 (M2 macrophage 
marker), and αSMA (ACTA2) was investigated. Threshold cycle (Ct) values 
were determined using the software program SDS 2.4 (Applied Biosystems). 
Relative gene expression was normalized to the expression of glyceraldehydes-
3-phosphate dehydrogenase (GAPDH) and calculated by the following formula: 
relative gene expression= 2–ΔCt (ΔCt=Ct gene of interest−Ct GAPDH). 

Statistical Analysis
Values are presented as mean±standard deviation or median (range), unless 
stated otherwise. For correlations, Pearson's and Spearman's correlation 
coefficients were used when appropriate. A two-tailed, paired Student's t test was 
used for parametric distributions (i.e., fluorescence signal and TBR). Nonpaired 
continuous variables with a nonparametric distribution were analyzed using 
the Mann-Whitney U test or with a Wilcoxon test in case of paired samples. 
For comparing more than two independent samples, the Kruskal-Wallis test 
(ANOVA) was used (i.e., four types of macrophages). A two-sided p value <0.05 
was considered statistically significant. Statistical tests were done with the 
Statistical Package for the Social Sciences (SPSS statistics version 20.0, SPSS 
Inc.®, Chicago, IL, USA). 

RESULTS 

Patient Demographics
A total of 15 men and eight women with a mean age of 70± 9 years were included. 
Baseline characteristics of participants are shown in Table 1. 

Fluorescence Imaging
Fluorescence signal of each plaque was recorded before and after incubation 
with MMPSense™680. MMP signals were heterogeneously distributed 
throughout plaques (Fig. 1). The mean TBR was considered appropriate and 
did not significantly differ between intraluminal and extraluminal sides (7.15 
vs 6.43; p=0.53). Fluorescence signals clearly augmented after incubation 
with MMPSense compared to autofluorescence, showing highly significant 
differences on both intraluminal (mean value 6.34 vs 1.09; p<0.0001) and 
extraluminal sides (mean value 6.12 vs 1.04; p<0.0001) (Fig. 2). 
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      Patients (n=23) 

Men, n (%)     15 (65) 
Age, years     70 ± 9 
Symptomatic, n (%)    21 (91) 
   Transient ischemic attack (TIA), n (%)    9 (39) 
   Cerebro vascular accident (CVA), n (%) 8 (35) 
   Amaurosis fugax, n (%)  4 (17) 
BMI, kg/m2     27 ± 3 
Smoking status, n (%)    10 (43)   
   > 1 pack a day, n (%)    6 (26) 
   ≤ 1 pack a day, n (%)    4 (17) 
   None, smoked in last 10 years (%)  6 (26) 
Hypertension, n (%)    19 (83) 
   Controlled with single drug, n (%)   5 (21) 
   Controlled with 2 drugs, n (%)   5 (21) 
   Requires > 2 drugs or uncontrolled, n (%) 9 (39) 
   Systolic blood pressure, mmHg  146 ± 22 
   Diastolic blood pressure, mmHg 80 ± 12  
Hyperlipidemia, n (%)   14 (61) 
   Use of lipid-lowering drugs, n (%) 9 (39) 
Diabetes mellitus, n (%)    7 (30)*  

* Four patients had diabetes controlled by diet or oral agents, three patients where on 
insulin. Data are expressed as mean ± standard deviation; percentages between 
brackets. 

	
 
	

Table 1. Baseline characteristics and risk factors for atherosclerosis

Figure 1. Ex vivo fluorescence imaging of human atherosclerotic plaques. 
Fluorescence signals reflecting MMPSense activation in specific areas of 
plaque intraluminally (upper) and extraluminally (bottom): incubation in 
phosphate-buffered saline (left), autofluorescence (middle), and incubation 
with MMPSense.
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Figure 2. Intensity of fluorescence signals after incubation with MMPSense compared 
to autofluorescence. Fluorescence signals of plaques incubated with MMPSense 
(MMP) were increased both a intraluminally and b extraluminally when compared 
with autofluorescence (AF). Intraluminal (IL) side (mean value 6.34×109 vs 1.09×109; 
p<0.0001) and extraluminal (EL) side (mean value 6.12×109 vs 1.04×109; p<0.0001).
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Ex Vivo MMP, αSMA, and Macrophage Expression in Plaques
MMP-2, MMP-9, αSMA, and CD68 mRNA expression was investigated in 
hot and cold spots from 4 imaged plaques. As can be seen in Fig. 3a, MMP-
9 and CD68 expression was up regulated in hot spots, whereas MMP- 2 and 
αSMA were downregulated in hot spots. To investigate the expression and 
distribution of MMPs, and their relation to M1 and M2 macrophages in plaques, 
slices of unimaged plaques (with intact mRNA) were used for mRNA isolation. 
Expression of MMPs was compared to CD68 (pan macrophages), and to an M1 
marker (CD86) and M2 macrophage marker (CD163). Also, MMP expression 
was compared to αSMA expression. The strongest correlation was found 
between MMP-9 and CD68 mRNA expression (ρ=0.792, p<0.001, Fig. 3b). 
Furthermore, MMP-9 expression was 100 to 1000 times higher compared to 
mRNA expression of other MMPs (Fig. 3c). None of the other MMPs showed a 
significant correlation with M1 and M2 macrophage markers, except for MMP-2 
and MMP-14 which both correlated significantly with CD86 and CD163. There 
was a significant correlation between MMP-2 and αSMA expression (ρ=0.534, 
p=0.0027, Fig. 3b). Immunohistochemical staining of plaques for CD68 and 
MMP-9 showed overlap of CD68 and MMP-9 as can be seen in a representative 
picture in Fig. 3d. 

A

B
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Figure 3. Expression of MMPs in atherosclerotic plaques. Quantitative reverse transcriptase 
polymerase chain reaction (qRTPCR) was used to determine relative mRNA expression of different 
genes in human atherosclerotic plaques. a Areas with high intensity (hot spots) and low intensity 
(cold spots) determined after incubation with MMPSense were excised from four imaged plaques and 
subjected to RNA isolation and qRT-PCR. mRNA of MMP-2, MMP-9, CD68, and αSMA, expressed 
as fold change in hot spots versus cold spots, was determined. b Relative mRNA expression of 
MMP-2, MMP-9, αSMA, and CD68 was determined in slices from four unimaged plaques with qRT-
PCR. MMP-9 and CD68 mRNA expression was significantly correlated and also MMP-2 and αSMA 
mRNA expression (Spearman’s correlation). c Relative expression levels of different MMPs were 
determined with qRT-PCR in slices from four unimaged plaques. d Immunohistochemical staining of 
CD68 (lower left panel) and MMP9 (right panel) in a plaque specimen (upper left panel).

C

D



58

4

MMP Expression in Macrophage Subtypes and SMCs In Vitro
mRNA levels of GAPDH (household gene), MMP-1, MMP- 2, MMP-3, MMP-8, 
MMP-9, MMP-12, MMP-13, MMP-14, MMP-16, and TIMP-1 were determined 
in M1, M2a, M2c, and IL-4/IL-10-differentiated M2 macrophages from ten 
healthy volunteers. mRNA expression of MMP-1 was significantly increased 
in all three M2 macrophage types compared to M1 macrophages (p=0.0395 
(Kruskall-Wallis (KW)), Fig. 4a). TIMP-1 expression was significantly decreased 
in M1 macrophages compared to all M2 macrophages (p=0.0002 (KW), Fig. 4b). 

MMP-9 and MMP-12 mRNA was undetectable in SMCs. MMP-9 expression 
was higher but not significantly increased in M2 macrophages compared to 
M1 (ns, KW; Fig. 4c). However, the difference between M1 and M2a or M2c 
macrophages was statistically significant (Wilcoxon paired t test, p<0.05, Fig. 
3c). MMP- 12 was significantly higher expressed in M2 macrophages compared 
to M1 macrophages (p=0.0004 (KW), Fig. 4d). On the contrary, MMP-2 and 
MMP-14 were significantly higher in M1 macrophages compared to all types 

Figure 4. Relative expression of MMP mRNA levels in macrophages from ten healthy volunteers 
and in SMCs. M1- and M2- polarized macrophages were cultured from monocytes from ten healthy 
volunteers and subjected to RNA isolation and qRTPCR. Significantly higher relative expression in 
M2-like macrophages (gray bars) compared to M1-like macrophages (open bars) was measured for 
a MMP-1, b TIMP-1, and d MMP-12. c MMP-9 was also higher. Relative expression of MMP-1 and 
TIMP-1 in SMCs is added in panels a and b, expression of MMP-9 and MMP-12 was undetectable in 
SMCs. Significant differences (Wilcoxon paired t test) of M2 subtype compared to M1 macrophages 
is shown in figure: *p<0.05, **p<0.01.
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of M2 macrophages (p=0.0047, p=0.0165, respectively (KW), Fig. 5). Of note, 
MMP-1 and MMP-2 expression was high in SMCs. MMP-3, MMP-8, MMP-13, 
and MMP-16 were undetectable in in vitro generated macrophages and in SMCs. 
From mRNA data in plaques, it was shown that expression of MMP-9 was 100 
to 1000 times higher compared to mRNA expression of other MMPs (Fig. 3c). 
Therefore MMP-9 protein secretion was investigated in supernatants of cultured 
macrophages. As can be seen in Fig. 6, all different types of macrophages can 
produce MMP-9 although M2 macrophages produce more than M1 (ns when 
tested with KWtest, p=0.029, paired t test for M1 against M2c). So protein 
levels of MMP-9 are comparable to the mRNA expression of MMP-9 in different 
subtypes of macrophages. 

DISCUSSION

Our study shows that fluorescence imaging with a smart MMP-sensitive 
activatable probe clearly reveals a heterogeneous distribution of MMPs across 
the atherosclerotic carotid plaques. The signals of ex vivo human carotid 
plaques were significantly enhanced after incubation with the fluorescent probe 
accounting for a 6- to 7-fold increase of signals. MMP-9 mRNA was found to 
be highly expressed in plaques and in different subtypes of M2 macrophages. 
Signal enhancements such as with MMPSense have been described using other 
protease probes, both in ex vivo carotid specimens 22, and in vivo rabbits 27. 
Typically, there are more intense signals (hot spots) near the carotid bifurcation. 
In a previous study, segments at or near the bifurcation and segments with 
intraplaque hemorrhage contained higher MMP levels and activity (especially 
MMP-9) compared to segments distant from the bifurcation. Histologically stable 

Figure 5. Relative expression of MMP mRNA levels in macrophages from ten healthy volunteers 
and in SMCs. M1- and M2- polarized macrophages were cultured from monocytes from ten healthy 
volunteers and subjected to RNA isolation and qRTPCR. Significantly lower relative expression in 
M2 macrophages (gray bars) compared to M1-like macrophages (open bars) was measured for  
a MMP-2 and b MMP-14. Significant differences (Wilcoxon paired t test) of M2 subtype compared 
to M1 macrophages is shown in figure: *p<0.05, **p<0.01.
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plaques contained lesser amounts of MMPs, which were predominantly MMP-2. 
TIMPs were highly abundant in fibrotic and necrotic segments 28. In the present 
study, it was shown that using MMPSense in atherosclerotic plaques, mRNA 
expression of MMP-9 was found to be increased in areas with high intensity (hot 
spots) compared to areas with low intensity (cold spots) and accompanied with 
a slight increase in CD68 mRNA expression, as was previously found by Wallis 
de Vries et al. 23. In the latter study, also increased enzymatic gelatinase activity 
was shown in hot spots, and this was appointed to increased presence of active 
MMP-9. mRNA expression of MMP-2 was decreased in hot spots compared 
to cold spots, and also αSMA expression. Also, good correlations in plaques 
between mRNA expression of MMP-9 and CD68, and between MMP-2 and SMCs 
were found. These data are supported by another study, where macrophage-rich 
lesions showed higher MMP-9 activity while SMC-rich lesions showed higher 
MMP-2 activity 29. Also, SMCs were found in stable plaques in other studies 
29,30. However, in an animal study using the mouse brachiocephalic artery model 
of plaque instability, apolipoproteinE (apoE) knockout mice were crossed with 
MMP-3, MMP-7, MMP-9, or MMP-12 knockouts 18. Johnson et al. found that 
in the apoE/MMP-3 and apoE/MMP-9 double knockouts brachiocephalic artery 
plaques were significantly larger than in controls and had reduced macrophage 
content. They concluded that MMP-3 and MMP-9 normally played protective 
roles, promoting stable plaques. It is unclear to what extent this animal model 
can be compared to the human situation. In the present study, MMP-9 mRNA is 
abundantly present in plaques and highly expressed by macrophages. In a study 
by Loftus et al., the character, level, and expression of MMPs in carotid plaques 
was correlated to clinical status of patients undergoing carotid endarterectomy. 
The MMP-9 concentration was significantly higher in patients developing 
symptoms within 1 month compared to asymptomatic patients 11. Also, in 
a study done by Heo et al., plaque rupture was significantly associated with 
the development of vascular events in carotid atherosclerotic disease and with 
immunohistochemical expression of MMP-2 and MMP-9 31. One explanation for 
this might be that MMP-2 and MMP-9 are capable of degrading collagen type IV 
which is the major component of the basement membrane 14. No difference in 
the levels of MMP-1, MMP-2, or MMP-3 was found between symptomatic and 
asymptomatic patients 11. It was also anticipated that serum levels of MMP-9 and 
MMP-2 were significantly higher in symptomatic patients compared to patients 
without symptoms 12,13. However, another group found serum MMPs where not 
predictive of local events, in a group of 18 patients 32. In the present in vitro study, 
mRNA expression of MMP-2 was highest in pro-inflammatory M1 macrophages 
and in SMCs. MMP-9 and MMP-12 mRNA was highest in M2 macrophages and 
could not be found in SMCs. This was supported by other groups who found 
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an overexpression of MMP-9 in M2 macrophages 33, and differentiation toward 
M2 macrophages upregulated MMP-12 expression 4. However, Newby et al. 
also suggest that each macrophage subtype (not only M2) can be acted on by 
pro-inflammatory mediators leading to activated states 4. Further research is 
needed to fully understand the mechanism of MMPs produced by macrophages 
in the process of an atherosclerotic plaque becoming vulnerable. Applications 
for noninvasive optical imaging of fluorescent signals could be of less clinical 
value in coronary atherosclerosis because of the limited penetration depth 
of only a few millimeters. Therefore, we started testing a radiolabeled MMP 
tracer in ex vivo atherosclerotic plaques recently, from which the results look 
promising. We found MMP-9 mRNA and protein expression was 100 to 1000 
times higher compared to other MMPs. Taken everything into account, it seems 
that MMPsense can be used to detect areas of plaque instability primarily by 
detection of MMP-9 produced by M2 macrophages.

Figure 6. MMP-9 protein levels in supernatants of cultured M1 and M2 
macrophages measured by ELISA. M1- and M2-polarized macrophages 
were cultured from monocytes from ten healthy volunteers, and supernatant 
was harvested after differentiation. MMP-9 protein levels were measured by 
ELISA, and these were higher in M2 macrophages (gray bars) compared to 
M1 macrophages (open bars). Significant differences (Wilcoxon paired t test) 
of M2 subtype compared to M1 macrophages is shown in figure: *p<0.05.
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CONCLUSION

It is feasible to image MMP-9 in atherosclerotic tissue ex vivo using a 
smart activatable fluorescence probe and fluorescence imaging. MMP-9 is 
produced by macrophages and is abundantly present in plaques as shown by 
immunohistochemical staining and qRT-PCR. Furthermore, areas with high 
intensity (hot spots) have a higher mRNA expression of MMP-9 compared to 
areas with low intensity (cold spots). Also, MMP-9 expression was highest in M2 
macrophages and could not be found in SMCs. In conclusion, MMPSense can 
be used to detect MMP-9 in plaques and might therefore be a good marker to 
investigate plaque instability.
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ABSTRACT

The metabolic syndrome (MetS) is a cluster of risk factors for 
cardiovascular disease. The aim of this study is to determine the 
influence of MetS on short- and long-term outcome and survival after 
carotid endarterectomy (CEA). Between January 2005 and December 
2014, data from all patients undergoing CEA were prospectively 
recorded. The metabolic syndrome was defined based on the presence 
of 3 of the following criteria: hypertension, high serum triglycerides, 
low levels of high-density lipoprotein cholesterol, high fasting serum 
glucose, and obesity. Primary end points were the occurrence of 
transient ischemic attack (TIA)/ cerebrovascular accident (CVA), 
myocardial infarction, and mortality. A total of 564 interventions 
(in 525 patients) were performed, of which 244 (43.3%) were in 
patients who met the diagnosis of MetS. There were no differences 
in short- and long-term complications and overall survival between 
patients with and without MetS. Patients with diabetes mellitus (DM) 
had significantly more ipsilateral TIA/CVA after 30 days (P = .001). 
The presence of MetS has no negative effect on the outcome after 
CEA. However, patients with DM have a significantly higher risk of 
ipsilateral TIA/CVA.
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INTRODUCTION

The metabolic syndrome (MetS) is characterized by a cluster of cardiovascular 
(CV) risk factors including hypertension, obesity, high fasting serum blood 
glucose, high triglycerides and low levels of high-density lipoprotein cholesterol 
(HDL-C). Over the past years, the incidence of MetS has increased in the Western 
world.1 It is estimated that currently 30% to 35% of the overall population have 
MetS and this number will increase in the forthcoming years.2 Patients with MetS 
have a 2-fold risk of developing CV disease (CVD) and a 1.5-fold increased risk 
of all-cause mortality compared with patients without MetS.3 The main cause of 
a CV event is atherosclerosis, which is usually asymptomatic for several years. 
Nevertheless, thickening of the intima–media wall and plaque formation may 
occur early in life.4 Various studies have shown a positive association between 
MetS and the development of atherosclerosis, resulting in an increased incidence 
and more rapid progression of carotid atherosclerosis in patients with MetS.5-7 
Carotid endarterectomy (CEA) is the preferred treatment for ischemic stroke 
in selected patients with symptomatic or severe asymptomatic carotid disease. 
In 2011, a Cochrane analysis showed an absolute risk reduction in ipsilateral 
ischemic stroke of 16% in patients with a 70% to 99% symptomatic stenosis 
who underwent CEA compared with best medical treatment alone.8 Although the 
technical and clinical success rates are high after CEA, postprocedural disabling 
stroke and myocardial infarction (MI) do occur and remain a major limitation. 
Several risk factors for an impaired outcome after CEA have been described, 
but only two studies investigated the role of MetS and report conflicting results 
regarding survival and major adverse events (MAEs).9,10 The aim of this study 
was to determine the influence of MetS on short- (30-day) and longterm outcome 
after CEA.

