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CHAPTER 1

Atherosclerosis, a process in which large arteries narrow progressively due to chronic
accumulation of inflammatory cells and cholesterol, is the primary cause of coronary heart
disease (CHD) and stroke. These are the most common forms of cardiovascular disease
(CVD). Mortality due to CVD is the highest worldwide compared to other causes of death.
Despite a decrease in CVD incidence and mortality during the past decades, it is also the
leading cause of death in Europe, where it leads to 47% of all deaths, with relatively higher
numbers women (52%, versus 42% in men).1 In the Netherlands, CVD is the number 1 cause
of death in women, and the second in men (31% versus 29% of deaths).2 Not unimportantly,
CVD also contributes to significant morbidity and disability.
Pathophysiology of atherosclerosis
The development of atherosclerosis starts already in early life, even during fetal growth. In
adolescence, fatty streaks, the precursors of advanced atherosclerosis, can be found in the
aorta, consisting of cholesterol in the subendothelial layer of the artery. During further
stages of progression in later life, monocytes migrate into the lesion, differentiate into
macrophages and form foam cells by taking up oxidized lipoproteins. When these cells
die, their content is released into the lesion to contribute to a lipid-rich necrotic core.
Smooth muscle cells can also grow into the lesion together with fibroblasts that secrete
extracellular matrix, thereby increasing its size. Such an atherosclerotic plaque can remain
asymptomatic during life. It can also destabilize and rupture, leading to thrombosis on its
surface, or form emboli that can end up in distal vessels, subsequently causing clinical
events.3 These processes occur with increasing age, but also under influence of several
cardiovascular risk factors that predispose to atherosclerosis, such as male sex, smoking,
diabetes, hypercholesterolemia, inactivity, obesity, high-fat diet, hypertension, and positive
family history for CVD.
Sex differences in CVD
As previously mentioned, total death due to CVD is higher in women than in men. This is
mainly due to a steep increase in case fatality in women with increasing age. Interestingly,
the number of hospital admittances for CVD in women is only 75% of that in men, and more
women die of CVD during hospital admittance than men.2 In CHD, women develop CVD
averagely 6 years later, and their symptoms are more aspecific and therefore often
misunderstood.4,5 In carotid artery disease, the benefit of carotid endarterectomy in women
is lower than in men,6 and is probably even harmful in asymptomatic women.7 In patients
with peripheral arterial disease (PAD), women tend to present several years later than men,
and at a more advanced stage of PAD. No conclusive differences have been described
between men and women regarding patency, limb salvage, and survival after
revascularization.8 However, at long-term after surgical lower limb reconstruction, women
lose the survival benefit that they normally have compared to men.9
Yet, diagnosis, treatment, and prevention in women with CVD are currently mainly based
on data from men. Fortunately, during the past 2 decades, increasing focus has been put
on female-specific CVD research, as reflected by several female-specific CVD prevention
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recommendations and guidelines10,11 and initiation of different organizations and research
programs on CVD in women.12-14 Challenges remain, as the burden of CVD in women
increases, and more research is needed to be able to specifically adapt current clinical
practice and improve CVD health.5

1

Importance of risk stratification and use of biomarkers
Because of the high global burden of CVD, it is important to identify a patient at high risk
for developing disease so they can be targeted for the right therapy. Different risk prediction
tools are available to achieve this, using information on classical cardiovascular risk factors
and lipid concentrations to predict primary cardiovascular risk, such as the Framingham
risk score.15 However, these scores are limited because they do not fully explain risk and
therefore often misclassify persons into a wrong risk category. In addition, there is no strong
evidence that outcome is influenced by implementing this score.16 Accordingly, numerous
studies have been conducted to improve risk prediction with use of biomarkers.17 Although
several biomarkers holding predictive information have been identified,18-21 their incremental
value to classical cardiovascular risk factors is still very limited.22 This is clearly illustrated by
combined data of 52 prospective studies on adding CRP and/or fibrinogen to conventional
risk factors for predicting a first CVD event. The authors show that both CRP and fibrinogen
provide improved CVD risk discrimination, but only in men. Though statistically significant,
the potential effect of implementing these biomarkers was small: it was estimated that
400-500 people have to screened on either biomarker to prevent one additional event over
a period of 10 years.23
After development of CVD, it is also essential to identify a patient at risk for a CVD event.
For instance, in patients with cerebrovascular disease and carotid artery stenosis, the
decision whether surgical treatment should be undertaken, can still be difficult, especially
in those with asymptomatic carotid stenosis or with low to intermediate risk of recurrent
stroke (for instance patients with mild to moderate stenosis). Despite the completion of
several randomized clinical trials,24-27 current treatment decisions may not be adequate, as
medical treatment has improved in the meantime. Therefore, new trials are ongoing,28,29
reflecting the need of more research in this field.
Thus, adequate selection of the high-risk patient will hopefully lead to personalized
medicine for both men and women, before and after development of CVD. This is the
ultimate goal of biomarker- and biobanking studies in this field. The Athero-Express
biobank30 is one of these studies. During the past decade, it has given many insights into
the (cross-sectional) association of atherosclerotic plaque properties with sex, cardiovascular
risk factors, and primary events.31,32 Moreover, its initial rationale that local plaque markers
hold information regarding systemic cardiovascular events after vascular surgery, has been
confirmed.33-36 Yet, before clinical application, external validation, preferably in men and
women separately, and development of non-invasive diagnostic tools is necessary.

11
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CHAPTER 1

Thesis outline
This thesis is divided into 6 parts. Part I gives a general introduction on cardiovascular
disease and atherosclerosis. A more detailed explanation of atherosclerotic plaque
characteristics, the concept of the vulnerable plaque, and carotid plaque (de)stabilization,
can be found in chapter 2. Furthermore, the study design of the Athero-Express is described,
as this was the main source of data contributing to this thesis.
Part II describes histopathological studies in the carotid atherosclerotic plaque. First, we
present a new automated method to quantify plaque characteristics by using whole virtual
slides (chapter 3). Then we show changes in plaque characteristics over time in the AtheroExpress study (chapter 4).
Part III focuses on sex-specific outcome after endarterectomy. In chapter 5, we describe
the difference in plaque composition regarding plaque hemorrhage in men and women.
Effect modification by sex is shown in the relation of plaque hemorrhage and secondary
events after carotid endarterectomy (CEA). Chapter 6 gives insights in the long-term
absolute mortality risks after CEA and iliac/femoral endarterectomy.
Part IV discusses restenosis after CEA. Chapter 7 aimed to describe plaque and patient
factors that are associated with restenosis risk. Peak systolic velocity measured by duplex
ultrasound during follow-up after CEA was used as readout for this risk. In chapter 8 we
show results of an individual patient data meta-analysis that was aimed to compare CEA
and carotid artery stenting in treatment of patients with restenosis.
Next to analyzing plaque or plasma, extracellular vesicles (EVs) are a promising source of
biomarkers. In part V, chapter 9, we investigated the association of 3 extracellular vesicle
proteins with the extent of CVD.
In the final part, this thesis is summarized and a general discussion and future perspectives
are provided (chapter 10 and 11).
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CHAPTER 2

INTRODUCTION
Although declining in incidence over the past decades, stroke is still a major cause of death
and disability worldwide.1-3 From population-based registries, it is estimated that around
15% of strokes are caused by thrombo-embolism from a carotid atherosclerotic plaque.4,5
Most commonly, this is the result of plaque rupture, which occurs in plaques with a large
lipid-rich necrotic core covered by a thin fibrous cap. The necrotic core is formed by lipidladen macrophages and cholesterol, which have accumulated in the vessel wall during
atherogenesis. In addition, neovascularization and intraplaque hemorrhage can lead to
further expansion of the necrotic core. The thin fibrous cap, the part between the necrotic
core and the vessel lumen, is usually heavily inflamed and lacks smooth muscle cell and
collagen support. Together, this type of a rupture-prone lesion is called a thin-cap
fibroatheroma, and is therefore regarded unstable or vulnerable (Figure). Other types of
vulnerable plaques are eroded lesions and calcified nodules.6–8
In the early nineties, the concept of plaque stabilization was recognized when several
clinical trials involving patients with coronary artery disease reported a relatively high
reduction in clinical events compared with only a modest decrease of angiographic degree
of stenosis upon treatment with lipid-lowering therapy and lifestyle changes.9 The current
commonly accepted idea that through favorable changes in vulnerable plaque
characteristics, the predisposition to atherothrombotic events decreases was born. As a
consequence, the definition of plaque stabilization comprises a qualitative reduction in
plaque vulnerability, rather than a quantitative decrease of plaque size or stenosis grade.
After these initial observations, several studies have been conducted to investigate patterns
and possible applications of plaque stabilization, aiming at a clinical strategy to prevent
thromboembolic complications of atherosclerotic disease. Meanwhile, a wider approach
to plaque stabilization has been proposed, to include destabilization of plaques that are
not lipid-rich but still prone to disruption.10 Most (histopathological) studies about plaque
vulnerability have been conducted in coronary arteries. In coronary artery disease, clinical
events are mostly due to in-situ thrombosis, while in carotid atherosclerosis it is mainly distal
embolization that causes cerebrovascular ischemic events. However, the initial mechanisms
of plaque disruption in coronary and carotid atherosclerotic disease and the histologic
features of plaques causing the diseases are similar.11 Therefore, it seems reasonable to
use the terms plaque vulnerability and plaque stabilization in the same manner for both
coronary and carotid plaques. In this chapter, we focus on current insights in atherosclerotic
carotid plaque stabilization, discussing therapeutic approaches, the natural process of
plaque stabilization and imaging.
Plaque stabilization as therapeutic target
In patients with a high-grade symptomatic carotid artery stenosis, carotid endarterectomy
is the golden standard.12 In addition, subgroups of asymptomatic patients may benefit from
this operation.13 Regardless of symptom status or stenosis grade, plaque stabilizing
medication could have additional value in the prevention of clinical symptoms in patients
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2

Figure. Examples of a vulnerable and a stable carotid plaque.
A. Vulnerable plaque showing a large lipid-rich necrotic core and a thin fibrous cap with infiltration of
macrophages; the thin-cap fibroatheroma. B. Schematic representation of A. C. Plaque showing a stable
phenotype containing mostly collagen and smooth muscle cells, without lipids or inflammation; the
fibrocalcified plaque. D. Schematic representation of C.
L=lumen; tfc= thin fibrous cap (white dots indicate macrophage infiltration); n=necrotic core; co=collagen/
connective tissue; m=media; s=the area of incision during the endarterectomy; ca=calcification.