METHODS

Design of the Study
Between January 2005 and December 2014, all the performed carotid artery 
revascularizations were prospectively recorded in a registry (N = 611). For this 
study the required data were selected, supplemented where necessary, and 
analyzed. Inclusion criteria were symptomatic patients with a carotid stenosis 
of >50% and asymptomatic patients with a >70% stenosis. Preoperatively, 
a multidisciplinary risk assessment was conducted based on several criteria, 
including cardiopulmonary disease, previous surgery or radiation therapy, 
location of the carotid bifurcation, and preexistent laryngeal nerve paralysis. 
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The CEA was the treatment of choice and was performed in 92.3% of the cases. 
When the risk for open surgery was too high, carotid artery stenting (CAS) was 
considered; this was performed in 47 cases. Since this procedure comes with its 
own risks and complications and the patient population is different from patients 
who underwent CEA, these patients were not included in this analysis. According 
to national guidelines for carotid stenosis, we attempted to treat patients 
within 2 weeks from their index event. Primary end points were postoperative 
mortality, a transient ischemic attack (TIA)/cerebrovascular accident (CVA) and 
myocardial infarction (MI) as well as a composite end point of TIA/CVA and death 
<30 days and TIA/CVA/MI after >30-day followup. Secondary outcome variables 
were any surgical complication and hospital length of stay. Follow-up data were 
complemented by reviewing the computerized hospital registry and charts and by 
contacting the patients’ general practitioner or referring hospital. For this study, 
the medical ethical committee granted dispensation for the Dutch law regarding 
patient-based medical research (Wet medisch-wetenschappelijk onderzoek 
met mensen) obligation. Patient data were processed and electronically stored 
according to the declaration of Helsinki—ethical principles for medical research 
involving human participants.

 

Parameter MetS  
n = 244 (43.3%) 

No MetS 
n =320 (56.7%) 

p 

Gender (male), n (%) 180 (73.8) 231 (72.2) 0.68 

Age, years 68.1 ± 8.6 69.1 ± 9.5 0.21 

Comorbidity (CCI)  4.7 ± 1.7 4.2 ± 1.5 0.002 

History of CVD  55 (22.5) 65 (20.3) 0.52 

History of CAD, n (%) 71 (29.1) 72 (22.5) 0.07 

Atrial fibrillation, n (%) 23 (9.4) 24 (7.5) 0.41 

COPD, n (%) 23 (9.4) 36 (11.3) 0.48 

Impaired renal function, n (%) 68 (27.9) 65 (20.3) 0.04 

Smoking, n (%) 98 (40.2) 151 (47.2) 0.12 

Use of antiplatelets, n (%) 242 (99.2) 314 (98.1) 0.48 

Use of statins, n (%) 217 (88.9) 268 (83.8) 0.08 

Preoperative Hb (mmol/l)  8.8 ± 0.9 8.7 ± 0.9 0.69 

Abbreviations: MetS = metabolic syndrome, SD = standard deviation, CCI = 
Charlson comorbidity index, CVD = cerebrovascular disease, CAD = coronary 
artery disease, COPD = chronic obstructive pulmonary disease, Hb (mmol/L x 
0,6206= g/dl) 

	

Table 1. Baseline demographics and comorbidities. 
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Procedure
Both the technique and considerations for CEA have been published. 11 
Briefly, patients were prescribed 100 mg/d aspirin or 75 mg/d clopidogrel 
preoperatively (except for patients who were already on vitamin K antagonists) 
and 40 mg/d simvastatin. All procedures were performed under general 
anesthesia and patients received 5000 IU of heparin intravenously before 
clamping the carotid artery. Intraoperative neurological monitoring was carried 
out by a neurophysiology technician using electroencephalography (EEG) and 
transcranial Doppler (TCD) monitoring. When significant changes in EEG and/
or TCD occurred, intraoperative shunting was performed (Bard, Javid; Carotid 
Shunt, Tempe, Arizona). Closure of the arteriotomy was preferably done with an 
autologous vein. In the absence of a suitable vein, a synthetic patch (Vascutek 
Terumo, Thin Wall Carotid Patch; Inchinnan, Scotland, United Kingdom) was 
used. Postoperatively patients were admitted to the intensive care unit or the 
postanesthesia care unit for at least 24 hours. Postoperatively dipyridamole/
acetylsalicylic acid 200/ 25 mg or clopidogrel 75 mg/d or vitamin K antagonists 
were continued for life.

Table 2. Components of the MetS

Parameter MetS  

n = 244 (43.3%) 
No MetS 
n = 320 (56.7%) 

p  

Hypertension (n, %) 236 (236/244; 96.7) 258 (258/320; 80.6) <0.001 

Glucose (mmol/l)    

     Median ± IQR a 6.1 (5.4 – 7.1) 5.4 (5.1 – 5.8) <0.001 

     Glucose >6.2/on medication (n, %) 145 (145/242; 59.9) 52 (52/319; 16.3) <0.001 

Triglyceride (mmol/l)    

     Median ± IQR  2.2 (1.7 – 2.9) 1.3 (1.0 – 1.6) <0.001 

     Triglycerides >1.7 (n, %) 182 (182/243; 74.9) 64 (64/319; 20.1) <0.001 

HDL-C b (mmol/l)     

     Median ± IQR  1.0 (0.9 – 1.2) 1.3 (1.1 – 1.6) <0.001 

     HDL-C <1.0/<1.3 (n, %) 160 (160/242; 66.1) 47 (47/318; 14.8) <0.001 

BMI c (kg/m²)    

     Median ± IQR  29 (26 – 31) 25 (23 – 28) <0.001 

     BMI ≥30 (n, %) 121 (121/244; 49.6) 24 (24/318; 7.5) <0.001 

Abbreviations: IQR = interquartile range, HDL-C = high-density lipoprotein cholesterol, BMI = 
body mass index	
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Metabolic Syndrome Definition
Metabolic syndrome was defined based on the presence of 3 of the following 
criteria: hypertension (blood pressure >140/ >90 mm Hg or use of antihypertensive 
medication), serum triglycerides >150 mg/dL, HDL-C <40 mg/dL in men and 
<50 mg/dL in women, body mass index (BMI) >30, and fasting serum blood 
glucose >110 mg/dL or use of antidiabetic medication. 9,10,12 In order to compare 
our outcomes with previous studies on MetS and CEA outcome, we chose to use 
the same cutoff scores and tools, which included using the BMI, as opposed to 
waist circumference.

Clinical Data Selection
Preoperative collected data included age, sex, degree of carotid stenosis, 
smoking habits, laboratory tests (level of hemoglobin [mmol/L] and creatinine 
[mmol/L]), and cardiac and pulmonary disease (Society of Vascular Surgery 
Classification).13 Patients were considered symptomatic if they had amaurosis 
fugax, a TIA, or a (minor) ipsilateral CVA, 3 months before surgery. Coronary 
artery disease was defined as a history of angina pectoris, MI of prior coronary 
artery revascularization (coronary artery bypass grafting or percutaneous 

Table 3. Carotid lesions and symptomatology between patients 
with and without the MetS.
Parameter MetS 

n = 244 (43.3%) 
No MetS 
n = 320 (56.7%) 

p  

 Number 
(percentage) 

Number 
(percentage) 

 

Index symptoms    

     Asymptomatic 47 (19.3) 48 (15.0) 0.18 

     Amaurosis fugax 40 (16.4) 51 (15.9) 0.88 

     TIA  73 (29.9) 111 (34.7) 0.23 

     CVA  84 (34.4) 110 (34.4) 0.99 

Degree of stenosis    

     0-50% 0 1 (0.3) 1.00 

     50-70% 26 (10.7) 41 (12.8) 0.43 

     70-99% 218 (89.3) 278 (86.9) 0.37 

Contralateral stenosis    

     None 162 (66.4) 231 (72.2) 0.14 

     50-70% 32 (13.1) 35 (10.9) 0.43 

     70-99% 25 (10.2) 30 (9.4) 0.73 

     100% 25 (10.2) 24 (7.5) 0.25 

Closure technique     

     Primary 5/243 (2.1) 1 (0.3) 0.90 

     Autologous vein 149/243 (61.3) 235 (73.4) 0.002 

     Synthetic patch 89/243 (36.6) 84 (26.3) 0.008 

Shunting  26/243 (11.1) 34 (10.6) 0.98 

Abbreviations: MetS = metabolic syndrome, TIA = transient ischemic attack	
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coronary artery intervention). Cerebrovascular disease included a history of 
TIA/CVA or CEA/CAS. Impaired renal function was defined as a preoperative 
serum creatinine >100 mmol/L. Intraoperative data included the use of a shunt, 
arteriotomy closure technique, and clamping time. Comorbidity was determined 
by the Charlson comorbidity index (CCI), a weighted score which predicts the 
1-year mortality of a patient based on the coexisting medical conditions and age.14

Outcome
The short-term adverse events (<30 days after surgery) included the following 
complications: neurological complications (TIA/CVA), cranial nerve damage, 
cardiac complications (MI, angina pectoris, arrhythmia, congestive heart 
failure), bleeding (with or without reintervention), delirium and general surgical 
complications (ie, wound or urinary tract infections). Long-term adverse events 
(>30 days after surgery) were defined as any neurological complications (TIA/
CVA), MI, or death.

Statistical Analysis
Categorical variables were presented as numbers and percentages. Differences 
were tested with the Pearson χ2 or Kruskal- Wallis tests (>2 variables). Continuous 
variables were presented as mean ± standard deviation (SD) for normally 
distributed variables and as median ± interquartile range (IQR) for skewed 
variables. Differences were tested with the Student 2-tailed t test (normally 
distributed data) or the Mann- Whitney U test (skewed data). A multivariable 
logistic regression analysis was performed on all the baseline factors with a P 
< .2. Complication- and intervention-free survival rates were calculated using 

Table 4. Comparison of 30-day outcome after CEA between patients with and 
without the MetS.
Parameter MetS 

n = 244 (43.3%) 
No MetS 
n = 320 (56.7%) 

p 

 Number  
(percentage) 

Number  
(percentage) 

 

TIA/CVA 13 (5.3) 11 (3.4) 0.27 

Myocardial infarction (MI) 1 (0.4) 2 (0.6) 1.00 

Nerve injury 18 (7.4) 32 (10) 0.28 

Rebleeding 17 (7.0) 19 (5 .9) 0.62 

Delirium 4 (1.6) 3 (0.9) 0.47 

Wound infection 1 (0.4) 2 (0.6) 1.00 

Overall death 4 (1.6) 3 (0.9) 0.47 

Composite endpoint of TIA/CVA & death 14 (5.7) 14 (4.4) 0.46 

Hospital length of stay (days), median (IQR) 2 (2-3) 2 (2-3) 0.57 

Abbreviations: CEA = carotid endarterectomy, MetS = metabolic syndrome, TIA = transient 
ischemic attack, CVA = cerebrovascular accident, IQR = interquartile range 
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Kaplan-Meier analysis. Differences in survival and outcome were determined by 
log-rank testing. Two-tailed P values were used and significance was set at P < 
.05. All statistical analyses were carried out with the Statistical Package for the 
Social Sciences (SPSS 20.0; SPSS, Chicago, Illinois).

RESULTS

Study Cohort
A total of 564 CEAs were performed in 525 patients. Thirtynine patients (39/525 
= 7.4%) required a CEA of the contralateral carotid artery during follow-up. 
There was an unequal distribution in sex, with 411 procedures performed in 
men (411/564 = 72.9%) and 153 in women (153/564 = 27.1%). The mean age 
was 68.6 ± 9.1 years. Baseline characteristics are summarized in Table 1. Among 
the 564 CEAs, 244 (43.3%) were performed in patients who were classified as 
having MetS. Hypertension was the most prevalent of the 5 MetS criteria, with 
an overall incidence of 87.6% for the total cohort (MetS: 236/244 = 96.7% vs 
no MetS: 258/320 = 80.6%; Table 2). The CCI differed significantly between 
patients with and without MetS (P = .002). Twenty-one percent of procedures 
were performed in patients who had a previous TIA/CVA (120/ 564; MetS: 55/244 
= 22.5% vs no MetS: 65/320 = 20.3%) and 25% in patients who had a history 
of coronary artery disease (143/564; MetS 71/244 = 29.1 vs no MetS 72/320 = 
22.5%). There was no significant differences between the 2 groups (P = .52 and 
P = .07, respectively). Patients with MetS more often had impaired renal function 
(MetS 68/244 = 27.9% vs no MetS 65/320 = 20.3%; P = .04). The majority 
of interventions were performed because of a symptomatic stenosis, of which 
16.1% had ≥ 1 episodes of amaurosis fugax, 32.6% had a hemispherical TIA, 
and 34.4% had a minor ischemic CVA. There were no significant differences in 

Parameter Odds Ratio Confidence Interval    p 

MetS - hypertension 2.04 0.47-8.89 0.34 

MetS – DM  2.41 1.10-5.25 0.03 

MetS - triglycerides 1.14 0.51-2.57 0.75 

MetS – HDL-C 1.04 0.46-2.36 0.93 

MetS – BMI  0.37 0.12-1.11 0.08 

Abbreviations: TIA = transient ischemic attack, CVA = 
cerebrovascular accident, MetS = metabolic syndrome, DM = 
diabetes mellitus (MetS-DM, composed of patients with either a 
fasting serum blood glucose >110 mg/dL or use of antidiabetic 
medication), HDL-C = high density lipoprotein, BMI = body mass 
index 

	

Table 5. Multiple logistic regression analysis of the risk of 
short term TIA /CVA / death on the individual components 
of the MetS 
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symptoms and degree of ipsilateral or contralateral stenosis between patients 
with and without MetS. For arteriotomy closure, an autologous vein was used in 
68.2%, a synthetic patch was used in 30.7%, and 1.1% were closed primarily. A 
shunt was required in 10.7% of the interventions, with no significant difference 
between patients with and without MetS (P = .977; Table 3).

Thirty-Day Outcome
The median hospital length of stay was 2 days (IQR: 2-3). There were no 
significant differences between the groups in short-term outcome (Table 4). 
Twenty-four patients (MetS 13/244 = 5.3% vs no MetS 11/320 = 3.4%; P = 
.27) had an early adverse neurological event after surgery, with 10 patients 
(10/564 = 1.8%) developing a TIA and 13 patients (13/564 = 2.3%) developing 
an ipsilateral minor CVA. Of the aforementioned events, 3 patients died after a 
CVA, all in MetS group (P = .08). In 1 patient, the CVA was caused by carotid 
thrombosis for which emergency redo CEA was performed. One patient had a 
TIA on the contralateral side. Three patients had an MI in the first 30 days after 
surgery (MetS 1/244 = 0.4% vs no MetS 2/320 = 0.6%; P = 1.0). The 30-day 
all-cause mortality rate was 1.2% (7/564; P = .47), with 1 death intraoperatively. 
The combined CVA and death rate was 5.0% (MetS 14/244 = 5.7% vs no Met 
S 14/320 = 4.4%; P = .46). In addition, multivariable analysis on all the distinct 
components of MetS showed that only high serum glucose/use of antidiabetic 
medication was a risk factor for short-term complications (Table 5). With regard 
to the secondary outcome, there were no statistical differences between the 
groups. Fifty patients (50/564 = 8.9%) had a postoperative nerve injury, which 
proved irreversible in 6 patients (6/564 = 1.0%). Postoperative hemorrhage was 
observed after 36 interventions (36/564 = 6.4%) for which a reintervention was 
necessary in 16 cases (16/564 = 2.8%; Table 4).

Table 6. Comparison of long-term outcome (>30 days) after CEA between patients 
with and without the MetS.
Parameter MetS 

n = 244 (43.3%) 
No MetS 
n = 320 (56.7%) 

p  

 Number (percentage) Number (percentage)  

Ipsilateral TIA/CVA 7 (2.9) 9 (2.8) 0.97 

Contralateral TIA/CVA 2 (0.8) 8 (2.5) 0.20 

Myocardial infarction (MI) 12 (4.9) 9 (2.8) 0.19 

Composite endpoint of TIA/CVA/MI 21(8.6) 26 (8.1) 0.83 

Death 35 (14.3) 45 (14.1) 0.92 

Abbreviations: CEA = carotid endarterectomy, MetS = metabolic syndrome, TIA = transient 
ischemic attack, CVA = cerebrovascular accident, IQR = interquartile range 
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Late Outcome (>30 days)
The mean follow-up was 46.8 months (range: 0-121). Ipsilateral TIA/CVA occurred 
in 16 patients (16/564 = 2.8%), with no significant differences between MetS and 
no MetS group (2.9% and 2.8%, respectively; P = .97). One patient died from 
a CVA. In 5 cases (5/564 = 0.9%), an additional CAS procedure was performed 
during follow-up because of a TIA (n = 1) or an asymptomatic restenosis (n = 4; 
Table 6). In 10 cases (10/564 = 1.8%), patients had a contralateral TIA/CVA after 
their initial treatment, with no significant difference between the groups (MetS 
2/244 = 0.8% vs no MetS 8/ 320 = 2.5%; P = .20). Thirty-nine patients underwent 
contralateral CEA during follow-up (MetS 14/244 = 5.7% vs no MetS 25/320 = 
7.8%; P = .34). In 21 cases, CEA was followed by MI during follow-up (MetS 
12/244 = 4.9% vs no MetS 9/320 = 2.8%; P = .19). The 2- and 5-year freedom 
from TIA/CVA/MI were comparable between groups, respectively, 91.9% and 
85.3% in MetS group and 91.1% and 85.0% in the no MetS group (Figure 1). 
After multivariable analysis, no other covariates could be identified that had an 
influence on the effect of MetS on CEA outcome. Moreover, statin use was the 
only factor that significantly reduced the risk of major adverse events (Table 7). 
In addition, multivariable analysis revealed no single parameter of MetS as a risk 
factor for adverse long-term outcome (Table 8).

Diabetes Mellitus
One hundred fourteen patients (114/564 = 20.2%) were treated for DM either 
by oral medication or with insulin. Of this group, 88 (77%) patients also met the 
criteria for MetS. Only 26 patients (26/114 = 23%) had DM without MetS. Patients 
with DM had significantly more ipsilateral CV events within 30 days after surgery 
(P = .001). There were no differences in other short- and long-term complications 
or mortality between patients with and without DM (Tables 9 and 10).

Parameter Odds Ratio Confidence Interval p 

MetS - hypertension 1.66 0.57-4.80 0.35 

MetS - DM 1.30 0.70-2.43 0.40 

MetS - triglycerides 0.90 0.48-1.72 0.76 

MetS – HDL-C 1.34 0.71-2.52 0.37 

MetS - BMI 0.70 0.33-1.47 0.34 

Abbreviations: TIA = transient ischemic attack, CVA = 
cerebrovascular accident, MI = myocardial infarction, MetS = 
metabolic syndrome, DM = diabetes mellitus (MetS-DM, composed 
of patients with either a fasting serum blood glucose >110 mg/dL 
or use of antidiabetic medication), HDL-C = high density 
lipoprotein, BMI = body mass index 

	

Table 8. Multiple logistic regression analysis of the risk of long 
term TIA/CVA/ MI on the individual components of the MetS. 
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Table 9. Comparison of 30-day outcome after CEA between patients with and without DM.
Parameter DM 

n = 114 (20.2%) 
No DM 
n = 450 (79.8%) 

p  

 Number (percentage) Number (percentage)  

TIA/CVA  8 (7.0) 16 (3.5) 0.12 

MI  0  3(0.7) 1.0 

Nerve injury 7 (6.1) 43 (9.6) 0.25 

Rebleeding 9 (7.9) 27 (6.0) 0.46 

Delirium 3 (2.6) 4 (0.9) 0.15 

Wound infection 0  3 (0.7) 1.0 

Overall death 2 (1.8) 5 (1.1) 0.63 

Composite endpoint of TIA/CVA & death 8 (7.0) 20 (4.4) 0.26 

Hospital length of stay (d), median (IQR)  2 (2-2) 2 (2-3) 0.58 

Abbreviations: CEA = carotid endarterectomy, DM = diabetes mellitus, TIA = transient ischemic 
attack, CVA = cerebrovascular accident, IQR = interquartile range 

	

Table 10. Comparison of long-term outcome (>30 days) after CEA between patients 
with and without DM.

Parameter DM 
n = 114 (20.2%) 

No DM 
n = 450 (79.8%) 

p  

 Number (percentage) Number (percentage)  

Ipsilateral TIA/CVA  9 (7.9) 7 (1.6) 0.001 

Contralateral TIA/CVA 1 (0.9) 9 (2.0) 0.70 

Myocardial infarction  (MI)  5 (4.4) 16 (3.6) 0.59 

Composite endpoint of TIA/CVA/MI 15 (13.2) 32 (7.1) 0.04 

Death 18 (15.8) 62 (13.8) 0.58 

Abbreviations: CEA = carotid endarterectomy, DM = diabetes mellitus, TIA = transient ischemic 
attack, CVA = cerebrovascular accident 

	

Table 11. Differences in causes of death (short- and long-term) 
between the MetS group and no MetS group. 

CAUSE MetS  (%) 
n = 244 (43.3%) 

No MetS (%) 
n = 320 (56.7%) 

p   

Neurological, n (%) 3 (1.2) 1 (0.3) 0.32 

Cardiac, n (%) 7 (2.9) 13 (4.1) 0.31 

Pulmonary, n (%) 2 (0.8) 5 (1.6) 0.45 

Malignancy, n (%) 12 (4.9) 13 (4.1) 0.71 

Multi-organ failure, n (%) 4 (1.6) 4 (1.3) 1.0 

Other, n (%) 9 (3.7) 11 (3.4) 0.99 

Aneurysm-related, n (%) 2 (0.8) 1 (0.3) 0.59 

TOTAL 39 (16.0) 48 (15.0) 0.75 

Abbreviations: MetS = metabolic syndrome 
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Mortality
Eighty-seven patients (MetS 39/244 = 16.0% vs no MetS 48/ 320 = 15%; P 
= .75) died during follow-up, including 7 early deaths, after a median of 33.4 
months (IQR: 21.6-70.5 months). The 2- and 5-year actuarial survival rates were 
94.7% and 85.0% in MetS group and 95.3% and 81.6% in the no MetS group 
(P = .86; Figure 2). Four patients (0.7%) died from a neurological cause, 3 in 
MetS group (1.2%; P = .32) and 1 in the no MetS group (0.3%; Table 11).

DISCUSSION

This study shows that patients with carotid stenosis can safely be treated by CEA, 
with a low incidence of early and late ipsilateral or contralateral neurological 
events and MI. The presence of MetS at baseline has no significant effect on 
both short- and long-term outcomes after CEA. However, patients with DM have 
a higher risk for MAEs, in particular ipsilateral cerebrovascular events. Previous 
studies reported similar findings, with DM being an independent predictor 
of restenosis and occlusion after both CEA and CAS.15 In addition, insulin 
resistance and insulin growth factor 1 also proved positively related to common 
carotid intima–media thickness.16 The metabolic syndrome is being increasingly 
recognized as an important risk factor for CVD. To date, only 2 other studies have 
evaluated the effect of MetS on outcome after CEA.9,10 Although both studies 
show conflicting results, they conclude that MetS should be considered as a risk 
factor for MAE or restenosis.9,10 Our study is the second largest cohort on MetS 
and CEA outcome, and we have not been able to confirm the foregoing assertion. 
Statin use was the only factor that significantly reduced the risk of MAEs. Earlier 
studies showed a decrease in cholesterol levels in patients with MetS after 6 
months of rosuvastatin use. Also, rosuvastatin had a beneficial effect when it 
comes to HbA1c level in patients without DM.17 Although the mechanism is still 
unclear nor supported by our findings, there may be a correlation between statin 
use, the distinct components of MetS, and outcome after CEA. 

We found no difference in survival nor short- and long-term complications 
between patients with and without MetS. The 2- and 5-year survival rates were, 
respectively, 94% and 85% in MetS group compared with 95% and 81% in the 
no MetS group. These survival rates are higher than the 80% 5-year survival 
rates reported in the literature.9,10 In our study, only 4 of the 87 patients (no 
MetS, n = 48, 15% vs MetS, n = 39, 16.0%) who died during follow-up died of 
a neurological cause of which 3 died within the first 30 days after surgery. We 
found a baseline prevalence of MetS of 43.3%, which is comparable with other 
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studies,9,18 although higher numbers have been reported.10,19 This may be caused 
by the definition of the syndrome. Although the composition of indicators is 
generally comparable, the cutoff scores slightly differ in the various scoring 
systems. In order to compare our outcomes, we used the same definition as 
documented in the largest comparable study on the outcome after CEA in 
patients with MetS.9 This included BMI as a tool to measure obesity. Although 
previous studies have shown waist circumference as a more reliable criterion 
when it comes to predicting cerebrovascular events than BMI, we think the 
aforementioned reason justifies our choice.20 

In the MetS group, the percentage of patients receiving a synthetic patch, 
as opposed to a venous patch, was significantly higher. The arteriotomy was 
preferably closed with an autologous vein, unless it was absent (after varicose 
vein treatment or bypass surgery) or the patient had peripheral arterial disease 

Figure 1. Freedom from MAE (ipsi- or con tralateral TIA /CVA and MI): com-
parison of patients without the MetS and with the MetS. (According to the 
Kaplan-Meier method). There is no significant difference between the groups 
(log rank p =0.78). 

MAE = major adverse event, TIA = transient ischemic attack, CVA = cerebro-
vascular accident, MI = myocardial infarction, MetS = metabolic syndrome
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(PAD), in which a synthetic patch was preferred. Since all components of MetS 
are also considered risk factors for PAD, patients were either having PAD or 
considered at high risk for an impaired wound healing. Although not statistically 
significant, there were more patients with coronary artery disease in the MetS 
group, including patients who previously had a coronary artery bypass graft. 
We believe this is a sensible algorithm, in particular also because there are 
no differences in outcome between venous and synthetic patches in carotid 
revascularization.21 

This study has limitations. First, it is a retrospective analysis of a prospectively 
collected database. This entails the risk of selection bias. Even though MetS 
played no part in selecting patients for CEA, certain comorbid conditions may 
nevertheless have led to a selection. Interestingly, patients in the MetS group 
had a higher CCI and were more likely to have renal insufficiency. However, 
multivariable analysis showed that these factors had no effect on long-term 
adverse events and did not alter the effect of MetS. Second, it has been 

Figure 2. Probability of survival following CEA: comparison of patients with-
out the MetS and with the MetS. (According to the Kaplan-Meier method). 
There is no significant difference between the groups (log Rank p = 0.86)

CEA = carotid endarterectomy, MetS = metabolic syndrome
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suggested that the risk of restenosis is higher in patients with MetS.9 Duplex 
control was performed in 75% of patients after 1 year. Thereafter, it was only 
carried out in high-risk patients which resulted in 30% of patients in which a 
duplex was performed after 2 years of follow-up. Notwithstanding the selection 
bias and smaller sample size, in this subgroup, we found no difference in degree 
of restenosis after 2 years (P = .87). However, the absence of duplex ultrasound 
control during follow-up could have led to lesions being missed, which could 
have concealed a potential difference between the 2 groups. Considering 
these stenoses are subclinical the effect on patient survival and freedom from 
MAE would have been negligible. Whether treatment of these asymptomatic 
restenosis would have altered our results cannot be ascertained but seems 
unlikely. Moreover, the value of duplex after CEA for stroke prevention is still 
a subject of discussion and a customized follow-up in low-risk patients seems 
justified.22,23 Third, hypertension was based on either the blood pressure at the 
outpatient clinic, as measured by the anesthesiologist preoperatively or by the 
use of medications. We acknowledge that a limited number of measurements 
is insufficient to properly diagnose patients for hypertension. However, in our 
group 86% (424/494) of patients were considered as having hypertension based 
on their medication use and thus, with some uncertainty, our assumption seems 
justified. Fourth, to assess the net effect of MetS, a subanalysis between DM 
patients with and without MetS would be appropriate. Unfortunately the event 
numbers in these small groups are too low to make a reliable statement. 

In conclusion, this study shows that MetS has no significant effect on short- 
and long-term outcomes after CEA. Although there may be differences between 
symptomatic and asymptomatic patients as well as a risk of subclinical restenosis, 
the presence of MetS should not be a reason to refrain from treating patients 
with a carotid stenosis by CEA.
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ABSTRACT

Objective/Background: The metabolic syndrome (MetS) is a cluster of 
risk factors for cardiovascular disease. The effect of MetS on clinical 
outcome in patients with cerebrovascular disease remains largely 
unknown because conflicting results have been published. We aimed 
to determine the influence of MetS on the occurrence of restenosis 
after carotid endarterectomy (CEA).

Methods: All patients who underwent CEA between June 2003 and 
December 2014 in two academic tertiary referral centers in The 
Netherlands were included. MetS was defined if   three or more of 
the following criteria were present: hypertension, obesity, high fasting 
serum blood glucose, high serum triglycerides, and low serum high-
density lipoprotein cholesterol. The primary outcome measure was the 
occurrence of ipsilateral restenosis after index surgery. The secondary 
outcome measure was (all-cause) mortality during follow-up. For the 
primary analysis, missing data were multiply imputed using multivariate 
imputation by chained equations. A Cox proportional hazards model was 
used to perform an adjusted analysis on the multiply imputed data sets.

Results: A total of 1,668 interventions (in 1,577 patients) were 
performed. The presence or absence of MetS could not be determined 
in 263 patients because of missing data. There was no significant 
difference in freedom of restenosis in the MetS group versus the no-
MetS group (hazard ratio, 1.10; 95% confidence interval, 0.98-1.23; P 
= 0.10) or in all-cause mortality (hazard ratio, 1.20; 95% confidence 
interval, 0.94-1.54; P = 0.14). 

Conclusion: This study shows that MetS does not predict restenosis 
after CEA. Also, the presence of MetS did not influence patient 
survival negatively. MetS should therefore not be used to refrain from 
performing a CEA. Increased surveillance for detecting restenosis is 
not justified based on the presence of MetS.
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INTRODUCTION

Metabolic syndrome (MetS) is a condition characterized by a cluster of 
cardiovascular risk factors, including hypertension, obesity, high fasting serum 
blood glucose, high triglycerides, and low high-density lipoprotein (HDL). 
Patients with MetS have a 2-fold risk of developing cardiovascular disease and a 
1.5-fold risk of all-cause mortality compared with patients without MetS.1 MetS 
is associated with platelet-  and endothelial dysfunction and thereby constitutes 
a pro-thrombotic environment.2 In haemodialysis patients, MetS has a negative 
effect on arteriovenous access patency. Although primary patency rates are 
comparable, secondary patency rates are significantly lower in patients with 
MetS compared with no MetS.3 

The effect of MetS on clinical outcome in patients with cerebrovascular disease 
is fairly unknown. A recent study found that the presence of MetS has no 
negative effect on short- and long-term complications and overall survival after 
carotid endarterectomy (CEA).4 This is in contrast to previous studies showing 
that MetS patients after CEA and carotid artery stenting are at a greater risk for 
perioperative and long-term morbidity (ischemic stroke, myocardial infarction, 
and major adverse events) compared with patients without MetS.5,6 In addition, 
contradictory results have been published with respect to restenosis after CEA in 
MetS patients. Increased rates of restenosis6,7 and comparable rates of restenosis5 
after CEA have both been described between MetS and no-MetS patients. The 
aim of the present study was to further elucidate the meaning of MetS in clinical 
practice and follow-up strategy after CEA. We therefore analyzed the influence 
of MetS on the occurrence of restenosis and patient survival after CEA.