with carotid atherosclerotic disease. Pathophysiological insights into atherosclerotic plaque
stabilization can be used to understand stroke risk, and potentially help stimulating
development of new drugs to diminish stroke-related morbidity and mortality among these
patients. In this section we discuss plaque stabilizing effects of currently used medication
and potential new approaches.
Statin therapy
In patients with cardiovascular disease, statins reduce cardiovascular events and increase
survival.14–16 The protective action of statins has also been shown in patients undergoing
carotid endarterectomy. In-hospital stroke and death were significantly lower in patients
undergoing statin treatment before surgery.17
Initially, the effect of statins on plaque phenotype was studied in animal models, showing
that statins reduced plaque inflammation regardless of the amount of cholesterol
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lowering.18,19 Later, studies focusing at influences of statins on human carotid plaque
characteristics showed contradictory results. Macrophage numbers were decreased after
pravastatin treatment in a small study of carotid plaques.20 In contrast, another study
demonstrated no differences regarding macrophage infiltration,21 while in the largest study
to date, macrophage-rich plaques were even more prevalent in statin-users.22 In the latter,
type of statin treatment also influenced macrophage numbers, with the highest macrophage
numbers in atorvastatin users.22 Confounding by indication could be a factor leading to
contrasting results in these observational studies, because patients with more co-morbidities
are more likely to be on statin treatment, and these co-morbidities differed between studies.
The only randomized trial comparing plaques from atorvastatin and placebo-treated
patients undergoing carotid endarterectomy, showed trends towards lower macrophage
counts in treated patients, however, patient numbers were limited.23 Yet, the amount of
macrophages assessed in these studies does not necessarily reflect their functional status.
More consistently, a clear reduction in lipid core size in the plaque under statin treatment
has been shown,20,22 and use of statins has also been associated with less intraplaque
hemorrhage.24
Generally, the pathophysiological pathway by which statins lead to plaque stabilization is
still debated, mainly because of the difficulty to study causal relationships in humans.
Especially whether this is due to LDL lowering alone or also to other, pleiotropic antiinflammatory effects, is under discussion.25–28 For clinical decision-making, however, this
distinction is not that relevant, since standard care for high-risk patients with atherosclerotic
disease mandates statin prescription based on the existing evidence as reflected in current
guidelines.
Other therapies and new approaches
Besides statins, other drug types in plaque stabilization are relatively unexplored compared
to statins. Potential benefits are related to antiplatelet therapy, as indicated by several
clinical trials.29–31 and stroke events after carotid endarterectomy with antiplatelet therapy.32
Studies focusing on plaque effects have only been conducted in experimental setting and
indicate anti-inflammatory effects next to antithrombotic effects to promote plaque
stabilization.33 In mice, clopidogrel led to less atheroma and increased plaque stability.34
In addition, anti-hypertensive drugs, such as drugs that inhibit the (renin-) angiotensin
system have shown to reduce plaque size and inflammation in murine atherosclerosis.35,36
Trials using plaque ultrasound imaging to investigate the effect of ramipril on carotid
atherosclerotic plaque progression showed contradictory results regarding carotid plaque
size and intima-media thickness.37,38 The exact role of platelet inhibition and reninangiotensin system inhibitors in human plaque stabilization thus remains to be elucidated
and is an interesting target for future research.
Another valuable option might be lipoprotein-associated phospholipase A2 inhibition.
Lipoprotein-associated phospholipase A2 is an enzyme secreted by immune cells involved
in atherosclerosis, mediating inflammatory responses induced by oxidized LDL.39 In patients
treated with the lipoprotein-associated phospholipase A2 inhibitor darapladib for one year,
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the necrotic core size of coronary plaques as detected by intravascular ultrasound did not
increase, while in placebo-treated patients a significant expansion of the necrotic core was
shown.40 Study completion of the STABILITY trial evaluating the effects of darapladib on
clinical outcomes is expected in October 2013.41,42 New strategies that may also be
developed for supporting plaque stabilization in the future are matrix metalloproteinase
inhibition and LDL immunization.

2

Study design of the Athero-Express study and the natural process of carotid plaque
stabilization
The Athero-Express study was initiated in 2002 in the St. Antonius Hospital in Nieuwegein
and the University Medical Center Utrecht, and is still ongoing. Patients undergoing
endarterectomy (carotid or iliac/femoral) are asked to participate and fill in a questionnaire
regarding medical history and medication use. During operation, the plaque is excised and
taken to the laboratory for immediate processing. The culprit lesion is used for
histopathological analyses, and the remaining 5 mm segments are frozen in -80 degrees
Celsius for protein and DNA isolations. All patients are followed up for 3 years by annual
questionnaires, in addition to a check of the hospital database, for clinical events in any
cardiovascular territory.43 The rationale of the Athero-Express is that since atherosclerosis
is a systemic disease, local plaque markers can predict systemic clinical outcome. Meanwhile,
this concept has been proven for several biomarkers that indicate an independent higher
risk for secondary cardiovascular events in this cohort,44–46 and may reflect possible
mechanisms by which disease progression occurs. In addition, the association between
plaque characteristics and cardiovascular risk factors can be studied, adding to knowledge
on potential factors involved in plaque destabilization. The ultimate goal would be to
identify a high-risk patient, and to make tailor-made treatment decisions based on plaque
characteristics, aided by imaging. This is further explained in the next section.
Such a longitudinal plaque biobank study can also give insights into the natural process of
carotid plaque stabilization. More calcifications, a larger lipid core, and less smooth muscle
cells have been observed in carotid plaques of patients with increasing age, indicating
plaque destabilization is possibly a gradual process occurring over time.47
Changes in plaque features after an ischemic cerebrovascular event have also been studied.
Both in another plaque biobank study (the Oxford plaque study) as in the Athero-Express
study, it was consistently shown that the amount of plaque macrophages decrease over
time after a stroke, suggesting spontaneous plaque stabilization within the days after stroke.
On the other hand, plaques of patients that presented with TIA did not show this decline.
This possibly suggests that TIA is part of a more chronic process compared to stroke, and
that symptomatology is based on different patterns of destabilization over time.48,49 In stroke
patients, also a decrease in lipid content and increase in smooth muscle cell density was
found over time. These changes were only significant when comparing plaques early after
stroke to those of asymptomatic patients. Furthermore, interleukin-6 and -8 levels, indicating
proinflammatory properties, and caspase-3, a marker of apoptosis, were reduced in patients
operated late after suffering a stroke compared to those operated shortly after the event.
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This was, again, less prominent or absent in TIA patients.49 These findings suggest different
destabilization and healing pathways in plaques leading to these distinct symptoms.
Imaging of plaque characteristics
Currently, different imaging techniques are available to visualize plaque characteristics,
which have been well developed over the past years. Virtual histology-intravascular
ultrasound, an invasive method using ultrasound backscatter signals to detect different
lesion types in vivo, was shown to correlate well with histopathology in coronary arteries
and identify patients at risk of future cardiovascular events.50,51,52 The limitation of this
technique is its invasiveness, legitimating its use only in specific patient groups. For instance
to aid in therapeutic monitoring, and prevention of secondary cardiovascular disease.
Non-invasive methods include computed tomography, fluorodeoxyglucose positron
emission tomography, and magnetic resonance imaging (MRI). Especially in vivo MRI has
been studied extensively in the past decade to analyze carotid plaque features and plaque
progression non-invasively. 1.5-Tesla MRI was shown to be fairly accurate compared to both
sTable and unstable histopathological characteristics.53,54 MRI has been used to monitor
the effect of plaque stabilizing therapy, for example the regression of the lipid-rich necrotic
core in plaques of patients treated with rosuvastatin for two years in trial context,55 and to
study specific markers of plaque instability such as intraplaque hemorrhage. MRI-detected
intraplaque hemorrhage was demonstrated to be a strong marker of plaque progression
and instability, and indeed, it has been associated with an increased risk of future ipsilateral
stroke.56,57 Moreover, in several contemporary studies intraplaque hemorrhage was seen
more frequently in plaques from patients with recent neurological events when compared
to matched patients with asymptomatic carotid stenosis.58,59 In these recent cohorts,
3.0-Tesla MRI was used, with the advantages of higher resolution and signal-to-noise ratio.
Interestingly, intraplaque hemorrhage was not just associated with cerebrovascular events
specifically, but also with future events arising from different cardiovascular territories in
patients undergoing carotid endarterectomy.60
Among the newest developments in this field are 3-D duplex imaging and true vessel
characterization. The latter combines intravascular ultrasound and near infrared spectroscopy
to determine both structure and composition of the plaque, and has been successfully
tested in coronary arteries.61
Accordingly in the future, non-invasive imaging techniques could help identifying plaques
at highest risk of events. During subsequent treatment, invasive plaque imaging techniques
may aid in optimizing clinical decision-making. Before clinical application, wider validation
of these techniques is necessary.
Conclusion and future perspectives
The concept of plaque stabilization has evolved since the nineties and has led to the
recognition of the vulnerable plaque. Biobank studies using carotid endarterectomy plaque
specimens such as the Athero-Express have increased our knowledge regarding carotid
plaque stabilization, with identification of distinctive plaque characteristics determining
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vulnerability and associated rupture risk. Plaques can stabilize over time depending on the
presenting symptoms, or under influence of secondary preventive medication. Statins have
shown clear clinical benefits over the past two decades, though the exact mechanism
leading to plaque stabilization is not entirely clear. Aided by imaging techniques such as
MRI, plaque stabilization can be used as a target for new diagnostics and therapies to
recognize, prevent, and treat the complications of vulnerable plaques.
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ABSTRACT
Objective
Tissue biobanks are an important source for discovery and validation studies aiming for
new proteins that are causally related with disease development. There is an increasing
demand for accurate and reproducible histological characterization, especially for
subsequent analysis and interpretation of data in association studies. We assessed
reproducibility of one semiquantative and two quantitative methods for histological tissue
characterization. We introduce a new automated method for whole digital slide
quantification. Carotid atherosclerotic plaques were used to test reproducibility.
Methods
50 atherosclerotic plaques that were obtained during carotid endarterectomy were analysed.
For the semiquantitative analysis, 6 different plaque characteristics were scored in categories
by two independent observers, and Cohen’s κ was used to test intra- and interobserver
reproducibility. The computer-aided method (assessed by two independent observers) and
automated method were tested on CD68 (for macrophages) and α smooth muscle actin
(for smooth muscle cells) stainings. Agreement for these two methods (done on a continuous
scale) was assessed by intraclass correlation coefficients (ICCs).
Results
For the semiquantitative analysis, κ values ranged from 0.55 to 0.69 for interobserver
variability, and were slightly higher for intraobserver reproducibility in both observers. The
computer-aided method yielded intra- and interobserver ICCs between 0.6 and 0.9. The
new automated method performed most optimal regarding reproducibility, with ICCs
ranging from 0.92 to 0.97.
Conclusions
The analysis of performance of three methods for histological slide characterization on
carotid atherosclerotic plaques showed high precision and agreement in repeated
measurements for the automated method for whole digital slide quantification. We suggest
that this method can fulfill the need for reproducible histological quantification.
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INTRODUCTION
Biobanking of human tissues is an important cornerstone in the discovery and validation
of causally related determinants of life-threatening diseases. Genotyping studies of human
DNA are characterized by stringent quality controls. However, accurate phenotyping of a
diseased patient and biosamples is becoming a major hurdle for the assessment of genophenotypic associations. Dissected tissues collected in biobanks are a great asset for
phenotyping diseases and for prognostic studies, in which histological characterization is
widely applied. It is evident that accuracy and reproducibility of histological characterization
is key for optimal phenotyping of human tissues and subsequent interpretation of data for
association studies.
An example of a research field where phenotyping by histological characterization is
commonly executed is the characterization of atherosclerotic plaques, where sTable and
unstable lesions are differentiated based on inflammatory, lipid, and fibrous components.
Previously, assessment of semiquantitative scoring (SQ) of different carotid plaque
characteristics indicated moderate to good reproducibility as indicated by Cohen’s kappa
(κ) values1,2. Still, further improvement regarding intra- and interobserver variability is
required. Also, in ongoing longitudinal studies, a continuing check of reproducibility is
essential. Furthermore, though variability of semiquantitative scoring based on subjective
scoring within a laboratory could be accepTable, it may be difficult to extrapolate this other
external studies. In atherosclerotic plaques, a computer-aided method (further annotated
as method Q1) to score inflammatory cells and smooth muscle cells quantitatively was
previously implemented to improve reproducibility that indeed performed well2. However,
this method requires the user to manually set color thresholds for the positively stained
areas within subjectively selected regions of interest.
Therefore, a targeted method to quantify characteristics in total tissue specimen is needed.
Whole slide virtual imaging can be used for this purpose3,4. To quantify characteristics on
these whole slide images, we have developed the slideToolkit software (further annotated
as method Q2). This is a new method using free open-source software, targeted to overcome
the aforementioned limitations. We tested the precision (not the accuracy) of this automated
method in the Athero-Express biobank, comprising carotid artery plaque specimens. The
aim of this study was 1) to reassess intra- and interobserver variability of carotid plaque
scoring within our biobank with the methods used before and 2) to evaluate the performance
and precision of the new method Q2.

3

METHODS
Sample selection
50 carotid plaque specimens were randomly selected from carotid endarterectomy (CEA)
patients who were included in the Athero-Express study between 2002 and 20125.
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68% of these patients was male with a mean age of 69 years. 78% was symptomatic with
median time from event to CEA of 38 days. All patient characteristics are shown in Table 1.
Table 1. Patient characteristics.
Male sex

68%

Age (mean) (SD)

69 (10)

Current smoking

39%

Diabetic mellitus

22%

Hypertension

72%

Body Mass Index (mean) (SD)

26 (3.6)

Hypercholesterolemia

54%

History of coronary artery disease

32%

History of peripheral intervention

24%

Preoperative acetylsalicyl acid use

96%

Preoperative statin use

69%

Total cholesterol (mean) (SD)

4.7 (1.3)

HDL (mean) (SD)

1.1 (0.35)

Clinical presentation
Asymptomatic

22%

Ocular symptoms

27%

Transient ischemic attack

33%

Stroke

18%

Event to operation time (median) (IQR)

37.5 (18.5-70.3)

HDL: high density lipoprotein. IQR: interquartile range.

Ethics Statement
The Athero-Express study was approved by the institutional review boards of both
participating hospitals (University Medical Center Utrecht, Utrecht, The Netherlands, and
St. Antonius Hospital, Nieuwegein, The Netherlands) and patients gave written informed
consent.
Plaque processing
Plaques were removed during CEA and immediately processed in the laboratory, were the
culprit lesion with a length of 5 mm was fixed in 4% formaldehyde, subsequently followed
by decalcification and embedding in paraffin. 5 µm cross-sections were sliced and routinely
stained for different characteristics: lipid core size (hematoxylin and eosin (HE) and Picrosirius
Red with polarized light when appropriate), macrophages (CD68, Clone KP1, Novacastra
reagents, Leica Biosystems, Rijswijk, the Netherlands), smooth muscle cells (α smooth
muscle actin antibody, Clone 1A4, Sigma-Aldrich, Zwijndrecht, the Netherlands), collagen
(picrosirius red), calcification (assessed using HE), and thrombus (HE and fibrin).[5 CD68 and
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SMA were visualized with DAB (3,3’ diaminobenzidine), and were used in quantitative
analyses in this study (methods Q1 and Q2). Other characteristics were not included in the
quantitative analyses in this study.
Semiquantitative analysis (method SQ)
Plaques were categorised in no, minor, moderate and heavy staining for most characteristics,
except for lipid core (no, <40%, >40%) and overall phenotype (fibrous, fibroatheromatous
and atheromatous). Scorings were done by two observers (EV and GP), both at 2 timepoints
with at least a one-month interval. They were blinded for each other’s scoring, their previous
scoring (at the second observation), and for patient characteristics.

3

Quantitative analysis, computer-aided with visual interpretation (method Q1)
In the CD68 three representative regions of interest of the plaque (excluding lumen and
media) were selected at x40 magnification according to decision of the same experienced
technician over time (observer EV). The area occupied by DAB staining was determined by
manually selecting colour thresholds by visual interpretation, for each of the three regions
of interest separately. Thereafter, the total field occupied by tissue was calculated as a
percentage of total area occupied by plaque on each region of interest (analySIS FIVE,
Olympos soft imaging solutions). The mean percentage of three fields was taken as the
final value. Scorings were done by observer 1 (KV) and observer 2 (TB), both at two
timepoints with a one-month interval. They were blinded similarly as noted above, and also
for the results of semiquantitative scorings.
Automated quantitative analysis (method Q2)
For this analysis, histological slides were scanned in total using a Roche VENTANA® iScan
HT slide scanner. Each virtual slide was stored as a multi-page pyramid tiff using 90% JPEG
compression. In short, a Q2 workflow consists of four consecutive steps. In the first step
(acquisition), whole slide images are collected and converted to TIFF files. In the second
step (preparation), files are organized. The third step (tiles), creates multiple manageable
tiles to count. In the fourth step (analysis), tissue is analyzed and results are stored in a data
set (Figure 1, Supplemental methods and - data for details). As a part of this method, actual
image analysis was done using CellProfiler (version 2.1.0.Beta_2a.linux, Cellprofiler Cell
Image Analysis Software, Broad Institute, Cambridge, Massachusetts, USA). CellProfiler
uses predefined pipelines to analyze and measure histological images. A pipeline is a
sequential series of modules that each performs an image processing function. For example,
to measure the DAB positive cells, the following was done during the analysis step. First
we used a module to convert the image into two separate gray scale images. One gray
scale image was analyzed for HE, and only HE was white (positive), the rest was black
(negative). We did the same for DAB, where DAB was white (positive) and the rest was
negative (black). To find all nuclei within DAB positive areas, we used a module to use the
DAB gray scale image as a mask for the HE gray scaled image. In this way it is possible to
only analyze the HE positive nuclei within DAB positive areas. Finally, to identify these nuclei
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within DAB positive areas, a module to identify objects was used to find HE nuclei sized
between 8 and 40 pixels. Hence, method Q2 differs from Q1 in that Q2 analysis the whole
slide, so it has no selected regions of interest, and thresholds and measurements settings
are set before analysis. More details on how method Q2 works and the accompanying
pipelines can be found in the supplemental methods.
For CD68 and SMA stained slides, separate CellProfiler pipelines were created. For
macrophages, two parameters were calculated: total DAB positive nuclei as a ratio of total
plaque area (macrophage nuclei), and total DAB positive area as a ratio of total plaque area
(macrophage area). For smooth muscle cells, only the area was calculated (smooth muscle
cell area).
Statistical analysis
Reproducibility of different scoring methods was assessed by different measures of
agreement, as shown in Table 2. Intra- and interobserver variability was assessed within the
same methods, except for method Q2 that only includes intraobserver variability.

Figure 1. A common slideToolkit workflow consists of ‘Acquisition’, ‘Preparation’, ‘Tiles’ and ‘Analysis’.
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Table 2. Statistical tests used for analyzing agreement of different plaque scoring methods.
SQ

Q1

Q2

SQ

Cohen’s κ

NC

NC

Q1

NC

ICC + Bland-Altman

NC

Q2

NC

NC

ICC + Bland-Altman

3

SQ: semiquantitative analysis; method Q1: quantitative analysis, computer-aided; method Q2: automated
quantitative analysis; NA: not applicable; NC: not comparable (measurements are on different scales).

Variability of scorings done on a categorical scale (method SQ) was analyzed by Cohen’s
κ, with linear and quadratic weightings6. Values between 0 and 0.2 are generally indicated
as slight agreement, 0.21-0.4 as fair, 0.41-0.6 as moderate, 0.61-0.8 as substantial, and 0.811 as almost perfect agreement.
Variability of scorings done on a continuous scale (method Q1 and Q2) was analyzed by
calculating intraclass correlation coefficients (ICCs), by a two-way mixed, single measures
model. Interobserver ICCs of method Q1 were calculated by using only the first
measurements of both observers (otherwise we would calculate a composite of intra- and
interobserver variability). To check if this approach was valid, a random effects model was
fit using the “lme4” package in R statistics7 with slide number, rater, and repetition as
random effects. A fixed effect was not included, because there was only 1 method to be
assessed. For both macrophages and smooth muscle cells, variance induced by repetition
was less than 1% of the total variance.
For method Q2, there was only 1 observer (the computer). Therefore, only intraobserver
ICC and no interobserver variability, was calculated. We did not calculate ICCs between
measurements of different methods, because these were measured on different scales and
had different ranges. Therefore, it was not possible to accurately define cutoffs or ranks
within different ranges of measured values to compare the different methods. The different
scales (categorical for SQ and continuous for Q1 and Q2) were also the reason why we
could not use the same statistical methods for all scoring methods. For comparison between
κ and ICC, quadratic weighted κ can be used, as this is expected to be equal to the ICC;
quadratic weighted κ can be written as a ratio of the difference between expected and
observed disagreement, divided by the expected disagreement. Since for quadratic
weighted κ all disagreement terms contain quadratic differences between categorical
numbers, after some mathematical manipulations as shown by Fleiss and Cohen, this is the
same as the ratio of variances that defines the intraclass correlation coefficient8.
In addition to ICCs, Bland-Altman plots were made to visualize the amount of (dis)agreement
between the continuous scorings9 using the ggplot2 and gridExtra packages in R statistics7.
Because the data were right-skewed and the spread of differences increased with increasing
mean of the observations, natural logarithmic transformed values were used in these plots.
SPSS version 20.0 (IBM Corp, IBM SPSS Statistics for Windows, Armonk, NY) was used to
calculate all ICCs.
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4