METHODS

Study design 
Patients treated with CEA between June 2003 and December 2014 in two 
Dutch academic tertiary referral centers, University Medical Center Groningen 
(UMCG) and University Medical Center Utrecht (UMCU), were included. All 
patients were prospectively recorded in two separate vascular registries. The 
purpose of these registries is scientific research and the obligatory clinical 
auditing registries in the Netherlands.4,8 Both registries contain patients with 
symptomatic and asymptomatic carotid stenosis who subsequently underwent 
CEA. Asymptomatic stenosis was defined as an asymptomatic ICA stenosis 
>50% (according to the ESVS guideline).9 
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Briefly, after inclusion, baseline characteristics were obtained from 
questionnaires and patient medical records. Data included cardiovascular risk 
factors, history of cardiovascular disease, and medication use. Blood samples 
were taken preoperatively for various laboratory tests (i.e., serum samples of 
creatinine, glucose, triglycerides, high-density lipoprotein cholesterol, and total 
cholesterol). All patients underwent follow-up for restenosis of the ipsilateral 
carotid artery and stenosis of the contralateral carotid artery by duplex ultrasound 
examination starting 3 months postoperatively and yearly thereafter. Outcome 
measures were double-checked by using the patient records and contacting the 
general practitioner. Institutional Review Board approval was obtained (METc 
2015/368). Because retrospective patient file research does not fall under the 
scope of the Dutch Medical Research Involving Human Subjects act, informed 
consent was not required. All patient-related data were anonymously processed 
and electronically stored.

Procedure
Details on patient assessment and surgical procedure have been published 
before.4,10,11 In short, preoperatively patients received antiplatelet medication 
with acetylsalicylic acid (100 mg/d) or clopidogrel (75 mg/d), except for patients 
who were already on anticoagulation therapy. Patients received 5000 IU of 
heparin i.v. before the carotid artery was clamped.

Intraoperative monitoring was performed using electroencephalography and 
transcranial Doppler. When significant changes in electroencephalography and/
or transcranial Doppler occurred, intraoperative shunting was performed (Javid 
Carotid Shunt; Bard, Tempe, AZ, USA).12 The longitudinal arteriotomy was 
closed with autologous vein or bovine patch (XenoSure Biologic Vascular Patch; 
LeMaitre, Burlington, MA, USA) or synthetic patch (AlboSure Polyester Vascular 
Patch; LeMaitre). The arteriotomy was closed primarily with a running suture 
in selected cases (internal carotid artery >5 mm in diameter). Postoperatively, 
antiplatelet or anticoagulant therapy was continued for life. 

Definitions
MetS was defined if three or more of the following criteria were present: 
hypertension (systolic blood pressure >140 mm Hg, diastolic blood pressure 
>90 mm Hg, or use of antihypertensive medication), serum triglycerides >1.69 
mmol/L (>150 mg/dL), serum HDL cholesterol <1.03 mmol/L (<40 mg/dL) in 
men or <1.29 mmol/L (<50 mg/dL) in women, fasting serum blood glucose >6.1 
mmol/L (>110 mg/dL) or use of antidiabetic medication, and body mass index 
>30 kg/m2.4-7,13 To compare our outcomes with previous studies on MetS and 
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CEA outcome, we chose to use the same cutoff scores and tools, which included 
using the body mass index rather than as waist circumference. 

Because no fasting glucose measurements were available for patients within 
the Athero-Express Biobank (UMCU), the following composite definition was 
used: patients with use of antidiabetic medication or previously diagnosed with 
diabetes mellitus by a medical doctor according to the definition of the World 
Health Organization/International Diabetes Federation (‘Diabetes mellitus is a 
chronic disease caused by inherited and/or acquired deficiency in production of 
insulin by the pancreas, or by the ineffectiveness of the insulin produced’).14,15 

A symptomatic carotid stenosis was defined as an ipsilateral transient ischemic 
attack, cerebrovascular accident, or ocular symptoms within 3 months prior of the 
index surgery. A small group of patients had surgery for a symptomatic carotid 
stenosis based on vertebrobasilar insufficiency or hemodynamic impairment 
causing watershed transient ischemic attack/cerebrovascular accident. 

Impaired kidney function was defined as an estimated glomerular filtration 
rate <90 mL/min/1.73m2 calculated using the Modification of Diet in Renal 
Disease Study equation. Pulmonary disease was defined as a history of chronic 
obstructive pulmonary disease, pulmonary fibrosis, asthmatic bronchitis, 
asthma, sarcoidosis, or use of respiratory medication. History of coronary artery 
disease was defined as a history of angina pectoris, myocardial infarction, 
coronary artery disease, coronary artery bypass grafting, or percutaneous 
coronary intervention. Use of anticoagulants was defined as preoperative use of 
anticoagulation or antiplatelet therapy.

Outcome measures
The primary outcome measure was the occurrence of ipsilateral restenosis after 
the index surgery. Restenosis was defined as a degree of stenosis ≥50%. The 
degree of stenosis was based on the measured peak systolic velocity (PSV), end-
diastolic velocity (EDV), and their ratios in the internal carotid artery (ICA) and 
common carotid artery (CCA),   using thresholds derived from criteria formulated 
by Bluth et al.16 The thresholds used for a ≥50% stenosis were a PSV in the 
ICA of ≥125 cm/s, a PSV ICA / PSV CCA ratio ≥2.0 and a PSV ICA/ EDV CCA 
ratio ≥8.0.  Occlusion was defined as the absence of flow by duplex ultrasound 
and confirmed by computed tomography angiography or magnetic resonance 
angiography. The secondary outcome measure was (all-cause) mortality during 
follow-up.
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Statistical analysis
In this study we reported according the STROBE guidelines, as stated in ‘strobe-
statement.org’. Categorical variables are presented as numbers and percentages. 
Differences were tested with the Pearson χ2 or Fisher exact test. Continuous 
variables are presented as mean ± standard deviation for normally distributed 
variables and as median with the interquartile range (25th and 75th percentile) for 
skewed variables. Differences were tested with the Student two-tailed t test for 
normally distributed data or the Mann-Whitney U test for skewed data. These 
were all complete case analyses.

For the primary analysis, missing data were multiply imputed using multivariate 
imputation by chained equations.17 The number of imputations was determined 
according to the two-stage procedure as recommended by Von Hippel.18 A 
total of 30 different imputed data sets were constructed. Parameters, with their 
standard errors, were estimated with Cox regression applied to each data set 
separately, and pooled using Rubin’s rule.19 Apart from the variables of interest, 
the Nelson-Aalen estimator was calculated and also included in the imputation 
algorithm because it leads to the lowest bias and highest power in survival 
analyses.20 Kaplan-Meier analyses were used to estimate freedom from restenosis 
and patient survival, and the log-rank test was used to compare differences in 
freedom from restenosis and survival between the no-MetS and MetS group. 
Cox proportional hazards regression analyses were used to determine the effect 
of MetS on freedom from restenosis and patient survival. A Cox proportional 
hazards model including sex (male/female), age (years), preoperative ipsilateral 
symptoms (yes/no), ipsilateral stenosis at the time of carotid endarterectomy 
(0%-50%,/50%-70%/>70%), current smoking status (yes/no), kidney 
function (normal/impaired), history coronary artery disease (yes/no), history of 
cerebrovascular disease (yes/no), and current use of anticoagulants (yes/no) was 
used to perform an adjusted analysis. These variables were selected based on 
literature5,7 and subject matter knowledge. The proportional hazard assumption 
was evaluated using log-log plots, the goodness-of-fit testing approach, and 
time-dependent covariates. 

Two-tailed P values were used throughout, and significance was set at P < 
0.05. Statistical analyses were performed in R 3.5.0 software21 using the mice,22 
survival,23 and survminer24 packages.
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RESULTS

Baseline characteristics
A total of 1,668 interventions (in 1,577 patients) were performed, 1172 (70.3%) 
of the patients were men. The mean age was 69.2 ± 9.3 years, 574 patients (34%) 
met the MetS definition, and 831 (49.8%) did not. The presence or absence of 
MetS could not be reliably determined in 263 patients because of missing data. 
Baseline characteristics were stratified by MetS presence and summarized in 
Table 1 (complete case analysis). The distribution of MetS components between 
the two cohorts are presented in Table 2. For the 263 patients of whom the 
presence or absence of MetS could not be determined due to missing data, 
multivariate imputation was applied. The missing data consisted mainly of 
serum triglycerides (298 data records missing) and HDL cholesterol (305 
data records missing). Complete case analysis showed significant differences 
in current smoking status (P = 0.016), the preoperative use of anticoagulant/
antiplatelet medication (P = 0.005), and history of coronary artery disease (P < 
0.001) between no-MetS and MetS patients. 

Most patients (73.0%) had surgery for a symptomatic carotid stenosis (Table 3). 
No statistically significant differences were found in patient symptoms between 
no-MetS and MetS patients. In addition, most patients had a high-grade (70%-
99%) carotid stenosis with no differences in the degree of stenosis between 
no-MetS and MetS patients (P = 0.425).

MetS and restenosis
The median follow-up period was 26.4 months (interquartile range 12.3-55.2).  
For MetS these numbers were 26.2 months (interquartile range 12.8-52.9). For 
no-MetS these numbers were 27.4 months (interquartile range 12.6-57.9).
During follow-up 68 restenosis occurred in the no-Mets group and 58 in the MetS 
group (Table 4). A total of 22 reinterventions were performed for a restenosis. 
A redo endarterectomy was performed in 12 cases (6 in no-MetS group, 3 in 
MetS group and 3 in the group where MetS could not be defined), and a carotid 
artery stenting procedure was performed in 10 cases (5 in no-MetS group and 
5 in MetS group).

Using the multiply imputed data sets, the unadjusted hazard ratio for developing 
restenosis was 1.12 (95% confidence interval [CI], 1.00-1.25; P = 0.049). Figure 
1 illustrates the Kaplan-Meier estimate of freedom from restenosis. In the 
adjusted analysis, the hazard ratio for estimate of freedom from restenosis in the 
no-MetS group versus the MetS group was 1.10 (95% CI, 0.98-1.23; P = 0.10). 
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Figure 1. Freedom from restenosis after carotid endarterectomy between no-MetS and MetS 
patients, after imputation of missing data. 

Figure 2. Probability of survival after carotid endarterectomy between no-MetS and MetS 
patients, after imputation of missing data.



95

6

MetS and patient survival
During follow-up, 308 patients died: 178 patients in the no-MetS group and 
130 in the MetS group. The unadjusted hazard ratio for all-cause mortality was 
1.10 (95% CI, 0.87-1.40; P = 0.43) using the multiply imputed data sets. In the 
adjusted analysis, the hazard ratio for death in the no-MetS compared with the 
MetS group was 1.20 (95% CI, 0.94-1.54; P = 0.14). Figure 2 illustrates the 
Kaplan-Meier mortality curves for both groups.

DISCUSSION

This study, the largest published cohort so far, shows that MetS has little clinical 
relevance in advanced atherosclerotic carotid disease with regard to restenosis 
and death. This is in line with our previous findings that MetS has no influence 
on the short-term and long-term outcome after CEA.4

The influence of MetS on various cardiovascular mechanisms and diseases 
remains unclear. The identification of predisposing factors associated with 
the incidence of restenosis has been the focus of great interest and debate. 
Hypercholesterolemia and hyperlipidemia, diabetes mellitus, hypertension, and 
obesity all have been found to have a role in plaque destabilization and recurrent 
stenosis.25,26 

Because MetS patients are being subject to a number of atherosclerotic risk 
factors, specific atherosclerotic processes will probably be more profound in 
MetS patients. The relative contribution of the separate components constituting 
MetS (and the cut off points used) to the process of atherosclerosis will differ. 
For our study we adhered to the international definition of MetS. 

A recent meta-analysis showed common carotid intima-media thickness 
was increased in patients with MetS compared with no-MetS patients with 
a higher prevalence of plaque formation. The authors concluded that this 
finding is consistent with the view of MetS as a cluster of hemodynamic 
and nonhemodynamic factors promoting vascular hypertrophy and plaque 
formation.27 Still, the consistency of the risk factors clustered in MetS as a 
predictor for future events is complex. A large European cohort study found the 
prevalence and prognostic significance of MetS differed according to age and 
sex, making the contribution of MetS even more complex.28
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It appears that in carotid artery disease, MetS contributes mainly to the initiation 
and progression of atherosclerosis in the early stages.29-31 This is supported by 
the observation in a murine model that development of intimal hyperplasia is 
markedly different in diabetes mellitus and MetS compared with controls.32 

In a cohort of 148 patients with an asymptomatic carotid plaque (using duplex 
ultrasound with computer-assisted analysis), MetS did not affect the stenosis 
grade or lead to more unstable carotid plaques.33 Because MetS may be a 
predictor for the development of atherosclerosis, its role as clinical predictor 
in the more advanced stages of atherosclerosis might be less contributive.30,34 
Contradictory clinical outcomes have been reported in other diseases and 
interventions. For instance, MetS appears not to be associated with clinical 
restenosis after percutaneous coronary intervention, and in patients requiring 
arteriovenous fistulas, lower cumulative patency rates and worse survival is 
reported when MetS is present.3,35 For the carotid artery, MetS had previously 
been found to be an independent predictor for restenosis after CEA, warranting 
more frequent and/or long-term surveillance.7 That study however, consisted only 
of a small number of patients (n = 79), with a selected population including only 
men with a much higher incidence of MetS. Another factor that may contribute 
to contradicting results in the various studies is the proportion of patients 
put on best medical treatment (BMT), and the compliance to the prescribed 
medication. An increase of statin use from 17% to 70% has been described in 
the enrollment era (1993-2003) of a large carotid surgery trial (ACST). In that 
trial, the stroke rate in the BMT group was 5.1%, more than half of what it was 
in a trial from the nineties (ACAS).36-38 

In our cohort, all patients were (if not already) put on antiplatelet, statin and 
antihypertensive medication. The compliance to the medication, and changes in 
prescribed medication over time were unfortunately not recorded in our registries. 

In this study we showed that MetS is not a risk factor for restenosis after carotid 
endarterectomy. At the moment, in the guideline ‘Management of Atherosclerotic 
Carotid and Vertebral Artery Disease: 2017 Clinical Practice Guidelines of the 
European Society for Vascular Surgery (ESVS)’ 9 the presence of metabolic 
syndrome in a patient with atherosclerotic carotid artery disease is not part of 
the decision making for carotid surgery. We advise to use the ESVS guideline 
to decide whether there is an indication for carotid endarterectomy or not. 
Nonetheless, we believe that our study contributes to an answer in the ongoing 
dilemma regarding restenosis in MetS patients after carotid endarterectomy.
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This study has a few limitations that need to be addressed. First, it is a 
retrospective analysis of a prospectively collected database, which entails the risk 
of selection bias. Even though MetS played no part in selecting patients for CEA, 
certain comorbid conditions may nevertheless have led to the initial selection 
of patients. Also, MetS criteria were missing in 15.8% (263 of 1668) of the 
included patients and could no longer be determined retrospectively. Statistical 
analyses of data sets with missing data results in less precise estimates and, 
more importantly, may lead to biased inferences. To overcome these problems, 
we used the method of multiple imputation. Multiple imputation involves 
generating multiple values for each missing observation based on information 
from the available data (that is, producing estimates similar to those analysed 
from full data). The analyses of multiply imputed data take into account the 
uncertainty in the imputations, producing accurate standard errors. Although 
our results are based on the largest cohort on MetS and CEA published so far, an 
even larger cohort could give a different outcome. This applies to both restenosis 
and death.  In conclusion, MetS is useful in the screening and detection of early 
stages of atherosclerosis but has no role in the risk assessment of restenosis 
after carotid surgery. A more frequent or prolonged follow-up after CEA seems 
not justified or necessary based on the presence of MetS.

Table 1. Patient demographics and comorbidities 

 All patients* Missing no-MetS MetS P value 

 (N = 1668)  (N = 831) (N = 574)  

Male sex (%) 1172 (70.3 %) 0 588/831 (70.8%) 403/574 (70.2%) 0.824 

Age, mean ± SD, years 69.2 ± 9.3 0 69.2 ± 9.4 68.7 ± 9.3 0.301 

Symptomatic carotid stenosis (%) 1217 (73.0%) 0 623/831 (75.0%) 419/574 (73.0%) 0.406 

Current smoker (%) 615 (36.9%) 19 (1.1%) 345/826 (41.8%) 199/563 (35.3%) 0.016 

Hypertension (%) 1487 (89.1%) 23 (1.4%) 679/831 (81.7%) 559/574 (97.4%) <0.001 

Impaired kidney function (%) 1301 (78.0%) 100 (6.0%) 639/784 (81.5%) 455/548 (83.0%) 0.475 

Pulmonary disease (%) 247 (14.8%) 0 132/831 (15.9%) 78/574 (13.6%) 0.235 

History of coronary artery disease (%) 597 (35.8%) 3 (0.2%) 253/830 (30.5%) 252/572 (44.1%) <0.001 

History of TIA/CVA (%) 867 (52.0%) 0 410/831 (49.3%) 274/574 (47.7%) 0.555 

History of atrial fibrillation (%) 51 (3.1%) 0 27/831 (3.2%) 24/574 (4.2%) 0.358 

Diabetes mellitus (%) 469 (28.1%) 3 (0.2%) 90/830 (10.8%) 318/572 (55.6%) <0.001 

Use of anticoagulants (%) 678 (40.6%) 4 (0.2%) 352/828 (42.5%) 287/573 (50.1%) 0.005 

Patch used in closure of arteriotomy (%) 1573 (94.3%) 6 (0.4%) 800/827 (96.7%) 543/572 (94.9%) 0.09 

Triglycerides, median (IQR) mmol/L 1.50 (1.10-2.08) 298 (17.9%) 1.23 (0.97-1.52) 2.07 (1.69-2.68) <0.001 

HDL-cholesterol, median (IQR) mmol/L 1.10 (0.90-1.30) 305 (18.3%) 1.20 (1.01-1.49) 0.93 (0.80-1.10) <0.001 

BMI, median (IQR), kg/m2 26.1 (24.0-29.0) 17 (1.0%) 25.00 ( 23.03-27.12) 28.67 (25.71-31.52) <0.001 

*including 263 cases in which MetS could not be defined due to missing data 
TIA = transient ischemic attack 
CVA = cerebrovascular accident  
HDL-cholesterol = high-density lipoprotein cholesterol 
BMI = Body Mass Index  
IQR = inter quartile range 
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SUMMARY AND FUTURE PERSPECTIVES

Part I, the vulnerable plaque.
With a number needed to treat (NNT) of 22,  and a risk of peri-procedural stroke 
of 3-6%, the decision to offer surgery for asymptomatic carotid stenosis may 
be difficult.1-4 On the other hand, a total of over 100 million disability-adjusted 
life-years (DALYs) lost worldwide because of stroke, makes every preventable 
stroke important. Obviously, diagnostic imaging modalities are important in the 
decision making process whether to treat surgically or not and aim to identify 
risk factors of plaque instability. The gold standard is to determine degree of 
stenosis caused by the atherosclerotic plaque. However, during the last decade 
it became clear that there are more important factors associated with inherent 
risks of such a plaque. 