4

4

4

4

Macrophages

Smooth muscle cells

Collagen

Calcification

Thrombus

42%

40%

79%

46%

57%

58%

Agreement

0.71
(0.54-0.880

0.75
(0.63-0.88)

0.75
(0.59-0.91)

0.65
(0.45-0.85)

0.65
(0.48-0.82)

0.58
(0.37-0.79)

Linear
weighted

0.76 (0.36-1)

0.84 (0.66-1)

0.80 (0.33-1)

0.72 (0.20-1)

0.77 (0.51-1)

0.65
(0.32-0.98)

Quadratic
weighted

0.54
(0.39-0.69)

0.67
(0.53-0.80)

0.67
(0.50-0.84)

0.57
(0.38-0.76)

0.68
(0.56-0.81)

0.65
(0.48-0.83)

Linear
weighted

0.72
(0.65-0.80)

0.81 (nc)

0.75 (0.35-1)

0.63
(0.27-0.99)

0.84 (nc)

0.68
(0.44-0.93)

Quadratic
weighted

0.38
(0.23-0.54)

0.42
(0.28-0.56)

0.72
(0.56-0.88)

0.40
(0.23-0.57)

0.56
(0.41-0.71)

0.44
(0.25-0.63)

Linear
weighted

Intraobserver κ GP (95% CI)

nc: not calculated due to a substantial proportion of zeros in the crosstable. CI: confidence interval. EV and GP indicate different observers.

3

Lipid core

Categories

Intraobserver κ EV (95% CI)

Table 3. Intra- and interobserver variability of semiquantitative scoring of plaque histology.

0.55
(0.33-0.77)

0.59
(0.41-0.77)

0.79 (0.41-1)

0.59
(0.31-0.87)

0.69
(0.47-0.90)

0.55
(0.28-0.81)

Quadratic
weighted

Interobserver κ
(95% CI)
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RESULTS
Semiquantitative analysis (SQ)
For all plaque characteristics under study, κ values were calculated with linear and quadratic
weights, as shown in Table 3. In this results section we only report the quadratic weighted
κ. Quadratic weighted κ can also be compared to the ICC, as explained previously.
Inter- and intraobserver variability was moderate to substantial for all characteristics;
intraobserver κs were between 0.65 to 0.84 and 0.63 to 0.84 for observers EV and GP
respectively, for interobserver comparisons κs ranged between 0.55 and 0.69.

3

Quantitative analysis, computer-aided with visual interpretation (method Q1)
For macrophage staining, median value of percentage of stained area of all observations
(n=200) was 0.46% (interquartile range (IQR): 0.11-1.1%). Intraobserver ICC for observer 1
was 0.92 (95% confidence interval (CI): 0.86-0.95) and for observer 2 0.84 (95% CI: 0.73-0.91).
For smooth muscle cells, median value of percentage of stained area of all observations
was 1.3% (IQR: 0.54-2.6%). Intraobserver ICC was 0.76 (95% CI: 0.61-0.85) and 0.86 (95% CI:
0.80-0.88), respectively. Interobserver ICCs were lower, with 0.71 for macrophages and 0.62
for smooth muscle cells (Table 4).
Bland- Altman plots show that the variation in log transformed macrophage and smooth
muscle cell measurements remains quite constant with increasing percentage staining,
both for intra- and interobserver measurements (Figure 2 and 3).
Automated quantitative analysis (method Q2)
For the ratio of macrophage nuclei and area per total plaque area, median level of all
observations (n=91, remaining 9 scorings were missing) was 6.0 * 105 (IQR: 2.3 x105- 9.8
x105), and 0.065 (interquartile range (IQR): 0.030-0.14), respectively. Intraobserver ICC for
macrophage nuclei was 0.97 (95% CI: 0.94-0.98) and for macrophage area 0.97 (95% CI:
0.95-0.98). Median level of smooth muscle cell area of all observations (n=95) was 0.32 (IQR
0.21-0.47). ICC of smooth muscle cell scoring was 0.92 (95% CI: 0.86-0.95) (Table 4).

Table 4. Intra- and interobserver variability of quantitative methods scoring of plaque histology.
Macrophages, nuclei Macrophages, area or %* Smooth muscle cells
Q1, interobserver ICC

NA

0.71 (0.53-0.82)

0.62 (0.42-0.77)

Q1, intraobserver ICC observer 1 NA

0.92 (0.86-0.95)

0.76 (0.61-0.85)

Q1, intraobserver ICC observer 2 NA

0.84 (0.73-0.91)

0.86 (0.80-0.88)

Q2, intraobserver ICC

0.97 (0.95-0.98)

0.92 (0.86-0.95)

0.97 (0.94-0.98)

Method Q1: quantitative computer-aided technique of selected areas with visual interpretation of color
threshold; method Q2: automated quantitative analysis: whole slide imaging and automated quantitative
analysis software; NA: not applicable (macrophage nuclei were not assessed in method Q1)
*For method Q1: percentage stained area of total plaque; for method Q2: total percentage stained area
per total area in hematoxylin staining.
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Method Q1 − observer 1 intraobserver plot
2

0

Difference of macrophage measurements
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−2

−1

0

Means of macrophages

1

2

Method Q1 − observer 2 intraobserver plot
2
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Difference of macrophage measurements

−2

−2

−1

0

Means of macrophages

1

2

1

2

Method Q1 − interobserver plot
2
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−2

−2

−1

0

Means of macrophages

Figure 2. Bland-Altman plots of intra- (upper two panels) and interobserver (lower panel) reproducibility of
method Q1 for measurement of macrophages. Measurements were logarithmically transformed after adding
0.1. The continuous line shows the mean difference of measurements, the dotted line indicates 95% limits of
agreement.
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Method Q1 − observer 1 intraobserver plot

2

1

3

0

−1

Difference of smooth muscle cell measurements

−2
0.0

0.5

1.0

Means of smooth muscle cells

1.5

2.0

Method Q1 − observer 2 intraobserver plot

2

1

0

−1

Difference of smooth muscle cell measurements

−2
0.0

0.5

1.0

Means of smooth muscle cells

1.5

2.0

1.5

2.0

Method Q1 − interobserver plot

2

1

0

−1

−2
0.0

0.5

1.0

Means of smooth muscle cells

Figure 3. Bland-Altman plots of intra- (upper two panels) and interobserver (lower panel) reproducibility of
method Q1 for measurement of smooth muscle cells. Measurements were logarithmically transformed after
adding 1. The continuous line shows the mean difference of measurements, the dotted line indicates 95%
limits of agreement.
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Method Q2 − intraobserver plot
0.1

0.0

−0.1

Difference of macrophage area measurements

−0.2
−9.2

−8.8

−8.4

Means of macrophages, nuclei

−8.0

Method Q2 − intraobserver plot

0.2
0.1
0.0

−0.1
−0.2

Difference of smooth muscle cell area measurements

−0.3
−2.0

−1.5

−1.0

−0.5

Means of macrophages, area

Method Q2 − intraobserver plot
0.25

0.00

−0.25

−0.50
−1.5

−1.0

Means of smooth muscle cells, area

−0.5

Figure 4. Bland-Altman plots of intraobserver reproducibility of method Q2 for measurement of macrophage
nuclei (upper panel), macrophage area (middle panel), and smooth muscle cell area (lower panel).
Measurements were logarithmically transformed after adding 0.0001, 0.1, and 0.1, respectively. The continuous
line shows the mean difference of measurements, the dotted line indicates 95% limits of agreement.

40

2014210 proefschrift Joyce Vrijenhoek.indd 40

29-10-14 10:32

AUTOMATED QUANTIFICATION OF HISTOLOGICAL SLIDES

Again, Bland-Altman plots suggest that the variation in log-transformed macrophage and
smooth muscle cell measurements remains constant across the range of all measurements
(Figure 4).
3