In chapter 2 we reviewed the possibilities of current imaging modalities to 
identify signs of plaque vulnerability.5 There is no single imaging modality 
that can produce definitive information about the level of vulnerability of an 
atherosclerotic carotid plaque. Most imaging modalities can produce only partial 
morphological information. Besides the lack of comprehensive information 
obtainable, all imaging modalities have their own specific drawbacks; they are 
invasive, use ionizing radiation, or nephrotoxic contrast agents, have low patient 
tolerability, or simply provide little information about plaque vulnerability. 
Established techniques such as duplex ultrasound, computed tomography (CT) 
and magnetic resonance imaging (MRI) need to be improved, while single photon 
emission computed tomography (SPECT), positron emission tomography (PET) 
and the associated specific probes and contrast agents for functional molecular 
imaging need to be further developed on their clinical applicability. Important is 
the need to learn which of the different morphological, molecular, biological, or 
mechanical features of vulnerable plaques are clinically relevant to the outcome 
of patients and what probes, tracers or contrast agents can answer those specific 
questions. There is a promising role for functional molecular imaging modalities 
like PET, SPECT, or near infrared spectroscopy (NIRS) related to improvement 
of selection criteria for carotid intervention, especially when combined with CT 
or MRI to add further anatomical details to molecular information. However, 
scanning protocols need to be harmonized between various centers. Further 
information will be needed to define whether and where this functional molecular 
imaging will fit into a clinical strategy. 

In chapters 3 and 4 we focused on the possibility to detect markers for plaque 
vulnerability using the molecular imaging technique of multispectral near-
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infrared fluorescence imaging (NIRF). The fibrous cap of a vulnerable plaque 
may become thin and rupture as a result of the depletion of matrix components 
through the activation of proteolytic enzymes such as matrix-degrading 
metalloproteinases (MMPs). In chapter 3 we mapped the distribution of MMPs 
within an atherosclerotic plaque with high sensitivity by using NIRF molecular 
imaging.6 The resected carotid plaque of a symptomatic patient was incubated 
with a MMP-sensitive activatable fluorescent probe (MMPSense 680), and NIRF 
signals were collected from the specimen. The distribution of the NIRF signal was 
heterogeneously across the plaque specimen. The spots with high NIRF signals 
were named ‘hot spots’. Because MMP-9 activity had been positively correlated 
with plaque instability, we next determined the contribution of MMP-9 to the hot 
spots. We found that MMP-9 was abundantly present in the hot spots, as compared 
to areas with low NIRF signals (so called ‘cold spots’). In chapter 4 we further 
explored the possibility of NIRF imaging in analyzing the composition of resected 
carotid plaques with regard to MMPs.  Again we used MMPSense, this time 
on the specimen of 23 patients.7 Fluorescence signals were significantly higher 
after incubation with MMPSense, as compared to the baseline autofluorescence 
signals directly after resection of the plaque. After NIRF imaging, part of the 
imaged plaques were further investigated for expression of a series of MMPs. 
We concluded that MMP-9 is produced by macrophages and was abundantly 
present in plaques. Also, mRNA expression of MMP-9 was higher in NIRF hot 
spots than in NIRF cold spots. In this study we confirmed that MMPSense can 
be used to detect MMP-9 in atherosclerotic carotid plaques. This rather novel 
technique offers a number of potential benefits for the future. It may enable 
the basis for future non-invasive in vivo imaging tools to create the possibility 
to longitudinally measure the effect of cardiovascular drugs on atherosclerotic 
plaques. Moreover, if the relation between MMP expression and plaque instability 
is further established, in vivo NIRF imaging of carotid plaques may open the 
possibility of determining which plaques are vulnerable and which are not, 
thereby improving selection criteria for surgical or endovascular intervention. 
Finally, not only detecting the vulnerable plaque, but also the vulnerable patient 
is of major importance. In part II we aimed to find these high risk patients 
in order to better estimate the peri-procedural risk of surgical interventions. 

Part II, the vulnerable patient.
In the 1950s, several epidemiological studies were set in motion with the aim of 
clarifying the cause of cardiovascular disease. Four years after the Framingham 
Heart Study started, researchers had identified high cholesterol and high blood 
pressure levels as important factors in the development of cardiovascular 
disease. In subsequent years, the Framingham study and other epidemiological 
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studies have helped to identify other risk factors, which are now considered 
classical risk factors.8 There is now a firm notion that atherosclerosis is a 
systemic disease. Nevertheless, a lot of research focuses on the local plaque 
characteristics as a determinant of future plaque thrombosis, in its specific 
vascular bed. Interestingly, Hellings et al. showed that local atherosclerotic 
plaque composition in patients undergoing carotid endarterectomy is an 
independent predictor of future cardiovascular events.9 Patients vulnerable for 
an atherosclerotic event can be identified both by local plaque characteristics 
and classic risk factors. In this part of the thesis we focus on the cluster of risk 
factors composing the metabolic syndrome (MetS). Obviously, there is conflicting 
evidence about the contribution of MetS in the outcome of carotid interventions.

In chapter 5, we showed that patients suffering from carotid stenosis can safely 
be treated by carotid endarterectomy (CEA), with a low incidence of early and 
late ipsi- or contralateral neurological events and/or myocardial infarction. 
The presence of MetS at baseline has no significant effect on both short- and 
long term outcomes after carotid endarterectomy.10 Patients with diabetes 
mellitus however have a higher risk for major adverse events, in particular 
ipsilateral cerebrovascular events. Although there may be differences between 
symptomatic and asymptomatic patients as well as a risk of subclinical restenosis, 
we conclude that the presence of MetS should not be a reason to refrain from 
treating patients with a carotid stenosis by carotid endarterectomy. The following 
chapter, chapter 6 takes a deeper look at the occurrence of restenosis in the 
presence of MetS. We combined the patient cohorts of two academic tertiary 
referral centers, creating a cohort of nearly 1700 patients, making it the largest 
cohort worldwide so far. Our analysis of this cohort shows that MetS does not 
predict restenosis after CEA. Also, the presence of MetS did not influence patient 
survival negatively. We confirmed that MetS should therefore not be a reason to 
refrain from performing a CEA. Increased surveillance for detecting restenosis 
is not justified based on the presence of MetS. These findings contradict the 
conclusions drawn from smaller other series.11-13

In conclusion, the preceding chapters of this thesis address various aspects of 
possible strategies for patient selection (vulnerable carotid plaques) and the risks 
of performing carotid surgery in high risk patients (vulnerable patients). Insights 
in the ongoing and future research regarding patient tailored approaches for 
diagnostics and treatment of carotid atherosclerosis will be addressed next, in 
the future perspectives. 
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Future perspectives
Each year, 17.9 million people die of cardiovascular disease (CVD), an estimated 
31% of all deaths worldwide. 85% of all CVD deaths are due to heart attacks and 
strokes.14 The mechanisms of atherosclerotic disease, and it’s diagnostic and 
therapeutic options (including prevention) are a source of huge scientific effort 
worldwide. In the PubMed database, over 29.000 scientific articles have been 
published in the period 1945-november 2018, categorized with Atherosclerosis as 
MeSH major topic. In the last decade (January 1 2008 – December 31 2017) there 
has been an exponential increase, with an additional 21.770 publications in this 
time frame alone. All this effort resulted in new insights in the pathophysiology 
and treatment of atherosclerosis. Still, the goal of identifying people who are at 
a high risk for a cardiovascular event, and start preventive medical therapy or 
perform a preventive therapeutic intervention before a devastating event takes 
place, is yet not fully reached. Challenges ahead are the identification of those 
patients with asymptomatic atherosclerotic disease, but prone to an adverse 
atherosclerotic event. And after identification of such a patient, a new challenge 
emerges, what therapy suits this specific patient best. With advancements in 
medical and endovascular therapies, patient selection for surgery becomes 
more and more a challenging, tailor-made, approach. 

Diagnosing the patient prone to an adverse cerebrovascular event
It was Muller et al. in 1994 to first coin the concept of the vulnerable plaque. He 
stated that vulnerable atherosclerotic plaques are prone to triggers that produce 
acute risk factors, leading to acute ischemic cardiovascular events. This opposed 
to non-vulnerable atherosclerotic plaques, who are less susceptible for the acute 
risk factors leading to plaque rupture and thrombotic events.15 Since then, the 
concept of the so-called ‘vulnerable plaque’ has proved highly useful to guide 
research and thinking regarding the pathophysiology of cardiovascular and 
cerebrovascular events, aiming to identify and treat the vulnerable plaque.16,17

However, it seems that the importance of the concept of the vulnerable plaque 
needs adjustment. The notion of the ‘vulnerable plaque’ arose from autopsy 
studies that disclosed some two-thirds to three-fourths of fatal acute myocardial 
infarctions resulted from a fracture of the plaque’s fibrous cap that engendered 
thrombosis. The elegant post-mortem studies of pathologist pioneers redirected 
the cardiology community from confusion about the causality of thrombosis in 
acute coronary syndrome and vasospasm towards plaque rupture.18,19 However 
compelling, the number of ruptured plaques resulting in luminal occlusion 
in these autopsy studies lacked a ‘denominator’. While such studies could 
interrogate the culprit of a fatal myocardial infarction, they did not determine 
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how many plaques with morphologic characteristics associated with vulnerability 
did not cause a fatal rupture.16

There seems to be at least one other pathophysiological mechanism leading 
to acute cardiovascular events, the so-called plaque erosion. The mechanisms 
involved in plaque erosion remain largely unknown, but appears to involve 
the formation of thrombi on lesions without rupture, most often occurring on 
pathological intimal thickening or fibroatheromas.20-23 The characteristics and 
morphological features of eroded plaques have not yet been fully established, 
but there are remarkable differences with ruptured plaques.19-21,24

Despite the fact that a substantial part of research regarding atherosclerotic 
disease is focused on coronary disease, it is most likely that there is considerable 
overlap between the mechanisms and characteristics of atherosclerotic disease 
in coronary and carotid arteries.9,25

So the challenge ahead seems to be more extensive than before. To identify the 
patient at risk to an acute cerebrovascular event, there are different atherosclerotic 
outings where we need to be aware of, with different characteristics and 
morphological features. Not to mention biological processes that might be linked 
to atherosclerotic disease, without clear understanding of the mechanisms yet. 

What is the role of inflammation and the immune system? In patients with acute 
coronary syndromes (ACS) and systemic evidence of inflammation, the higher 
frequency of activated T-cells compared with stable angina suggests that the 
sudden changes leading to coronary instability might be related to mechanisms 
involving T-cell immunity.26-29 This is supported by the notion that atherosclerosis 
shares surprising similarities with other inflammatory/autoimmune diseases. 
Chronic autoimmune disorders, such as systemic lupus erythematosus (SLE) and 
rheumatoid arthritis (RA), characterized by chronic relapsing-remitting systemic 
inflammation, are recognized as risk factors for accelerated atherosclerosis. 
Recent advances in the understanding of how adaptive immunity contributes to 
the pathogenesis of ACS, offers an interesting scope for further research.30

A recent study postulated that the higher plasmatic matrix metalloproteinase-9 
(MMP-9) concentration consistently observed in ACS, affecting CD31 expression, 
might explain the systemic T-cell abnormalities typical of these patients. So, 
molecules such as MMP-9 and CD31, could represent desirable molecular 
targets for specific anti-inflammatory treatments and might be used as clinical 
biomarkers of prognosis in patients with ACS.31
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With the potential role of the immune system in mind, it is interesting that 
several studies have found a beneficial effect of influenza vaccination on 
cardiovascular events. While these studies are of interest and do document a 
beneficial effect of influenza vaccination in older adults, they do not yet establish 
a causative relationship between influenza infection and the pathogenesis of 
atherosclerosis.32,33 Perhaps the vaccination triggers other immune  mechanisms 
that in the future may prove to be cause of the beneficial effect.

So far, there is not yet any superior modality of atherosclerotic plaque imaging 
for the selection of patients for carotid endarterectomy (CEA). There is no single 
imaging modality that can produce definitive information about the level of 
vulnerability of an atherosclerotic plaque. Most imaging modalities can produce 
only partial morphological information.5 

Besides lack of diagnostic accuracy, all imaging modalities have their own 
specific drawbacks; they are either invasive, require ionizing radiation, or 
nephrotoxic contrast agents or have low patient tolerability. Most promising for 
the future will be techniques that provide a maximum of information with a 
minimum of risks and costs. 

Carotid plaque magnetic resonance imaging (MRI) has improved over the last 
years. It can provide information on high-risk plaques in a rapid and cost-
effective time frame.34 The broad access to MRI scanners can be an extra 
advantage. Dedicated MRI of carotid plaque composition can show the presence 
of intraplaque hemorrhage, lipid-rich necrotic core, and thinning/rupture of 
the fibrous cap. All features associated with increased risk of future stroke or 
transient ischemic attack in patients with carotid atherosclerotic disease.35

With ongoing unraveling of the molecular processes of atherosclerosis, targeted 
imaging of these molecular processes will become more important and relevant. 
Positron emission tomography (PET) is a nuclear imaging modality capable 
of visualizing metabolic activity and molecular processes. The most widely 
available PET tracer for plaque inflammation is 18F-Fluorodeoxyglucose (FDG). 
Symptomatic unstable plaques accumulate more FDG than asymptomatic 
lesions.36 A wide range of radionuclide tracers is available to study a variety 
of other pathobiological processes, such as lipid accumulation, angiogenesis, 
proteolysis, apoptosis and plaque calcification. Its applicability in the analysis 
of the various stages of atherosclerotic disease is under investigation.37 New 
techniques to study similar pathobiological processes are currently being 
developed. One of such promising techniques is multispectral optoacoustic 
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tomography.38 In 2018 the CAROTID-OPTOLIGHT study is initiated to 
identify atherosclerotic plaque angiogenesis using Bevacizumab-800CW and 
optoacoustic imaging. This single center proof of concept study will test the 
technical feasibility of imaging aspects of a symptomatic carotid plaque, in vivo.

Near-infrared fluorescence imaging (NIRF) is another promising technique to 
image biological plaque activity in atherosclerotic plaques. We studied MMPs 
but other targets, such as the inflammatory molecule vascular cell adhesion 
molecule-1 (VCAM-1) receptor, expressed in carotid artery plaques, can also 
be imaged with fluorescence imaging.39 It will take technical developments and 
preclinical toxicity testing before in vivo studies in humans can be performed 
with NIRF. 

In conclusion, various aspects of atherosclerosis and atherosclerotic plaques 
are demonstrable. Ex-vivo techniques will become available in-vivo. Important 
is the need to learn which of the different morphological, molecular, biological, 
or mechanical features of plaque vulnerability are clinically relevant for patient 
outcome. It is likely that more than one plaque feature will be needed to make a 
clinically useful assessment. Over time, those aspects most relevant for clinical 
decision making will emerge. 