DISCUSSION
Here we report that a method to quantify tissue histology fully automatically can be
executed with high reproducibility. We used macrophage and smooth muscle cell infiltration
in carotid atherosclerotic plaques as markers to test this method. If we compare this method
to other (semi)quantitative techniques that have been applied previously, this new
quantitative method seems to perform better regarding ICC values of two repeated
measurements, with narrower 95% confidence interval ranges. The high precision suggests
that quantification by this technique allows for more reliable association studies, compared
to traditional methods using semiquantitative analysis that showed modest to substantial
reproducibility in this study, as shown before2. This indicates that characteristics that require
visual interpretation may suffer from variability among researchers and research centers,
and should be interpreted with caution.
Applications in research
There are different research applications in which reproducibility of atherosclerotic plaque
histology is important. First, plaque imaging (by MRI) is increasingly used as a technology
to detect vulnerable plaque characteristics noninvasively, for example for associations with
symptoms and/or future cardiovascular events10-13. For validation of imaging techniques,
comparison with atherosclerotic plaque histology is necessary. Measured variability between
plaque histology and plaque imaging for example, is a result of the added variability of
both methods. Second, human genotyping studies are emerging and applied to study
causality of disease and for discovery of potential therapeutic targets. Therefore, accurate
and reproducible association of phenotypic tissue characteristics with genetic data is
relevant, which requires improved phenotyping of tissues and disease. This objective applies
for all diseases where histological phenotyping is an issue and goes beyond the scope of
atherosclerotic disease. Phenotypic differences in disease presentation between subjects
(such as differences between macrophage infiltration in atherosclerotic plaques) are a result
of real variation, and ‘noise’: variability within and between observers using a certain
technique. Studies on genetic variability are characterized by high qualitative output and
reproducibility and the large variability in phenotypic outcomes is a major challenge before
we can optimally assess and interpret genotypic-phenotypic associations.
Applications in clinical practice
Another application, in which similar digital imaging techniques are already in use in some
clinical laboratories, is assessing Her2 receptor status in breast cancer by automated cellular
imaging system III (ACIS® III, Dako). Standardized scoring protocols using this digital image
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analysis system have been tested and showed better concordance with fluorescence in situ
hybridization, compared to manual semiquantitative interpretation of immunohistochemical
slides14. Drawbacks of the ACIS III system is that the algorithm for the color threshold is
fixed, so that changes in staining quality will influence scoring, and that this software only
works on specific staining kits from the same company (like HercepTest™).
Strengths and limitations
This study comprised a random sample of carotid plaques, and a comprehensive analysis
of two prior techniques and a new method to indicate performance of these different
techniques. The new method (method Q2) uses whole slide imaging and thus contains all
the information that is available in the tissue, in contrast to only a selection of tissue (method
Q1) that may not reflect the total plaque. Other advantages of method Q2 are that it can
be used on regular slides, and is fast and efficient due to parallel processing, which makes
it possible to handle large numbers of slides simultaneously.
While we show high precision of method Q2, accuracy could not be assessed, as there is
no gold standard to quantify plaque histology. Measuring accuracy is a challenge, because
it remains unknown what the ‘real’ quantity of a certain marker is. We can only try to
approach this ‘true’ quantity as good as possible by assessing reproducibility of repeated
measurements, which is a measure of precision. Furthermore, precision is also dependent
on which marker is used to visualize cells in tissue specimens, and measurements may
accordingly be different. We tested only CD68 as a marker for macrophages, and α smooth
muscle actin as a marker for smooth muscle cells.
There are several reasons why reproducibility remains an issue in an automated system such
as Q2. First, we found that some slides contained undesired artefacts, like airbubbles, pen
markings or positive antibody control tissue. When analyzing slides semiquantitatively or
when manually selecting areas of interest (Q1), these artefacts are non-concerning. However,
during whole slide analysis (Q2), these artefacts can result in false measurements. We
created masks to exclude these parts of the whole slide images. Masks can be created
automatically, but often these masks need to be altered by a human to remove unwanted
artifacts (pen markings etc.) and this can theoretically influence reproducibility. In addition,
different circumstances could occur while creating the digital image bij the scanner (dust,
lack of focus, increased lighting, etc.), which could also result in different measurements.
Q1 and Q2 were not applied for quantifying other plaque characteristics. This is because
Q1 was only found to be feasible on DAB-stained sections, and the application of Q2 has
started on stainings visualized by DAB, with pipelines for the other characteristics still in
development. Other stainings and/or antibodies may also show different results, and our
antibodies may not always be the most optimal. However, as discussed before, this study
did not aim to study accuracy of the antibodies, but focuses on reproducibility and
application of a new scoring method on currently used stainings. This means that we do
not yet present a standardized technique, however in the future consensus may be reached
on what the most optimal method for tissue quantification should be, and good precision
of this quantification method is a good starting point. In addition, we cannot yet generalize
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the applicability of our new quantitative method to other laboratories, and tissue types.
Therefore, with every new application, reproducibility of scoring methods used on specific
tissue specimens should be tested first. Pipelines for other stains are currently under
development. Finally, we only analyzed reproducibility of the culprit lesion and cannot make
inferences regarding reproducibility of other plaque segments. However, previous research
by our group has shown that spatial differences in the plaque are minimal2.
In the future, histological tissue quantification has to remain subject to ongoing
reproducibility assessment and necessary updating, as computer-aided technology is in
continuous development, and variability in tissue examination may change over time. The
use of open source software makes frequent releases and updates possible15. It is to be
expected that digitizing slides will become increasingly common, making automated
quantification such as method Q2 cheaper and more accessible.
In conclusion, the (semi)quantitative methods currently studied to analyze plaque histology
perform well, according to intra- and interobserver variability. The new automated method
(Q2) presented here, using whole slide imaging and open source software, showed high
precision and agreement in repeated measurements. This suggests that this technique can
be used to reliably quantify tissue histology for research purposes.

3
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SUPPLEMENTAL METHODS
The slideToolkit method
The slideToolkit is a collection of open source libraries and scripts to handle each step from
virtual slides to the storage of your results. The toolkit is developed for modern (2014)
personal computers (running *nix system[Linux, OS X, Unix]) and high-performance
computing (HPC) systems. A common slideToolkit workflow consists of four consecutive
steps. In the first step, “acquisition”, virtual slides are collected converted to .TIFF files. In
the second step, “preparation”, files are organized for future steps. The third step, “tiles”,
creates multiple manageable tiles to count. The fourth step, “analysis”, is the actual tissue
analysis and saves the results in a meaningful dataset. These steps are schematically
depicted in Figure 1 of the main article.

3

Step 1 - Acquisition
Most slide scanners are, in addition to their own proprietary format, capable of storing the
virtual slides in pyramid TIFF files. The slideToolkit uses the Bio-Formats library to convert
other microscopy formats into the compatible pyramid TIFF format if needed. TIFF is a
tag-based file format for raster images. A TIFF file can hold multiple images in a single file,
this is known as a multi-layered TIFF. The term “Pyramid TIFF” is used to describe a multilayered TIFF file that wraps a sequence of raster images that each represents the same
image at increasing resolutions (Figure 1). The different layers contain, among others, the
slide label and multiple enlargements of the tissue on the slide.

Figure 1.
A visualisation of a multi-page
pyramid TIFF file. This illustration
shows a TIFF file with 4 layers
(thumbnail, 1.25x, 20x, 40x), but
virtual slides stored as TIFF files often
contain up to 11 or more layers.
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To read whole slide images we use the opensource libTIFF libraries and the OpenSlide
libraries. These libraries are also used to extract metadata (e.g. scan time, magnification
and image compression) of the scanned slides. For image processing we use ImageMagick
(ImageMagick 6.8.7-0 2013-10-16 Q16 http://www.imagemagick.org). ImageMagick is a
command line image manipulation tool that is fast, highly adjusTable and capable to handle
big pyramid TIFF files. Descriptive information about the slide is stored as metadata and
contains, for example, pixels per micrometer, presence of different layers, and scan date.
Step 2 - Preparation
In the following steps we create multiple output files for each slide. For each virtual slide a
staging directory is created in which the virtual slide and all output data concerning the
slide will be stored.
In digital image manipulation, a mask defines what part of the image will be analyzed and
what part will be hidden. Usually a mask can be defined as black (hidden) or white (not
hidden). We will use this technique to mask unwanted areas. The slideToolkit automatically
creates a mask using a miniature version of the virtual slide (in our example this is layer 6
of the multi layered TIFF). Generated masks can be adjusted manually in an image editor
of choice (such as the freely available GNU Image Manipulation Program; GIMP (http://
www.gimp.org)), sometimes this is necessary to remove unwanted areas on the virtual slide
(like marker stripes or air bubbles under the coverslip). Only non tissue parts of the virtual
slides were masked.
Step 3 - Tiles
Working with whole 20x representations of the digitized slides is currently not possible due
to hardware limitations. The goal of this step is to create multiple smaller images (i.e. tiles)
from a whole slide. An upscaled version of the mask is placed over the 20x image of the
slide (in our example this is layer 3 of the multi layered TIFF). Image manipulation on 20x
sized virtual slides requires large amounts of computer RAM. To make it possible for
computers without sufficient RAM to handle these files, the slideToolkit uses a memorymapped disk file of the program memory. Using generated disk mapped memory files, the
slideToolkit can efficiently extract all tiles. When no mask is used the slideToolkit uses a
faster and more efficient way to create tiles without the use of a memory-mapped disk file.
Step 4 - Analysis
At this step, multiple tiles containing tissue data have been made, and the different objects
in this tissue will be identified. CellProfiler is designed to quantitatively measure phenotypes
from thousands of images automatically without training in computer vision or programming.
CellProfiler can run using a graphical user interface (GUI) or a command line interface (CLI).
Using the CellProfiler’s GUI, different algorithms for image analysis are available as individual
modules that can be modified and placed in sequential order to form a pipeline. Such a
pipeline can be used to identify and measure biological objects and features in images.
Pipelines can be stored and reused in future projects. We created two pipelines for CD68
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and SMA using the CellProfiler GUI and used CLI to run these. Both pipelines can be
downloaded as .cp files, added as Supplementary data (“CD68_pipeline.cp” and “SMA_
pipeline.cp”). An illustrated example on how to create pipelines in CellProfiler is described
by Vokes and Carpenter.1

3

CellProfiler CD68 pipeline
This pipeline analyses the surface area and amount of CD68-DAB-positive cells compared
to hematoxylin (HE) surface area. Each image was processed using the ‘UnmixColors’
module allowing the DAB stain and HE stain to be extracted into two channels. In the DAB
channel, surface area was defined using the ‘ApplyThreshold’ module and included the
‘Otsu Global’ and the ‘three classes’ options. Weighted variance was minimized and pixels
in the middle intensity class assigned to the foreground. The threshold correction factor
was entered as ‘1.3’ and the lower and upper bounds on the threshold were ‘0.1’ and ‘1.0’
respectively. In the HE channel, surface area was defined using the ‘ApplyThreshold’ module
and included the ‘Otsu Global’ and the ‘two classes’ options. Entropy was minimized and
threshold correction factor for pixels was entered as ‘0.8’, and the lower and upper bounds
on the threshold were ‘0.1’ and ‘1.0’, respectively. The ‘MeasureImageAreaOccupied’
module was used to measure surface areas of the defined CD68 and HE objects. DAB
positive cells were identified using the ‘IdentifyPrimaryObjects’ module. The cells to be
identified were defined within 8 and 40 pixels, objects outside this range were discarded.
A three-class thresholding method was used with the method set to ‘Otsu Global’. Entropy
was minimized and the pixels in the middle intensity were set to the foreground. The
threshold correction factor was set to 1 and the lower and upper bounds were set to ‘0.3’
and ‘1’ respectively. The method to distinguish clumped objects was set to ‘Shape’.
CellProfiler SMA pipeline
This pipeline was used analyses the surface area and amount of SMA positive cells compared
to HE surface area. Each image was processed using the ‘UnmixColors’ module allowing
the DAB stain and hematoxylin stain to be extracted into two channels. DAB surface area
and the HE surface area used similar ‘IdentifyPrimaryObjects’ module settings. Both
included the ‘Otsu Global’ and the ‘three classes’ options. Entropy was minimized and
pixels in the middle intensity class assigned to the foreground. The threshold correction
factor was entered as ‘1.3’ and the lower and upper bounds on the threshold were ‘0.1’ and
‘1.0’ respectively. The method to distinquish clumped objects was set to ‘none’ and holes
were filled in identified objects. The ‘MeasureImageAreaOccupied’ module was used to
measure surface areas of identified SMA and HE objects.
We store CellProfiler measurements, like cell count, cell position, tissue surface area and
other information in a database file (e.g. MySQL database or csv). Measurements can than
be gathered and further analyzed using preferred statistical software, like R.
1.