Treating the patient prone to an adverse cerebrovascular event
‘Prevention is better than cure’ is a well-known expression in The Netherlands. The 
American Heart Association (AHA) proposed a definition of ideal cardiovascular 
health (CVH) metrics, also known as Life’s Simple 7, which include 4 favorable 
health behaviors (never smoker or quit, ideal body mass index, meeting physical 
activity guidelines, and consumption of a diet that promotes CVH) and 3 health 
factors (untreated total cholesterol level <5.18 mmol/l, untreated blood pressure 
<120/80 mm Hg, and absence of diabetes mellitus).40,41 Although meeting 5 to 
7 metrics is associated with the lowest hazard for cardiovascular disease (CVD) 
incidence, meeting 3 to 4 metrics still offers an important protective effect for 
CVD.41 The latter being a realistic goal to strive for in the near future, to reduce 
the burden of atherosclerotic disease. Unfortunately, nearly 40% of the general 
population has a poor ideal CVH profile (1-2 metrics).41 And 17.9 million people 
dying of cardiovascular disease each year is a harsh reality.14 Once atherosclerotic 
carotid disease is established, what are the optimal treatment strategies? 

The landmark NASCET and ECST trails showed a benefit of CEA over medical 
therapy for patients with a symptomatic high grade stenosis of the internal 
carotid artery.1,4 Since then, improved medical therapy raises the question about 
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the contemporary risk/benefit ratio of revascularization relative to modern day 
aggressive medical therapy.42 In 1995, the results of the Asymptomatic Carotid 
Atherosclerosis Study (ACAS) were published.43 The five year risk of an ipsilateral 
stroke was 11.0% in the best medical therapy (BMT) group, and  5.1% in the 
carotid endarterectomy (CEA) group.43 In ACAS, best medical therapy included 
the advice to stop smoking, control of blood pressure and aspirin therapy. ACAS 
did not publish data regarding changing trends in therapy or drug compliance, 
but relatively few will have received statins.42,43

In the Asymptomatic Carotid Surgery Trial (ACST), the five year stroke risk 
in the best medical therapy arm had dropped to 5.1%.2,44 In that trial there 
were considerable changes in medical therapy during the 10 years that the trial 
recruited.2 The majority (90%) received antiplatelet therapy throughout the 
study, while 70% were on antihypertensive therapy when the trial concluded in 
2003. The most important change in practice was a progressive increase in the 
proportion of patients receiving statin therapy from 17% (1993–1996) to 58% 
by 2000–2003. By the end of 2003, 70% were taking statins.2,44 

However, statin use is only a part of what is considered modern day best 
medical therapy (BMT). Intensive BMT ideally constitutes of a combination 
of pharmacologic and lifestyle interventions: initiation of antiplatelet agent or 
anticoagulation if medically indicated, high potency statin medication, aggressive 
blood pressure control, Mediterranean-style diet, exercise, and smoking 
cessation.45,46 Pharmacologically, within these categories of interventions, there 
is a constant flow of new classes of medication. Recently, monoclonal antibodies 
that inhibit proprotein convertase subtilisin–kexin type 9 (PCSK9) have emerged 
as a new class of drugs that effectively lower LDL cholesterol levels.47 In a large 
randomized trial, evolocumab established a 59% reduction in LDL cholesterol. 
Relative to placebo, evolocumab treatment significantly reduced the risk of 
cardiovascular death, myocardial infarction, or stroke.48

So, if we are able to identify patients with a high risk of stroke, what will be the 
treatment of choice ? What we need is a trial comparing modern day BMT to 
modern day carotid intervention (either CEA, or carotid artery stenting (CAS)). 
Unfortunately, such a trial will not be started for the time being. Previous 
attempts to address this question in the current BMT era have failed.49

The Stent-Protected Angioplasty in Asymptomatic Carotid Artery Stenosis 
versus Endarterectomy (SPACE-2) study started in 2009 aiming to compare BMT 
with CEA and CAS in patients with severe asymptomatic carotid stenosis.50 This 
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study aimed at recruiting about 3500 patients. Inclusion in the study, however, 
was disappointing whereby the trial committee in 2012 decided to change the 
protocol and to divide this 3-arm trial into 2 separate 2-arm clinical trials: CEA + 
BMT versus BMT alone (SPACE-2A) and CAS + BMT versus BMT alone (SPACE-
2B).51 The sample size for the overall trial was 3272 patients (SPACE-2A: 1636 
and SPACE-2B: 1636). Unfortunately, the trial was terminated prematurely 
with no interim results for several reasons, including poor recruitment rate and 
financial factors.52

A new analysis of the Carotid Revascularization Endarterectomy versus Stenting 
Trial 2 (CREST-2) is currently recruiting participants with asymptomatic carotid 
stenosis having ≥70% stenosis, comparing either BMT alone versus BMT + CEA 
or BMT alone versus BMT + CAS.53 Estimated primary completion date will be in 
December 2020. No other trials are currently in progress regarding BMT versus 
CEA or CAS.49

In conclusion, despite all the progress made in the field of atherosclerosis, 
it remains a challenge to identify the patient with a high-risk for an adverse 
cerebrovascular event. New and exciting development in medical therapies 
involving monoclonal antibodies, plaque imaging techniques using optical 
acoustics and large international multicenter trials will hopefully aid the quest 
for the best medical or surgical treatment.
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NEDERLANDSE SAMENVATTING

Deel I, de kwetsbare plaque
Bij een patiënt met een asymptomatische carotis vernauwing (stenose) zijn er 
22 operaties aan de halsslagader (arteria carotis) nodig, om 1 herseninfarct te 
voorkomen (number needed to treat). Bij deze operatie is het peri-operatieve risico 
van het optreden van een herseninfarct 3-6%. Deze balans maakt het besluit om 
een patiënt met een asymptomatische carotisstenose een invasieve ingreep aan 
te bieden, een lastige.1-4 Daartegenover staat dat er wereldwijd jaarlijks meer 
dan 100 miljoen DALYs (disability-adjusted life-years, levensjaren gecorrigeerd 
voor beperkingen) verloren gaan door het optreden van een herseninfarct, wat 
het belang aangeeft van elk herseninfarct dat te voorkomen is. Diagnostische 
beeldvormingsmodaliteiten zijn belangrijk in het besluitvormingsproces om te 
bepalen wie wel voor een operatie in aanmerking komt, en wie niet. Het kunnen 
bepalen van risicofactoren voor plaque instabiliteit is hierbij mede van belang. 
Tot op heden is de gouden standaard de mate van stenose veroorzaakt door een 
atherosclerotische carotis plaque. De laatste jaren is duidelijk geworden dat er 
naast stenosegraad ook andere plaque factoren zijn die het risico bepalen van 
het optreden van een herseninfarct. 

In hoofdstuk 2 zetten wij de mogelijkheden op een rij, die de huidige 
beeldvormingsmodaliteiten bieden bij het in kaart brengen van aanwijzingen 
die kunnen duiden op een kwetsbare plaque.5 Er is momenteel geen 
beeldvormingstechniek die volledige informatie kan geven over de mate van 
plaque kwetsbaarheid van een atherosclerotische carotis plaque. De diverse 
technieken kunnen elk op zichzelf slechts beperkt informatie geven over diverse  
morfologische plaque eigenschappen. Daarnaast heeft elke modaliteit zijn 
eigen specifieke beperkingen; het is een invasieve techniek, er is ioniserende 
straling voor nodig, de contrast middelen zijn nefrotoxisch, het onderzoek is 
lastig te verdragen voor een patiënt. Gangbare technieken zoals echo-doppler, 
computer tomografie (CT) en magnetische resonantie beeldvorming (MRI) zullen 
verbetering moeten laten zien, single photon emission computed tomography 
(SPECT), positron emissie tomografie (PET) en de geassocieerde specifieke 
probes en contrastmiddelen voor functionele moleculaire beeldvorming moeten 
verder ontwikkeld worden op hun klinische toepasbaarheid. Nog belangrijker 
is de noodzaak om boven water te krijgen welke verschillende morfologische, 
moleculaire, biologische of mechanische eigenschappen van kwetsbare 
plaques klinisch relevant zijn voor de uitkomsten van zorg voor de patiënt. In 
deze context is het dan van belang om te achterhalen welke probe, tracer of 
contrast agens kan bijdragen aan de diverse specifieke vragen omtrent plaque 
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kwetsbaarheid. Een veelbelovende rol lijkt weggelegd voor beeldvorming 
gericht op functionele en moleculaire processen (zoals PET, SPECT en NIRS 
(near infrared spectroscopy), vooral als deze informatie dan gecombineerd wordt 
met CT en MRI zodat anatomische details samengevoegd kunnen worden met 
lokale moleculaire en functionele processen. Om toepasbaarheid te vergroten 
zal er harmonisatie plaats moeten vinden in de scan protocollen die gebruikt 
worden bij deze beeldvormingstechnieken. Uit verder onderzoek zal moeten 
blijken wat de toegevoegde waarde van beeldvorming gericht op functionele 
moleculaire processen zal zijn voor de klinische praktijk. 

In hoofdstukken 3 en 4 focussen wij ons op de mogelijkheid om tekenen van 
plaque kwetsbaarheid te detecteren met de moleculaire beeldvormingstechniek 
van multispectral near-infrared fluorescence imaging (NIRF).De fibreuze ‘deksel’ 
van een kwetsbare plaque kan in de loop der tijd steeds dunner worden en 
uiteindelijk scheuren. Dit hangt samen met de depletie van matrix componenten 
door de activatie van proteolytische enzymen zoals Matrixmetalloproteases 
(MMPs). In hoofdstuk 3 hebben wij met hoge sensitiviteit de distributie van 
MMPs binnen een atherosclerotische plaque in kaart gebracht, gebruikmakend 
van NIRF moleculaire beeldvorming.6 De gereseceerde carotis plaque van een 
symptomatische patiënt werd geïncubeerd met een MMP-sensitive activatable 
fluorescent probe (MMPSense 680), en NIRF signalen werden verkregen van het 
specimen. De distributie van het NIRF signaal was heterogeen over het carotis 
plaque specimen. De plaatsen waar een hoog NIRF signaal werd waargenomen 
hebben wij ‘hot spots’ genoemd. Omdat MMP-9 activiteit eerder positief 
gecorreleerd is met plaque instabiliteit, hebben wij vervolgens de aanwezigheid 
van MMP-9 in de hot spots bepaald. Wij vonden dat MMP-9 overvloedig aanwezig 
was in de hot spots, in vergelijking met de plaatsen met een laag NIRF signaal 
(die plaatsen hebben wij ‘cold spots’  genoemd). In hoofdstuk 4 zijn wij dieper 
ingegaan op de mogelijkheden om met NIRF beeldvorming de samenstelling 
(met betrekking tot MMPs)  van gereseceerde carotis plaques in kaart te brengen. 
Hier hebben wij wederom MMPSense voor gebruikt, ditmaal op het materiaal 
van 23 patiënten.7 Na incubatie in MMPSense waren de fluorescentie signalen 
significant hoger vergeleken met de baseline autofluorescentie signalen direct na 
resectie van de plaque. Na de NIRF beeldvorming werd een deel van de plaques 
verder onderzocht op de expressie van een aantal MMPs. Wij concludeerden 
dat MMP-9 wordt geproduceerd door macrofagen en overvloedig aanwezig was 
in de plaques. Tevens bleek mRNA expressie van MMP-9 hoger in NIRF hot 
spots dan in NIRF cold spots. In deze studie bevestigden wij dat MMPSense 
gebruikt kan worden om MMP-9 te detecteren in atherosclerotische carotis 
plaques. Deze nieuwe techniek heeft een aantal potentiële voordelen voor de 
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toekomst. Het kan de basis vormen voor toekomstige niet-invasieve in vivo 
beeldvormingstechnieken die gebruikt kunnen worden om in de tijd het effect 
van cardiovasculaire medicijnen op atherosclerotische plaques te volgen. Mocht 
daarnaast mettertijd de relatie tussen MMP expressie en plaque instabiliteit 
verder uitkristalliseren dan kan in vivo NIRF beeldvorming van carotis plaques 
een manier zijn om kenmerken van plaque kwetsbaarheid vast te stellen. Hiermee 
kunnen selectie criteria voor invasieve ingrepen aan de arteria carotis dan verder 
aangescherpt worden. Tot slot, naast het identificeren van de kwetsbare plaque, 
is ook het identificeren van de kwetsbare patiënt van eminent belang. In deel II 
hebben wij geprobeerd om patiënten met een hoog risico profiel voor peri- en 
postprocedurele complicaties te identificeren, om patiënt selectie voor carotis 
interventie nog verder te verbeteren. 

Deel II, de kwetsbare patiënt
In de jaren 50 van de twintigste eeuw zijn er diverse epidemiologische studies 
in gang gezet met als doel de oorzaak van hart- en vaatziekten te ontrafelen. 
Vier jaar na de start van de Framingham Heart Study hadden de onderzoekers 
een verhoogd cholesterol en een hoge bloeddruk geïdentificeerd  als belangrijke 
factoren in het ontstaan van hart- en vaatziekten. In de jaren die volgden zijn 
door de Framingham Heart Study en andere epidemiologische studies meerdere 
risicofactoren geïdentificeerd, die nu beschouwd worden als de klassieke 
risicofactoren voor hart- en vaatziekten.8 Inmiddels is er het nadrukkelijke besef 
dat atherosclerose een systeemziekte is. Desalniettemin vindt veel onderzoek 
plaats naar kenmerken van  lokale atherosclerotische plaques in specifieke 
vaatbedden. Met als doel toekomstige plaque trombose in dit specifieke 
vaatbed te kunnen voorspellen. In dit licht is het interessant dat Hellings et al. 
aantoonden dat bij patiënten die een carotis endarterectomie ondergingen, de 
plaque samenstelling van de lokale plaque een onafhankelijke voorspeller was 
van toekomstige cardiovasculaire ziekte uitingen.9 

Patiënten die kwetsbaar zijn voor een atherosclerotisch voorval kunnen zowel 
geïdentificeerd worden door lokale plaque karakteristieken, als door klassieke 
risico factoren. In dit deel van het proefschrift richten wij ons op het cluster van 
risico factoren dat tezamen het metabool syndroom (MetS) vormt. Overduidelijk 
is er conflicterend bewijs aangaande de bijdrage van MetS in de uitkomst van 
zorg na carotis interventies. 

In hoofdstuk 5 laten we zien dat bij patiënten met een carotis stenose een carotis 
endarterectomie (CEA) veilig uitgevoerd kan worden. Er is een lage incidentie 
van vroege en late ipsi- of contralaterale neurologische gebeurtenissen, en/
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of myocard infarct. De aanwezigheid van MetS in de uitgangssituatie heeft 
geen significant effect op zowel korte- als lange termijn uitkomsten na carotis 
endarterectomie.10 Echter, patiënten met diabetes mellitus blijken een verhoogd 
risico te hebben op major adverse events, in het bijzonder een ipsilaterale 
cerebrovasculaire gebeurtenis (TIA of herseninfarct). Hoewel er verschillen 
kunnen zijn tussen symptomatische en asymptomatische patiënten en de mate 
van subklinische restenose, zijn we van mening dat de aanwezigheid van MetS 
geen reden kan zijn om af te zien van een carotis endarterectomie bij een patiënt 
met een carotis stenose. 

In hoofdstuk 6 gaan we dieper in op de vraag in hoeverre restenose na carotis 
endarterectomie optreedt bij patiënten met MetS. We gebruiken hiervoor de 
patiënten cohorten van twee grote universitaire centra om een gezamenlijk 
patiënten cohort van bijna 1700 patiënten te creëren, wat tot op heden het grootste 
patiënten cohort wereldwijd is aangaande MetS en carotis interventies. Onze 
analyse van dit cohort laat zien dat de aanwezigheid van MetS niet voorspellend 
is voor het optreden van restenose na CEA. De overleving na CEA wordt ook 
niet negatief beïnvloedt door de aanwezigheid van MetS. We bevestigen met 
deze analyse dat er geen reden is om bij MetS patiënten de indicatie voor CEA 
aan te passen. Eveneens is er geen reden om bij MetS patiënten een intensiever 
surveillance schema te hanteren om restenose na CEA op te sporen. Onze 
bevindingen weerspreken de conclusies getrokken uit eerdere en veel kleinere 
onderzoekscohorten.11-13

Concluderend, de voorgaande hoofdstukken van dit proefschrift behandelen 
diverse aspecten van de samenstelling van de atherosclerotische carotis plaque 
(de kwetsbare plaque) en het risico van het uitvoeren van carotis chirurgie bij 
patiënten met meerdere risico factoren (de kwetsbare patiënt). Inzichten in de 
huidige en toekomstige ontwikkelingen aangaande de mogelijkheden om op 
maat gesneden diagnostiek en behandeling voor de individuele patiënt met 
carotis vaatziekten vast te stellen, zal hierna in de 'toekomstige ontwikkelingen' 
geadresseerd worden. 

Toekomstige ontwikkelingen
Elk jaar overlijden 17.9 miljoen mensen aan hart- en vaatziekten. Dit is ongeveer 
31% van alle overlijdensgevallen wereldwijd. 85% van alle overlijdensgevallen 
door hart- en vaatziekten worden veroorzaakt door een hart- of herseninfarct.14 
Het mechanisme achter atherosclerotisch vaatlijden en de diagnostische 
en therapeutische mogelijkheden (inclusief preventie) zijn wereldwijd een 
bron van een enorme wetenschappelijke inspanning op dit gebied. In de 



118

7

periode 1945 – november 2018 zijn er in de Pubmed database meer dan 
29.000 wetenschappelijke artikelen gepubliceerd met als hoofdonderwerp 
atherosclerose. In het laatste decennium (1 januari 2008 tot en met 31 december 
2017) heeft er een enorme toename plaatsgevonden van het onderzoek op dit 
gebied, met 21.770 wetenschappelijke publicaties alleen al in deze periode. Dit 
werk heeft geleid tot nieuwe inzichten in de pathofysiologie en behandeling 
van atherosclerose. Al deze inspanningen ten spijt lukt het echter nog steeds 
onvoldoende om die patiënten te identificeren die een hoog risico hebben om 
op korte termijn een cardiovasculaire ziekte uiting (cardiovascular event) door 
te maken. Als dit doel ooit bereikt wordt, kan voordat het cardiovascular event 
plaatsvindt een gerichte therapeutische interventie plaatsvinden bij die patiënten 
die er het meeste baat bij zullen hebben. Bij atherosclerotisch carotislijden 
(arteria carotis = halsslagader) gaat het dan om de identificatie van patiënten 
met een asymptomatische plaque en een hoge waarschijnlijkheid dat die plaque 
op korte termijn symptomatisch wordt. Als deze patiënt geïdentificeerd kan 
worden doemt er daarna een nieuwe uitdaging op. Welke behandeling is bij 
deze unieke patiënt het meest geschikt op dit moment. Met alle voortschrijdende 
mogelijkheden in medicamenteuze en endovasculaire behandelingen wordt de 
keuze van behandeling steeds groter, en zal er meer en meer maatwerk moeten 
plaatsvinden in de keuze voor behandelstrategie.

Het identificeren van de patiënt met een dreigend herseninfarct
Het was Muller die in 1994 voor het eerst het concept van de kwetsbare 
plaque introduceerde. Hij stelde dat kwetsbare atherosclerotische plaques 
vatbaar zijn voor triggers in gang gezet door bepaalde acute risico factoren. 
Dit in tegenstelling tot niet-kwetsbare atherosclerotische plaques, welke minder 
vatbaar zijn voor de acute risico factoren die kunnen leiden tot plaque ruptuur 
en trombotische gebeurtenissen.15 Het concept van de zogenoemde kwetsbare 
plaque is sindsdien zeer bruikbaar gebleken om richting te geven aan de 
research en het denken over de pathofysiologie  van hart- en vaatziekten. Met 
als doel om de kwetsbare plaque te kunnen identificeren en behandelen.16,17

Inmiddels begint duidelijk te worden dat het concept en het belang van de 
kwetsbare plaque aanpassing behoeft. De notie dat tijdens obductie bij tweederde 
tot wel driekwart van de patiënten die overleden waren aan een acuut myocard 
infarct dit was terug te voeren op een plaque met een gescheurde fibrous cap 
en een daardoor uitgelokte trombose, was een belangrijk uitgangspunt voor 
het concept van de kwetsbare plaque. De postmortale studies van pionierende 
pathologen dirigeerden de cardiologische gemeenschap van een verwarrende 
toestand aangaande de causaliteit van trombose in het acuut coronair syndroom 
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en vasospasme, richting het fenomeen van plaque ruptuur.18,19 Hoe overtuigend 
het aantal van geruptureerde plaques resulterend in luminale occlusie ook was 
bij deze obductie studies, een noemer (denominator) ontbrak in deze vergelijking. 
Deze studies konden wel een schuldige aanwijzen voor het fatale myocard 
infarct, maar bij deze opzet kon niet bepaald worden hoeveel plaques met 
morfologische kenmerken van kwetsbaarheid  geen fatale ruptuur doormaakten.16

Er lijkt in ieder geval nog zeker één ander pathofysiologisch mechanisme te 
zijn dat leidt tot acute cardiovasculaire events, de zogenaamde plaque erosie. 
De mechanismen betrokken bij plaque erosie zijn nog grotendeels onbekend, 
maar het lijkt samen te hangen met de formatie van thrombi op laesies zonder 
plaque ruptuur, meestal ter plaatse van pathologische intima verdikking  of 
fibroatheroma.20-23 De karakteristieke en morfologische eigenschappen van 
geërodeerde plaques zijn nog niet helemaal uitgekristalliseerd,  maar er zijn 
duidelijke verschillen met geruptureerde plaques.19-21,24 

Ondanks het feit dat een substantieel deel van het wetenschappelijke onderzoek 
gericht op atherosclerotische ziekte zich toespitst op ziekte aangaande de 
coronairen, is het zeer waarschijnlijk dat er een grote overlap is tussen de 
mechanismen en karakteristieken van atherosclerotische ziekte in coronairen 
en in carotiden.9,25

De uitdaging die voor ons ligt is dus nog groter dan voorheen. Om die patiënt te 
identificeren met een groot risico op een dreigend herseninfarct, moeten we ons 
bewust zijn van de diverse uitingen van atherosclerose, elk met verschillende 
karakteristieken en morfologische eigenschappen. Om de complexiteit compleet 
te maken, zullen wij rekening moeten houden met biologische processen die 
van invloed kunnen zijn op atherosclerose, zonder dat wij deze processen al 
volledig kunnen doorgronden. 

Wat is de rol van ontsteking en het immuunsysteem ? In patiënten met een 
acuut coronair syndroom (ACS) en systemische tekenen van ontsteking is er 
een hogere frequentie van geactiveerde T-cellen in vergelijking met situaties 
van stabiele angina pectoris. Dit suggereert dat plotselinge veranderingen, 
leidend tot coronair instabiliteit, gerelateerd kunnen zijn aan mechanismen 
waarbij  T-cel immuniteit is betrokken.26-29 Dit wordt ondersteund door de 
constatering dat atherosclerose verassend veel overlap heeft met andere 
inflammatoire en auto-imuun ziekten. Chronische auto-immuun afwijkingen 
zoals Systemische Lupus Erythematodes (SLE) en Reumatoïde Artritis (RA) 
die gekenmerkt worden door chronische opvlamming en uitdoving van 
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systemische inflammatie, zijn inmiddels herkend als risicofactoren voor 
versnelde atherosclerose. Recente vorderingen in het begrip hoe adaptieve 
immuniteit bijdraagt aan de pathogenese van ACS bieden een interessante 
invalshoek voor toekomstig wetenschappelijk onderzoek.30

Een recente studie postuleerde dat de consistent hogere plasma matrix 
metalloproteinase-9 (MMP-9) concentratie in ACS patiënten zijn invloed heeft 
op CD31 expressie, wat de verklaring kan zijn van de typische systemische T-cel 
afwijkingen van deze patiënten. MMP-9 en CD31 zouden geschikte moleculaire 
targets kunnen zijn voor specifieke anti-inflammatoire behandelingen of gebruikt 
kunnen worden als klinische biomarkers met prognostische kenmerken in 
patiënten met ACS.31

Met de potentiële rol van het immuun systeem in het achterhoofd is het 
interessant dat verscheidene onderzoeken een positief effect hebben gevonden 
van influenza vaccinatie op cardiovasculaire events. Opmerkelijk is dat het 
gunstige effect van influenza vaccinatie voornamelijk optreedt bij ouderen 
terwijl er nog geen causaal verband is vast te stellen tussen influenza infectie en 
de pathogenese van atherosclerose.32,33 Wellicht triggert de vaccinatie andere 
mechanismen van het immuunsysteem, die in de toekomst een belangrijke 
schakel blijken te zijn in het remmen van atherosclerotische processen. 

Momenteel is er in de selectie van patiënten voor een carotis endarterectomie 
(CEA) geen superieure beeldvormingstechniek die alle gewenste anatomische 
en functionele eigenschappen van de plaque in de arteria carotis  in beeld kan 
brengen. De kwetsbare plaque is nog niet voldoende te identificeren. De diverse 
beeldvormingsmodaliteiten geven slechts gedeeltelijke morfologische informatie.5

Naast gebrek aan diagnostische accuratesse hebben de verschillende 
modaliteiten elk hun eigen beperkingen. Zij zijn invasief van aard, gebruiken 
ioniserende straling of nefrotoxische contrastmiddelen, of worden simpelweg 
slecht getolereerd door patiënten. De techniek van de toekomst zal een maximum 
aan informatie moeten geven met een minimum aan risico's en kosten.

Beeldvorming van een carotis plaque met magnetic resonance imaging (MRI) is 
verbeterd de laatste jaren. Het verschaft informatie over hoog risico plaque op 
een snelle en kosten-effectieve manier.34 De brede beschikbaarheid van MRI 
scanners kan een bijkomend voordeel zijn. Dedicated MRI van carotis plaque 
samenstelling kan de aanwezigheid aantonen van intraplaque bloedingen, een 
lipide-rijke necrotische kern en de aanwezigheid van een (dreigende) scheur in 
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de fibrous cap.  Allemaal kenmerken geassocieerd met een verhoogde kans op 
een toekomstig herseninfarct of transient ischaemic attack (TIA) bij patiënten 
met atherosclerotische ziekte van de arteria carotis.35

Naarmate er meer bekend wordt over de moleculaire processen van 
atherosclerose wordt de importantie en relevantie van gerichte technieken om 
deze processen in kaart te brengen groter. Positron Emissie Tomografie (PET) 
is een nucleaire beeldvormingsmodaliteit die in staat is om metabole activiteit 
en moleculaire processen in beeld te brengen. De meest gebruikte PET tracer 
voor plaque inflammatie is 18F-Fluorodeoxyglucose (FDG). Symptomatische 
instabiele plaques accumuleren meer FDG dan asymptomatische plaques.36 Er 
is een scala aan verschillende radionuclide tracers beschikbaar om een veelheid 
aan andere pathobiologische processen te bestuderen zoals accumulatie 
van lipiden, angiogenese, proteolyse, apoptose en plaque calcificatie. De 
toepasbaarheid van PET in de analyse van de diverse stadia van atherosclerose is 
momenteel onderwerp van onderzoek.37 Nieuwe technieken om gelijkwaardige 
pathobiologische processen te kunnen bestuderen worden momenteel 
ontwikkeld. Eén van deze veelbelovende technieken is multispectral optoacoustic 
tomography.38 In 2018 is de CAROTID-OPTOLIGHT studie geïnitieerd om 
atherosclerotische plaque angiogenese te identificeren middels Bevacizumab-
800CW en optoacoustic imaging. Het betreft een single center proof of concept 
studie om de technische haalbaarheid te bepalen van het in vivo in beeld brengen 
van de symptomatische carotis plaque. 

Near-infrared fluorescence imaging (NIRF) is een andere veelbelovende techniek 
om biologische activiteit in beeld te brengen van atherosclerotische plaques. 
In ons onderzoek keken wij naar MMPs maar andere targets kunnen ook met 
fluorescence imaging in beeld gebracht worden. Het inflammatie molecuul 
vascular cell adhesion molecule-1 (VCAM-1) receptor dat tot expressie komt in 
atherosclerotische arteria carotis plaques is daarvan een goed voorbeeld.39 
Technologische doorontwikkeling en preklinische toxiciteit testen kunnen de 
weg vrij maken voor humane in vivo NIRF studies in de toekomst. 

Concluderend, er zijn inmiddels verschillende aspecten van atherosclerose en 
atherosclerotische plaques aan te tonen. Ex-vivo technieken zullen op termijn 
beschikbaar komen voor in-vivo gebruik. Het is hierbij van het grootste belang om 
te achterhalen welke van de verschillende morfologische, moleculaire, biologische 
of mechanische kenmerken van plaque kwetsbaarheid het meest relevant zijn 
voor de uitkomst van zorg voor de individuele patiënt. Meest waarschijnlijk 
zullen meerdere plaque kenmerken gecombineerd moeten worden om te 
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kunnen komen tot klinisch bruikbare uitspraken. Mettertijd zal zich openbaren 
welke aspecten van atherosclerose en de atherosclerotische plaque de sleutels 
zullen zijn voor op maat gesneden, patiënt gerichte, klinische besluitvorming. 

De behandeling van de patiënt met een dreigend herseninfarct
Voorkomen is beter dan genezen. De American Heart Association (AHA) heeft een 
definitie opgesteld voor een optimale cardiovasculaire gezondheidstoestand. 
Dit wordt ook wel de ‘Life’s Simple 7’ genoemd. Het bestaat uit vier 
gedragscomponenten (nooit gaan roken of onmiddellijk stoppen met roken, 
geen overgewicht, voldoende lichaamsbeweging en gezonde voeding) en drie 
lichamelijke aspecten (totaal cholesterol <5.18 mmol/l, bloeddruk < 120/80 
mmHg zonder medicatie en de afwezigheid van diabetes mellitus).40,41 Voldoen 
aan vijf tot zeven van deze kenmerken is geassocieerd met het laagste risico 
op het ontwikkelen van hart- en vaatziekten, maar ook voldoen aan drie of 
vier kenmerken geeft een belangrijk beschermend effect op het ontstaan van 
hart- en vaatziekten.41 Dit laatste is op populatie nivo een realiseerbaar doel om 
na te streven. Helaas heeft bijna 40% van de algemene populatie een slecht 
hart- en vaatziekten profiel, met slechts één of twee gunstige kenmerken. De 
wrange realiteit is dat er elk jaar bijna 18 miljoen mensen overlijden aan hart- 
en vaatziekten. Kortom, atherosclerose is een verwoestende aandoening. Als er 
éénmaal atherosclerotische ziekte van de arteria carotis is vastgesteld, wat is 
dan de optimale behandelstrategie? 

De mijlpaal onderzoeken NASCET en ECST lieten een voordeel zien van 
carotisendarterectomie (CEA) ten opzichte van medicamenteuze behandeling 
bij patiënten met een symptomatische hooggradige stenose van de arteria 
carotis interna.1,4 Sindsdien is de medicamenteuze behandeling verbeterd, 
wat de vraag oproept wat heden ten dage de optimale behandeling is, een 
invasieve carotis interventie of agressieve medicamenteuze behandeling 
met de modernste geneesmiddelen?42 In 1995 werden de resultaten van de 
Asymptomatic Carotid Atherosclerosis Study (ACAS) gepubliceerd.43 Het vijfjaars 
risico van een ipsilateraal herseninfarct was 11.0% in de groep van optimale 
medicamenteuze behandeling (Best Medical Treatment (BMT)) en 5.1% in 
de CEA groep.43 Bij de ACAS studie was het advies om te stoppen met roken 
onderdeel van de BMT, net als bloeddruk regulatie en het gebruik van aspirine 
als thrombocytenaggregatieremmer. ACAS heeft geen data gepubliceerd met 
betrekking tot veranderende trends in medicijn gebruik of compliantie aan de 
voorgeschreven middelen, maar weinigen zullen een statine hebben gebruikt.42,43
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Bij de Asymptomatic Carotid Surgery Trial (ACST) was het vijfjaars risico van een 
herseninfarct gedaald naar 5.1% in de BMT studiearm.2,44 In deze studie hebben 
er gedurende de tien jaar dat er patiënten werden geïncludeerd behoorlijke 
veranderingen plaatsgevonden in de medicamenteuze behandeling.2 De 
meerderheid (90%) gebruikte een thrombocytenaggregatieremmer tijdens de 
studie periode, terwijl 70% een antihypertensivum gebruikte op het moment 
dat de studie inclusie sloot in 2003. De meest belangrijke verandering in het 
medicatie gebruik was de enorme toename van het aantal patiënten dat een 
statine gebruikte. Van een kleine minderheid (17%) in de periode 1993 – 1996 
naar 58% in de periode 2000 – 2003. Aan het eind van 2003 gebruikte inmiddels 
een ruime meerderheid (70%) een statine.2,44

In de nieuwste inzichten van wat een optimale medicamenteuze behandeling 
is, is statine slechts een onderdeel. Optimale BMT wordt gevormd door een 
combinatie van farmacologische en leefstijl interventies: starten van een 
thrombocytenaggregatieremmer of anticoagulantia indien medisch geïndiceerd, 
hoog potente statine medicatie, agressieve bloeddruk verlaging, Mediterraan 
dieet, lichaamsbeweging en stoppen met roken.45,46 In de medicamenteuze 
categorieën, zojuist genoemd, vindt constante doorontwikkeling plaats.  
Recent zijn er monoclonale antilichamen geïntroduceerd die proprotein 
convertase subtilisin–kexin type 9 (PCSK9) inhiberen. Dit is een nieuwe klasse 
van medicijnen, die effectief het LDL cholesterol verlaagd.47 In een grote 
gerandomiseerde studie bewerkstelligde evolocumab een 59% reductie van 
het LDL cholesterol. Ten opzichte van een placebo resulteerde de behandeling 
met evolocumab in een significante afname van het risico van cardiovasculaire 
dood, myocardinfarct of herseninfarct.48

Als wij in staat zouden zijn die patiënten te identificeren met een hoog risico 
van een herseninfarct wat is dan de optimale behandeling? Er is noodzaak voor 
een trial die de huidige optimale BMT vergelijkt met de huidige invasieve carotis 
interventies (het zij carotisendarterectomie, hetzij carotis stenting (Carotid 
Artery Stenting (CAS)). Helaas worden er momenteel geen initiatieven ontplooit 
om een dergelijke trial te initiëren. Eerdere pogingen hiertoe hebben gefaald.49