Vokes MS, Carpenter AE (2008) Using CellProfiler for automatic identification and measurement of biological
objects in images. Curr Protoc Mol Biol Chapter 14: Unit14.17. doi:10.1002/0471142727.mb1417s82.
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ABSTRACT
Background
Time dependent trends in the incidence of cardiovascular disease have been reported in
high-income countries. As atherosclerosis underlies the majority of cardiovascular diseases,
we investigated temporal changes in the composition of atherosclerotic plaques removed
from patients undergoing carotid endarterectomy.
Methods
The Athero-Express study is an ongoing longitudinal vascular biobank study that includes
the collection of atherosclerotic plaques of patients undergoing primary carotid
endarterectomy in the province of Utrecht, the Netherlands from 2002 to 2011.
Histopathological features of plaques of 1583 patients were analysed in intervals of 2 years.
The analysis included quantification of collagen, calcifications, lipid cores, plaque
thrombosis, macrophages, smooth muscle cells, and microvessels.
Results
Large atheroma, plaque thrombosis, macrophages and calcifications were less frequently
observed over time with adjusted odds ratios of 0·72 [0·650-0·789], 0·62 [0·569-0·679], 0·87
[0·800-0·940] and 0·75 (0·692-0·816) per 2 year increase in time, respectively. These changes
in plaque characteristics were consistently observed in patient subgroups presenting with
stroke, transient ischemic attack, ocular symptoms and asymptomatic patients.
Concomitantly, risk factor management and secondary prevention strategies among
vascular patients scheduled for carotid endarterectomy significantly improved over the past
decade.
Conclusions
In conclusion, over the past decade, atherosclerotic plaques harvested during carotid
endarterectomy show a time dependent change in plaque composition characterized by
a decrease in features currently believed to be causal for plaque instability. This seems to
go hand in hand with improvements in risk factor management.

50

2014210 proefschrift Joyce Vrijenhoek.indd 50

29-10-14 10:32

CHANGES OVER TIME IN CAROTID PLAQUE COMPOSITION

INTRODUCTION
Population-based studies demonstrate an age-adjusted decrease in manifestations of
atherosclerotic cardiovascular diseases such as stroke and coronary heart disease over the
last decades in high-income countries.1-5
The composition of atherosclerotic plaques is considered to reflect the local atherosclerotic
disease severity. Indeed, autopsy and clinical pathology studies have revealed that thin
capped atheromatous plaques are associated with rupture resulting in thrombotic occlusion
and a subsequent acute cardiovascular event.6 In addition, a minority of thrombotic events
are caused by plaque erosion in the presence of a fibrous lesion.7
Autopsy studies have provided many insights into the atherosclerotic plaque characteristics
that are associated with cardiovascular events. Yet, there is no report on temporal changes
in plaque phenotypes during the last decades coinciding with the decreased incidence of
cardiovascular disease reported in high-income countries. To investigate time dependent
changes in atherosclerotic plaque characteristics, we used the Athero-Express study, and
analyzed histological features of over 1500 plaques removed during carotid endarterectomy
from patients with similar symptomatology included from 2002 to 2011.

4

METHODS
Athero-Express, study population
Athero-Express is an ongoing longitudinal biobank study collecting carotid atherosclerotic
plaques from patients that undergo carotid endarterectomy in the University Medical Center
Utrecht or the St Antonius Hospital Nieuwegein, the Netherlands.8 Medical ethics
committees of both participating centers approved the study and all included patients
provided written informed consent. All patients who underwent carotid endarterectomy
from the start of the Athero-Express in 2002 up to 2011 were included. Patients were
excluded from the study if informed consent was lacking. Indication for surgery was based
on international guidelines for symptomatic and asymptomatic carotid stenosis.9-11
All indications were reviewed by a multidisciplinary team of vascular specialists before
surgery. Patient data were obtained via standardized questionnaires and pre-operative
admission charts.
Plaque processing and assessment
Atherosclerotic plaques of patients were harvested during carotid endarterectomy according
to a standardized and previously reported protocol.8,12 Briefly, carotid plaques were divided
into segments of 5 mm thickness. The section with the largest plaque burden was classified
as culprit lesion and subjected to immunohistochemical staining. Plaques were stained for
macrophages (CD68), smooth muscle cells (alpha-actin), collagen (Picro-sirius Red),
microvessels (CD34) and presence of plaque thrombosis (consisting of the combination of
luminal thrombi and/or intraplaque hemorrhages-haematoxylin eosin and fibrin [Mallory’s
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phosphotungstic acid-hematoxylin]).8,12,13 Macrophages and smooth muscle cell stains were
analysed quantitatively by computerized analyses and expressed as percentage of plaque
area. Plaque neovascularization was identified by morphological structure with CD34+
staining that was counted in 3 hotspots and subsequently averaged per cross-section.
Collagen and calcifications were scored semi-quantitatively at a 40X magnification,
according to the following criteria: no (1) or minor (2) staining along part of the luminal
border of the plaque or a few scattered spots within the lesion, moderate (3) or heavy (4)
staining was scored when along the entire luminal border or evident parts within the lesion.
Also these categories were binned into no/minor and moderate/heavy for logistic regression
analyses. Size of the lipid core was visually assessed using polarized light and cut off at 40%
of the plaque area, based on the association with rupture prone plaques.14 Luminal thrombus
was defined as a solid mass formed from fibrin and platelets superimposed on the plaque,
within the vascular lumen.15 Loose erythrocytes in the lumen were scored negative for
luminal thrombi. Plaque thrombosis was defined as the combination of either presence of
luminal thrombus and/or intraplaque hemorrhage. Results are also shown separately. All
histological scorings were performed by the same dedicated technician during the entire
study period. To examine whether the assessment of plaque characteristics had changed
over time, we performed additional intraobserver analyses between different time intervals
of our longitudinal study.
Definitions of risk factors and medical treatment
At the time of inclusion all patients were asked to complete an extensive questionnaire as
reported previously.5 Systolic blood pressure was measured before surgery in the outpatient
clinic, together with height and length to calculate the body mass index (BMI). Blood
withdrawal was performed at baseline to assess serum total cholesterol and creatinin levels.
Creatinin was used to calculate the estimated glomerular filtration rate (eGFR) with the
Modification of Diet in Renal Disease (MDRD) formula.16 Patients were considered smokers
if they reported to be smoking until the year of inclusion. Diabetic status was restricted to
those patients receiving medical treatment including insulin or oral glucose-lowering drugs.
Statin use at baseline was registered, as well as the use of antihypertensive drugs including
betablockers, ACE-inhibitors, angiotensin II antagonists and diuretics. Furthermore,
prescription of anti-thrombotic medication was registered including aspirin, oral
anticoagulants, clopidogrel and dipyridamol.
For patients undergoing carotid endarterectomy in Athero-Express, the index event was
registered as transient ischemic attack, stroke, occular symptoms (including amaurosis fugax
or retinal infarction) or as an asymptomatic status. In addition, the time interval between
the last symptomatic event and surgery was registered.
Follow-up and outcome
The patients included in the Athero-Express study underwent a clinical follow-up that has
been described in detail previously.5 In short, patients were asked to fill in the follow-up
questionnaire after 1, 2 and 3 years. If the questionnaire was answered positively, further
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research was performed to investigate the potential outcome of the event. If the patient
did not respond, the general practitioner was contacted. The events were assessed by two
members of an outcome assessment committee. The composite endpoint included any
death of presumed vascular origin (stroke, myocardial infarction, sudden death, other
vascular death), non-fatal stroke, myocardial infarction or any intervention not planned at
the time of inclusion.

4

Statistical analyses
Statistical analyses were performed with SPSS 17.0 (Chicago, IL, USA). To avoid the limitation
of complete case analyses, multiple imputation was used to calculate missing values.17
Supplemental Table I gives information on the amount of missingness in our study. To
investigate time trends with sufficient sample sizes in different time periods, we studied
plaque and patient characteristics over 2 year intervals from 2002 to 2011 using Chi-square
statistics. Potential confounding variables were predefined based on observed baseline
incomparability over time (P-value for selection <0.20) and introduced in regression in a
step-wise manner to estimate their individual contribution in logistic regression models.
For this analysis, plaque characteristics were binned into no/minor and moderate/heavy.

RESULTS
Patients
The demographics in the patient population scheduled for carotid endarterectomy are
shown in Table 1. The mean age at the time of surgery was 66·4 (±8·5) in 2002-2003 and
69·9 (±10·1) in 2010-2011. The proportion of asymptomatic patients in the same period of
time was 21·2% for 2002-2003 and 9·2% for 2010-2011. For symptomatic patients, the median
time between the last event and surgery was 111 days [54-159] in 2002-2003 and 20 days
[11-35] in 2010-2011 (Table 1). Prevalence of active smoking until the year of surgery was
45·6% in 2002-2003 and 32·1% in 2010-2011. Furthermore, total cholesterol levels at the
time of inclusion were lower in more recent years, concomitant with a higher frequency of
statin prescription. The prescription of angiotensin II antagonists and dipyridamol was also
more frequent in more recent years (Table 2). On the other hand, prescription of oral
anticoagulants and clopidogrel were highest in the early years of the study. These factors
were introduced in the multivariate model to assess their individual contribution to the
association between plaque characteristics and year of inclusion.
Plaque composition
During the past decade the prevalence of plaques with large lipid cores, covering >40% of
the plaque surface, were frequently observed in 2002-2003 (33·2%) and less frequently
observed in 2010-2011 (14·4%, p<0·001) (Table 3). The occurrence of plaque thrombosis
was more prevalent in the early years (74·4%) as compared to more recent years (37·6%,
p=0·001). There were no differences in the number of intraplaque vessels over the years.
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66·4 (8·50)
69·2
45·6
21·2
107·9 (±14·7)
5·2 (±1·1)
71·5 (±18·6)
26·4 (±3·8)
111 [54-159]

Age, mean (±SD)

Gender, male, %

Smoking, %

Diabetes, %

Mean arterial pressure, mmHg (±SD)

Total cholesterol, mmol/ml (±SD)

eGFR, ml/min/1·73m2 (±SD)

Body mass index, kg/m2 (±SD)

Time since last cerebrovascular event, days,
median [IQR]

25·0

40·0
24·0

Transient ischemic attack, %

26·0
37·2

History of peripheral arterial disease

History of coronary arterial disease

28·7

19·6

41·2

Abbreviations: SD, standard deviation; IQR, interquartile range. P-value

46·0

Contralateral internal carotid stenosis > 50%

Stroke, %

45·3

14·8

Ocular, %

12·5

21·2

17·2

65 [26-121]

26·2 (±3·9)

70·3 (±19·8)

4·7 (±1·2)

107·9 (±15·6)

22·1

33·1

70·3

68·3 (9·3)

2004-2005
(n=408)

Asymptomatic, %

Index event

2002-2003
(n=250)

Patient characteristics

Table 1. Patient characteristics over time.