De Stent-Protected Angioplasty in Asymptomatic Carotid Artery Stenosis versus 
Endarterectomy (SPACE-2) studie startte in 2009 met als doel om BMT te 
vergelijken met CEA en CAS bij patiënten met een ernstige asymptomatische 
carotis stenose.50 Het doel was om ongeveer 3500 patienten te includeren. Op 
basis van tegenvallende inclusie aantallen besloot de trial committee in 2012 
om het studieprotocol aan te passen door van een opzet met drie studiearmen 
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door te gaan met een studie opzet bestaande uit twee separate studies, met 
elk twee studiearmen: CEA+BMT versus alleen BMT (SPACE-2A) en CAS+BMT 
versus alleen BMT (SPACE-2B).51 Het aantal benodigde patiënten voor inclusie 
in de studie werd nu beraamd op 3272 patiënten (SPACE-2A: 1636 en SPACE-
2B:1636). Helaas werd de studie voortijdig beëindigd zonder gepubliceerde 
interim resultaten. Er werden verschillende redenen hiervoor gegeven waaronder 
een slecht inclusie tempo en financiële factoren.52

Een nieuwe analyse van de Carotid Revascularization Endarterectomy versus 
Stenting Trial 2 (CREST-2) is momenteel patiënten aan het rekruteren met een 
asymptomatische ≥70% carotis stenose, om te vergelijken tussen alleen BMT 
versus BMT+CEA danwel alleen BMT versus BMT+CAS.53 De geschatte datum 
waarop deze trial inclusie voltooid zal zijn, is december 2020. Momenteel lopen 
er geen andere studies met het kenmerk om BMT, CEA en CAS te vergelijken.49

Concluderend, ondanks alle vorderingen die er gemaakt zijn op het gebied 
van atherosclerose is het nog steeds een uitdaging om die specifieke patiënt 
te identificeren met een hoog risico van een dreigend herseninfarct. Nieuwe 
en veelbelovende ontwikkelingen zoals medicamenteuze behandeling met 
monoclonale antilichamen, plaque beeldvormingstechnieken met optical 
acoustics en grote internationale multicenter trials zullen hopelijk bijdragen 
aan de zoektocht naar de optimale diagnostiek en behandeling van het 
atherosclerotisch carotis lijden. 
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DANKWOORD

Dit proefschrift is met recht een teamprestatie. De afgelopen 12 jaar hebben 
vele mensen in meer of mindere mate meegedacht, meegewerkt, meegeholpen, 
meegehuild en meegelachen. Uit de grond van mijn hart wil ik jullie langs 
deze weg hiervoor bedanken. Het was me een reis, of zoals wij in Groningen 
zeggen: 'man, man, man, wat een boudel!'. Een aantal mensen wil ik graag in 
het bijzonder bedanken.

Prof. dr. C.J.A.M. Zeebregts, beste Clark, begin 2007 ben ik als 5e jaars assistent 
in het UMCG begonnen. Al snel werd mij duidelijk jij een zeer productieve 
onderzoeker bent, met een hoog percentage afgeronde promotie trajecten. 
Gelukkig riep jij mij de derde keer dat ik quasi achteloos jouw kamer passeerde 
al binnen met de vraag 'heb je ook interesse om wat onderzoek te doen?'. Een 
simpel ja was de opmaat voor een lange en bochtige route die 8 mei het eindstation 
bereikt. Ik denk dat het niet makkelijk is om mij te managen in een traject als 
dit, maar het is jou gelukt! Alle varianten en stijlen heb jij op mij toegepast, 
van op afstand losjes sturen en uitgaan van intrinsieke motivatie tot directieve 
deadlines zonder 'ja maar' mogelijkheden. Toen ik eenmaal in jouw mapjes 
systeem van bijna bovenaan afgezakt was naar helemaal onderaan, met zicht op 
de afdeling speciaal beheer, werd het erop of eronder. Op dat moment was jij er 
voor mij, en hebben wij een plan gemaakt wat tot afronding van dit proefschrift 
heeft geleid. Ik ben er trots op bij jou te promoveren, dank voor jou geduld!

Dr. R.A. Pol, beste Robert, jouw vertrouwen in een daadwerkelijke afronding van 
dit promotie traject is voor mij een belangrijke stimulans geweest. In het begin 
vond jij het niet altijd makkelijk om mij als een promovendus te coachen, maar 
het project opknippen in behapbare brokken heeft mij erg geholpen. Nadat jij de 
weekend sessies bij jou thuis ging omlijsten met jouw fantastische kookkunsten 
werd de 'wetenschap' bijna leuk. Zonder jou was dit proefschrift niet tot stand 
gekomen. Ik ben jou zeer veel dank verschuldigd voor al jouw hulp, mentale 
ondersteuning, relativerende humor en spare ribs.
Maaike, Olivier en Annebel, ik hoop nog regelmatig aan jullie keukentafel te 
zitten, maar dan niet meer achter een laptop. Dank voor de tijd die Robert met 
mij heeft mogen doorbrengen.

Leescommissie. Prof. dr. W. Wisselink, Prof. dr. H.A.H. Kaasjager en Prof. 
dr. J.P.P.M. de Vries, dank voor jullie bereidheid om zitting te nemen in de 
leescommissie en dit werk te beoordelen.
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Staf vaatchirurgie. Clark Zeebregts, Ignace Tielliu, Maarten van der Laan, 
Ben Saleem, Dia Mahmoud en Jean-Paul de Vries. Het geheel is meer dan 
de som der delen. Wij zijn het niet altijd met elkaar eens, maar de meeste 
meningsverschillen laten zich boven een kaasplankje in het familiehotel in 
Paterswolde wel gladstrijken. Als het erop aankomt staan wij voor elkaar klaar, 
ik ben er trots op hiervan deel te mogen uitmaken.

Dr. I.F.J. Tielliu, beste Ignace, jouw brein en jouw handen zijn de motor van 
onze patiëntenzorg in de complexe vaatchirurgie. Jij wisselt bescheidenheid af 
met daadkracht en dat vaak gelardeerd met een (filosofische) levenswijsheid. In 
2010 schreef jij in het dankwoord van jouw proefschrift dat jij zou toezien op 
de afronding van mijn proefschrift, welnu, die taak is volbracht. Dank voor jouw 
vriendschap en steun.

Cor de Bruin, Jan Loonstra en Henriëtta Douwes. Het aandachtsgebied mag 
zich gelukkig prijzen met de noeste arbeid die jullie op de achtergrond verrichten. 
Dank voor alles wat gewoon lekker loopt omdat jullie het allemaal regelen.

Wijnna Beuving. Beste Wijnna, zolang als ik Chef de Clinique ben, bestier jij 
het secretariaat daarvan. Jij bent het ankerpunt in mijn hectische professionele 
leven. Jouw nuchtere kijk en humor reduceren elke situatie tot een hanteerbare. 
Dank voor al jouw hulp!

Dr. M. El Moumni, beste Mostafa, er wordt in de academische wereld genoeg 
gezegd over de geneugten en nadelen van statistiek. Jouw kennis en puristische 
benadering van statistiek hebben mijn kijk op de P-waarde voorgoed verandert. 
Dank voor jouw hulp en benaderbaarheid in dit project.

Het bestuur van de afdeling Chirurgie. Jean-Paul de Vries, Lia Mulder en Ger 
Sieders. Het is niet altijd makkelijk om in tijden van schaarste een afdeling met 
zoveel diverse belangen op koers te houden. De can do mentaliteit gecombineerd 
met voldoende zelfreflectie en humor maakt het een voorrecht om hiervan deel te 
mogen uitmaken. Jean-Paul, de voorzittershamer is bij jou in goede handen, dank 
voor alle ruimte die jij biedt om als individu te kunnen bijdragen aan het geheel.

Afdeling Heelkunde. Acht aandachtsgebieden, meer dan 50 stafleden, bijna 30 
arts-assistenten, 180 verpleegkundigen en alle ondersteuners daarom heen. De 
algemeen chirurg heeft in Groningen al heel lang geleden plaats gemaakt voor 
de gedifferentieerde superspecialist. Is er dan nog wel een afdeling Heelkunde? 
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Jazeker! Het karakter en de aard van de afdeling maakt dat wij een geheel zijn 
zonder dat wij dat altijd doorhebben. In voor- en tegenspoed kunnen wij op 
elkaar terugvallen, iets om te koesteren. Dank aan allen om met jullie de afdeling 
te mogen vormen.

Prof. dr. E.H. Heineman, beste Erik, acht jaar lang hebben wij de meest diverse 
onderwerpen besproken boven een cappuccino met een double dark chocolate 
chip cookie, behalve de rol van atherosclerose bij carotislijden. Dank voor al 
jouw wijze levenslessen en kameraadschap. 

Vorsende blikken met het oog op de voortgang van de promotie. Dr. M. Eeftinck 
Schattenkerk, Jan van den Dungen, Ignace Tielliu, Hans Nijman, Fons van 
den Bergh, Jan Bottema, Ate van der Zee en Anne Marie de Smet. Waar 
iedereen allang was opgehouden te informeren naar de voortgang van dit 
project, zijn jullie erin geslaagd het vlammetje net vaak genoeg van wat extra 
zuurstof te voorzien. Dank daarvoor!

Mijn matties van kamer R4.102 a.k.a. The Office. Drs. Eric Deckers, Dr. Marc 
Stevenson, Drs. Rob de Vries, Drs. Arne de Niet en Drs. Maureen Werner. 
Wat ziet promoveren er makkelijk uit in jullie handen. Refworks, SPSS, draai 
tabellen in Excell, Hora Finita, zonder jullie zat ik nu nog steeds glazig naar de 
pdf SPSS voor Dummies te kijken. Dank voor jullie praktische hulp bij al die kleine 
vragen. Jullie hadden allemaal een andere leerstijl voor mij in petto, variërend 
van 'ik doe het zelf wel even, dat gaat sneller', tot Pendeleton styled 'wat vond 
je goed gaan en wat kan volgende keer beter?'. Succes met de laatste loodjes!

"Bikken-Kanen-Nassen", Dr. Johan Lange, Drs. Pax Willemse en Drs. Jan Apers. 
De enige regel is dat er geen regels zijn. Innovatief en experimenteel koken 
voorbij het gangbare. Een Plateau fruits de mer met een vlucht regenwulken, 
Pekingeend perfect gegaard tot het punt dat net alle smaak is verdwenen (au 
point nouvelle), Lièvre à la Royal 2.0 en Amandes brûlées au maximum. Stelling 
7 geformuleerd in Den Haag heeft de eindversie van dit boek net niet gehaald, 
maar verder zijn jullie een grote steun gebleken, dank!

Paranimf Bas Geldermans. Beste Bas, wat mooi dat jij naast getuige op mijn 
huwelijk nu ook steun en toeverlaat wilt zijn bij de afronding van het proefschrift 
traject. September 1988 kwam jij in Sneek op school en omdat er nog niemand 
naast mij zat was jouw plek snel bepaald. Lief en leed hebben wij gedeeld en 
zullen wij blijven delen. Er is geen onderwerp dat bij een Lamb Vindaloo niet in 
het juiste perspectief is te plaatsen. Dank!
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Paranimf Bas Beek. Beste Bas, wat mooi dat jij naast getuige op mijn huwelijk 
nu ook steun en toeverlaat wilt zijn bij de afronding van het proefschrift traject. 
September 1991 leerden wij elkaar kennen zoemend in de douche van Huize Tegen 
Over Koos. Sindsdien verdiept onze vriendschap zich nog elk jaar verder. Zoveel 
samen meegemaakt en nog zoveel samen mee te maken, ik verheug mij erop!

Familie Kroezen. Lieve Johan, Trudy, Robert, Dineke (en natuurlijk Floortje en 
Roos!) Wat fijn dat jullie mijn schoonfamilie zijn. De bekende nuchterheid uit 
Tukkerland, soms gecompenseerd door een cognacje bij de open haard. Jullie 
zijn een warm nest, dank voor de mogelijkheid om met jullie dochter een eigen 
warm nest te stichten.

Familie Wallis de Vries. Lieve Pap en Mam, Mel en Michel (en natuurlijk Pien, 
Teun en Roos!), Nout en Frederike (en natuurlijk Annejet en Lieuwe!). De 
kernploeg. Makkum, Heeg, Weesp of Groningen. Het is thuis overal waar wij bij 
elkaar zijn. 

Pap en Mam, jullie Gordon-cursus in de jaren zeventig was volgens mij helemaal 
niet nodig. Jullie nurture is de basis geweest die je kinderen heeft gebracht waar 
ze zijn. Liefde en onverdeelde aandacht, het lijkt zo simpel. Dank!

Mel, jij bent inmiddels jouw 16e boek aan het schrijven. Na mijn eerste heb ik 
daar nog meer bewondering voor. Jouw boeken worden inmiddels zelfs verfilmd, 
iets waar ik met mijn boek voorlopig nog van moet dromen. Naast schrijfster 
ben jij vooral mijn lieve 'zusje'. Jouw authenticiteit maakt mij altijd vrolijk, you 
are one of a kind. 

Michel, na meer dan 30 jaar part of the family ben jij een broer voor mij geworden 
waar ik door dik en dun op kan steunen, thnx man. 

Nout, als jongste van het stel heb jij al vroeg besloten jouw eigen richting 
te bepalen. Dat doe jij met verve. Creatief, origineel en humor met soms 
shakespeariaanse gelaagdheid. Ik hoop dat jij mij nog vaak uitnodigt om te 
komen gamen.

Frederike, tante Fred, jij vormt een unieke tandem met Nout. Jij blijft altijd 
jezelf, verander dat nooit!

Tot slot,
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Allerliefste Marloes, geen tekst doet recht aan wat jij voor mij betekent. Al mijn 
nukken en grillen neem je voor lief, dat verbaast mij elke keer weer. Zoals het 
vice versa jou gelukkig ook elke keer weer verbaast. Wij zijn liever samen dan 
alleen, wat een voorrecht. En ja, liefde is een werkwoord, dat realiseren wij ons 
allebei. I love you. 

Lieve Sofia, elke vader mag zich een dochter als jou wensen. Altijd grappig, lief 
als het moet en gepassioneerd humeurig als het niet anders kan. Jij bent een 
wijze vrouw, nu al. Binnenkort gaan wij shoppen!

Lieve Guus, jouw doorzettingsvermogen en ambitie gaan gepaard met een 
gouden hartje. Wat ben ik trots op je. Vanaf nu elke zondag weer samen 
voetballen!
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Het beeld dat Sofia en  
Guus hebben bij het 
'werkstuk' van Papa.



135

7

CURRICULUM VITAE

Bas Wallis de Vries is geboren in Leiden, 
op 9 april 1974. Hij is getogen in Friesland, 
waarbij vanuit Makkum dagelijks de RSG 
Magister Alvinus werd bezocht in Sneek. 
Nadat hij op 17 jarige leeftijd het VWO 
diploma behaalde, was Farmacie aan de 
Rijks universiteit van Groningen zijn eerste 
keus. Hoewel de studieresultaten daar 
geen aanleiding toe gaven bleek de studie  
Farmacie toch geen gelukkige keuze. Na 
een onfortuinlijke lotingsprocedure kon 
uiteindelijk in september 1994 gestart 
worden met de studie Geneeskunde aan de 
Rijksuniversiteit Groningen. 

September 2001 behaalde Bas zijn artsexamen (cum laude), waarbij de studie 
nog een jaar onderbroken was om als Rector van het G.S.C. Vindicat atque Polit 
zijn eerste schreden op het bestuurlijke vlak te zetten.

Na een periode werkzaam te zijn geweest als arts-assistent niet in opleiding in 
het Queen Elizabeth Hospital (Blantyre, Malawi) en in het Sint Lucas Andreas 
Ziekenhuis (Amsterdam), is hij maart 2003 gestart met de opleiding Heelkunde. 
Onder leiding van Dr. M. Eeftinck Schattenkerk werd in het Deventer Ziekenhuis 
de basis gelegd, waarna in het UMCG onder leiding van Prof. Dr. H.J. ten Duis 
de opleiding werd afgerond. Het aansluitende CHIVO-schap Vaatchirurgie in het 
UMCG werd verzorgd door Dr. J.J.A.M. van den Dungen.

Vanaf eind 2009 is Bas lid van de medische staf van de afdeling Heelkunde in 
het UMCG en het aandachtsgebied Vaatchirurgie. Daarnaast is hij lid  van het 
dagelijks bestuur van de afdeling Heelkunde in de rol van plaatsvervangend 
afdelingshoofd / Chef de Clinique. 

Bas is in 2008 getrouwd met Marloes Kroezen. Na de geboorte van Sofia 
(2008)  en Guus (2010) ervaart het gezin, dat er niets gaat boven Groningen en 
samenzijn met elkaar. 
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