31·5

19·3

47·4

20·5

50·9

14·8

13·9

44 [18-72]

26·5 (±3·7)

72·7 (±22·8)

4·4 (±1·1)

107·2 (±16·3)

25·6

33·8

67·9

68·7 (9·2)

2006-2007
(n=352)

30·7

22·0

45·2

27·7

44·6

16·9

10·8

30 [13-53]

26·1 (±3·4)

71·3 (±20·2)

4·4 (±1·2)

107·7 (±16·9)

19·3

30·4

67·2

69·7 (8·9)

2008-2009
(n=332)

29·2

17·7

51·7

26·9

43·2

20·7

9·2

20 [11-35]

26·7 (±4·6)

73·5 (±19·9)

4·9 (±1·2)

104·5 (±15·1)

22·1

32·1

67·2

69·9 (10·1)

2010-2011
(n=271)

0·188

0·115

0·072

<0·001

<0·001

0·525

0·157

0·002

0·023

0·893

0·003

0·357

<0·001

P value
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4

Figure 1. Semi-quantitative plaque information on intraplaque hemorrhage and luminal thrombus (A), fat (B),
macrophages (C) and calcification (D) based presence and/or degree of staining.

Table 2. Preoperative medication prescription over time.
Prescribed preoperative
medication

2002-2003 2004-2005 2006-2007 2008-2009 2010-2011 P value
(n=250)
(n=408)
(n=352)
(n=332)
(n=271)

Statins, %

64·8

73·3

81·2

78·6

79·3

<0·001

Betablockers, %

46·0

47·5

44·3

46·7

42·8

0·417

ACE-inhibitors, %

30·0

34·1

33·0

26·8

33·2

0·707

Angiotensin II antagonists, %

18·4

18·1

22·2

24·1

26·2

0·004

Diuretics, %

31·2

35·0

35·8

38·3

33·6

0·388

Aspirin, %

87·6

85·5

84·4

83·7

84·9

0·289

Oral anticoagulants, %

14·4

11·8

13·6

12·0

9·2

0·137

The proportion of heavily calcified plaques was also less prevalent in more recent years.
Strong fluctuations were observed in macrophage and smooth muscle cell counts between
2002 and 2011. For both cell types the highest values were observed in 2006-2007 and the
lowest values were observed in 2010-2011. The median macrophage percentages were 0·41
% in 2002-2003, and 0·09 % in 2011-2012. Figure 1 shows the semi-quantitative data on
plaque characteristics that are currently believed to be causally related with the vulnerability
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of the plaque in two-year intervals. Panel A shows that the decrease in histologically
identified plaque thrombosis was mostly due to a decrease in both luminal thrombosis and
intraplaque hemorrhage. Also, the decrease in plaques with higher fat content coincided
with an increase in plaques with no detecTable fat (Figure 1, panel B). For macrophages
and calcifications (Figure 1, panel C and D), the heavy staining was less often observed over
time whereas minor staining prevailed in more recent years. Raw scatterplots of macrophages
and smooth muscle cells as well as semi quantitative data on collagen and smooth muscle
cells are depicted in eFigure 1.
The association between plaque characteristics and year of surgery was assessed after
adjustment for patient and procedural characteristics that changed over time (age, index
event, delay between event and surgery, medication use) and traditional risk factors that
are known to be associated with atherosclerotic disease progression (presence of
contralateral internal carotid stenosis > 50%, history of peripheral arterial disease, history
of coronary arterial disease, smoking, mean arterial pressure, total cholesterol levels, kidney
function (eGFR)). After adjustment, all aforementioned plaque characteristics, except for
smooth muscle cell content remained significantly associated with year of surgery and
indicated an decrease in features that are considered to be associated with carotid plaque
instability over time. Per 2 year increase, the adjusted odds ratios for atheromatous plaques,

Figure 2. Adjusted odds ratios for the presence of atherosclerotic plaque characteristics, per 2 year increase
from 2002-2011. Odds ratios and p values were adjusted for age, gender, smoking, total cholesterol, time
since last event, index event, statin use, angiotensin II antagonist use, oral anticoagulant use, clopidogrel use
and dipyridamol use.
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Calcified plaque, %

52·0

62·0

59·7

51·2

24·0

<0.001

plaque thrombosis and calcifications were
0·72 [0·650-0·789] (p<0·001), 0·62 [0·569-0·679]
(p<0·001), 0·75 (0·692-0·816) respectively
(Figure 2).
Step-wise introduction of these patient
characteristics and use of medication to the
regression model with either atheromatous
plaques, plaque thrombosis and calcifications
as an outome revealed that none of these
factors could be considered as confounding
variables (change in beta <10%). The
Supplemental Table II shows the odds ratios
of the association between plaque and year
of inclusion, following a step-wise correction
for potential confounders. Supplemental
Table III shows the adjusted odds ratio for
subgroups without statin use, blood pressure
medication and smoking. Table 4 depicts the
time dependent changes in plaque
characteristics for each clinical presentation
before surgery. The data reveal that the
temporal changes in plaque characteristics
were consistent among these subgroups.
During 3 years of follow-up, event rates for
composite cardiovascular endpoints remained
similar. Of those included in 2002-2003, 31·7%
had experienced a major cardiovascular
endpoint within 3 years compared to 26·4%
of those included in 2008 (Kaplan Meier plots
are shown in eFigure2).

4

Abbreviations: IQR, interquartile range.

0·41 [0·09-1·30] 0·46 [0·08-1·23] 1·04 [0·46-1·96] 0·27 [0·10-0·64] 0·09 [0·01-0·51] <0.001

2·03 [0·73-4·34] 1·08 [0·34-2·65] 2·19 [1·00-3·75] 1·23 [0·46-2·21] 0·68 [0·13-1·99] <0.001

Median % macrophage staining per plaque area [IQR]

Median % smooth muscle cell staining per plaque area [IQR]

0.643
78·6
76·8
80·1
73·6
Collagen rich, %

85·8

<0.001

0.436

37·6

6·3 [2·3-11·7]

49·1

7·3 [3·7-12·9]
7·7 [4·7-11·9]

62·5
75·5
74·4

6·7 [4·3-10·4]

Plaque thrombosis, %

Intraplaque vessels, median [IQR]

8·5 [5·7-12·3]

<0.001
14·4
21·1
33·2
Atheromatous plaque (lipid core > 40% of plaque surface), %

26·7
36·0

2002-2003
(n=250)
Plaque Composition

Table 3. Presence of atherosclerotic plaque components over time.

2004-2005
(n=408)

2006-2007
(n=352)

2008-2009
(n=332)

2010-2011
(n=271)

P value
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8·7 [6·6-12·8]
90·0

7·0 [4·2-9·0]

Intraplaque vessels (n/hotspot), median [IQR]

22·9
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8·7 [5·0-10·7]

7·5 [4·1-12·5]

9·0 [2·3-13·6]

6·0 [2·7-9·1]

0·660
0·506

68·6

69·2

44·6

19·6

<0·001

59·5

80·4

<0·001

0·007

P value

Calcified plaque, %

78·6

37·5

5·4

2010-2011
(n=56)

0·011

0·49 [0·05-1·36] 0·41 [0·07-1·22] 0·84 [0·39-1·56] 0·32 [0·11-0·89] 0·11 [0·01-0·44] 0·001

84·6

44·6

19·6

2008-2009
(n=56)

24·0

3·03 [0·80-5·98] 1·69 [0·60-3·47] 3·05 [1·44-4·93] 1·23 [0·58-2·41] 0·59 [0·07-2·16] <0·001

90·2

53·8

25·0

2006-2007
(n=52)

61·1

Median area of macrophages as % of plaque area [IQR]

7·0 [4·5-10·4]
78·4

Intraplaque vessels (n/hotspot), median [IQR]

Collagen rich, %

66·7

31·4

2004-2005
(n=51)

75·5

Median area of smooth muscle cells as % of plaque area [IQR]

21·6
83·8

Atheromatous plaque (lipid core > 40% of plaque surface), %

Plaque thrombosis present %

2002-2003
(n=37)

Plaque Composition

Table 4b. Carotid plaque composition of patients with ocular symptoms

70·0

2·96 [0·94-5·26] 1·58 [0·70-3·12] 2·14 [1·09-3·81] 1·39 [0·33-2·17] 2·06 [0·98-3·68] 0·001

0·968

62·3

84·0

Median area of smooth muscle as % of plaque area [IQR]

80·6

Calcified plaque, %

83·7

0·255

<0·001

<0·001

P value

79·2

6·0 [3·2-12·4]

16·0

0·0

2010-2011
(n=25)

0·41 [0·12-1·22] 0·40 [0·05-1·29] 0·91 [0·41-1·65] 0·20 [0·07-0·49] 0·04 [0·00-0·19] 0·003

6·5 [2·6-14·9]

41·7

13·9

2008-2009
(n=36)

Collagen rich plaques %

7·3 [4·6-11·0]

53·1

26·5

2006-2007
(n=49)

Median area of macrophages as % of plaque area [IQR]

75·7

24·5
62·3

Atheromatous plaque (lipid core > 40% of plaque surface), %

2004-2005
(n=70)

Plaque thrombosis present %

2002-2003
(n=53)

Plaque Composition

Table 4a. Carotid plaque composition of asymptomatic patients.
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58·8

56·9

57·6

27·4

0·031

1·93 [0·91-4·10] 0·96 [0·21-2·46] 2·07 [0·87-3·81] 1·24 [0·37-1·97] 0·72 [0·08-1·55] <0·001
45·0

0·479

Median area of smooth muscle as % of plaque area [IQR]

76·7

Calcified plaque %

77·2

<0·001
0·704

45·2
6·7 [1·7-12·0

78·3

81·9

57·6
7·3 [3·0-12·0]

0·001

P value

2010-2011
(n=73)
17·9

<0·001

23·9

0·35 [0·04-1·41] 0·44 [0·08-1·38] 1·03 [0·46-2·33] 0·33 [0·10-0·81] 0·09 [0·01-0·42] <0·001

82·4

66·7
7·3 [3·0-11·5]

28·3

2008-2009
(n=92)

47·3

Collagen rich %

77·5
8·7 [5·0-12·4]

81·7
6·8 [5·0-12·4]

Plaque thrombosis, %

Intraplaque vessels (n/hotspot), median [IQR]

26·4

2006-2007
(n=72)

53·6

Median area of macrophages as % of plaque area [IQR]

47·1

35·0

Atheromatous plaque (lipid core > 40% of plaque surface), %

2004-2005
(n=102)

2002-2003
(n=60)

Plaque Composition

Table 4d. Carotid plaque composition of stroke patients.

58·9

48·0

0·664

Calcified plaque, %

77·8

0·45 [0·11-1·28] 0·48 [0·09-1·15] 1·15 [0·49-2·22] 0·26 [0·10-0·62] 0·11 [0·01-0·63] <0·001

75·0

<0·001
0·212

37·6

<0·001

P value

6·0 [2·3-12·2]

19·7

2010-2011
(n=117)

1·56 [0·39-3·31] 0·89 [0·30-2·34] 2·06 [0·89-3·48] 1·21 [0·47-2·50] 0·57 [0·14-1·77] 0·008

77·1

7·3 [4·1-12·4]

47·3

18·9

2008-2009
(n=148)

Median area of macrophages as % of plaque area [IQR]

84·9

8·0 [4·7-12·0]

65·9

27·4

2006-2007
(n=179)

Median area of smooth muscle cells as % of plaque area [IQR]

66·0

Collagen rich, %

8·2 [5·7-12·9]

76·8

73·0
6·7 [4·3-11·0]

Plaque thrombosis present, %

Intraplaque vessels (n/hotspot), median [IQR]

36·2

41·0

Atheromatous plaque (lipid core > 40% of plaque surface), %

2004-2005
(n=185)

2002-2003
(n=100)

Plaque Composition

Table 4c. Carotid plaque composition of TIA patients.
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DISCUSSION
The current study shows time dependent changes towards more plaques that show
features currently believed to be associated with plaque stability in carotid endarterectomy
patients. This coincided with more favorable cardiovascular risk factor levels and more
prescription of medications. Our data do not prove that more favorable risk factor levels
or medication in the last decade caused the time dependent changes in plaque
characteristics. We can only conclude that risk factors and plaque composition improved
concurrently over the years.
Changes in cardiovascular disease morbidity and mortality in populations over decades
have been documented.1,2,4,5 For both, stroke and coronary heart disease favorable time
trends in incidence and mortality have been reported in high-income countries.1,2,4,5 These
temporal changes are thought to be related to more favorable risk factor profile in
populations both before and after the event. Our study shows similar trends in risk factor
levels and medication prescription in carotid endarterectomy patients from 2002 to 2011.
We observed a decrease in total cholesterol, improved mean arterial pressure and a
decrease in the prevalence of smoking in more recent years. Also, an increase in the
prescription of statins and angiotensin II receptor antagonists in more recent years was
observed. Controversially, the lower number of plaques that show features currently believed
to be associated with plaque instability together with a more favorable risk factor level and
increased medication did not coincide with a shift towards less severe events before the
patients were scheduled for carotid endarterectomy in our carotid endarterectomy population.
On the contrary, the inclusion of asymptomatic patients in our cohort even decreased over
time. In addition, the more recent included carotid endarterectomy patients demonstrated
similar event-free survival in the 3-year follow-up after surgery compared to patients included
in the early years of the Athero-Express study. These results show that primary prevention
measures may have improved the last decade coinciding with plaques that show features
currently believed to be associated with plaque stability. Yet, this did not translate into a
reduced event rate in patients with severe carotid artery disease. The time dependent changes
in plaque characteristics without subsequent reduction in inclusion rate or secondary
manifestations of atherosclerotic disease is of interest since it might challenge the current
concept that the unstable vulnerable plaque is the major determinant of outcome in patients
suffering from carotid artery disease.
Multiple studies suggest that the stroke population is changing in terms of severity of the
disease and stroke subtypes.18-21 A registry study spanning a 25-year time period shows that
stroke patients were less likely to suffer from large artery disease with and without significant
stenosis.19 In the Netherlands, a remarkable decline in fatal ischemic stroke has been
observed in the last twenty years.18 This trend was not only observed following stroke in
the Netherlands but also for coronary heart disease.22
Our data support the idea that the underlying mechanism explaining cerebral manifestations
of atherosclerotic disease may be changing. Inevitably, our findings question the validity
of the vulnerable plaque hypothesis in this population. The carotid endarterectomy patients
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in our study were being referred to the hospital with major events such as stroke, also in
the more recent years. Yet, their atherosclerotic plaque removed during surgery show
features currently believed to be associated with plaque stability. Although the symptomatic
plaques revealed more sTable characteristics in recent years, we did not observe secular
trends in the proportion of patients with contralateral internal artery stenosis. This suggests
that the observed changes in composition of atherosclerotic plaques come without changes
in the extent of atherosclerotic disease.
Changes in patient demographics over time included increasing age, decreasing delay
between surgery and the last event, and changes in symptomatic status since we included
less asymptomatic patients. These changes in our population even strengthen the validity
of our findings. The older age of patients undergoing carotid endarterectomy during the
inclusion period might have several explanations. One might hypothesize that patients
suffer from stroke at an older age, as progression of atherosclerotic disease has been slowed
down due to successful improvements in primary prevention.23 On the other hand, overall
prognosis and life expectancy of individuals is improving, thereby allowing selection criteria
for carotid revascularization to be extended. Finally, elderly patients seem to have increased
risks during carotid stenting as compared with younger patients.24-27 These results from
large randomized trials over the past years, might have resulted in more frequent referral
of elderly to undergo carotid endarterectomy, instead of carotid stenting. Older age has
been reported to be associated with plaque characteristics currently believed to be
associated with plaque instability.28,29 Controversially, in our study the plaques showed more
features considered to reflect sTable plaques despite the fact that the patients became
older at inclusion. Also, the delay between the last event and surgery has decreased
significantly, because timing of carotid endarterectomy is essential in the prevention of
secondary stroke.30 This has resulted in adjustments of guidelines and, in our experience,
shortening in referral delay. It has previously been shown that plaques from patients
operated on shortly after stroke reveal more inflammatory and thus unstable characteristics,
including macrophages and inflammatory proteins.31,32 Based on these previous observations
one would expect a higher prevalence of plaques with more features associated with plaque
instability in patients undergoing carotid surgery. Nevertheless, we observed a stabilization
of plaques in the last decade suggesting that the plaque differences over time are not
driven or confounded by shortening of the timing of surgery. Carotid endarterectomy for
asymptomatic individuals has been debated for long, and especially in recent years due to
improvements in medical treatment. Indications for surgery have likewise been changed
over the past decade, and a conservative approach for most asymptomatic patients is now
proposed by neurologists and vascular surgeons. Plaques from asymptomatic patients have
a more fibrous and lees inflammatory phenotype as compared with TIA and stroke patients.33
We observed more plaques with more fibrotic and less inflammatory features whilst the
proportion of asymptomatic patients was lower. Furthermore, our findings is supported by
our subgroup analyses that shows that the time dependent changes in plaque characteristics
were very consistent in the well-defined 4 patient groups presenting with either a stroke,
transient ischemic attack, ocular symptoms or those who were asymptomatic. We have
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performed several analyses in which we were unable to detect variables that confounded
the relation between inclusion year and plaque phenotype.
Limitations
Bias in the study of time dependent trends may occur when for example the diagnosis of
the disease has changed. Changes in detection of the disease may result in the phenomena
like Will Rogers (an increased incidence of the disease and lower rates of case-fatality).34
We did not observe a decline in the total number of patients included or a shift towards
less symptomatic patients in the Athero-Express study. However, we cannot exclude that
our observations over time could be due to the differences in patient characteristics and
indications for surgery that have occurred over this same interval. The observational nature
of this study merits careful consideration and before making causal inferences this
observation requires serial imaging plaque characterization measurements in patients. In
addition, the awareness among patients that mild and transient symptoms may be due to
a minor stroke or a transient ischemic attack may have been improved. For example, as in
many countries, repetitive educational campaigns were raised in the Netherlands by the
Dutch Heart Foundation in the late 1990s focusing on recognition of early signs and
symptoms of stroke and transient ischemic attacks. This may have led to the aforementioned
inclusion of less-severe diseased patients in our study with concomitant different plaque
characteristics. In part of the histological analyses we applied arbitrary cut off values to
categorise plaque phenotypes. This may have influenced our observations. However, also
computerized quantitative measurements such as CD68 revealed a consistent change
towards plaque stabilization over time. In addition, the interpretation of plaque
characteristics has been performed by the same dedicated technician over the entire study
period to ensure continuity. The scoring system that was used has previously been validated
by an additional observer and an independent pathologist.12 Although we cannot fully
exclude that changes over time are caused by misinterpretations we feel that the strong
consistency in the data and different stains support our view that carotid symptomatic
lesions show stabilization features over the last decade.
In conclusion, over the past decade, atherosclerotic plaques harvested during carotid
endarterectomy show a time dependent change in plaque composition characterized by
a decrease in features currently believed to be causal for plaque instability. This seems to
go hand in hand with improvements in risk factor management.
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Sex is associated with the presence of atherosclerotic
plaque hemorrhage and modifies the relation between
plaque hemorrhage and cardiovascular outcome
Stroke. 2013 Dec;44(12):3318-23

Joyce E.P. Vrijenhoek, MD1,2,3, Hester M. Den Ruijter, PhD1,4, Gert Jan De Borst, MD, PhD3
, Dominique P.V. De Kleijn, PhD 1,2,5; Jean-Paul P.M. De Vries, MD, PhD6, Michiel L. Bots,
MD, PhD4, Sander M. Van de Weg, Bsc1, Aryan Vink, MD, PhD7, Frans L. Moll, MD, PhD3,
Gerard Pasterkamp, MD, PhD.1
1

Experimental Cardiology Laboratory, University Medical Center, Utrecht, the Netherlands

2

Interuniversity Cardiology Institute of the Netherlands, Utrecht, the Netherlands

3

Department of Vascular Surgery, University Medical Center, Utrecht, the Netherlands

4

Julius Center of Health Sciences and Primary Care, University Medical Center, Utrecht,
the Netherlands

5

Department of Surgery and Cardiovascular Research Institute, NUS & NUHS, Singapore

6

Department of Vascular Surgery, St. Antonius Hospital, Nieuwegein, the Netherlands

7

Department of Pathology, University Medical Center, Utrecht, the Netherlands

2014210 proefschrift Joyce Vrijenhoek.indd 67

29-10-14 10:32

CHAPTER 5

ABSTRACT
Background and purpose
Plaque hemorrhage (PH) may lead to accelerated progression of atherosclerotic disease.
The presence of local PH in the carotid plaque predicts future cardiovascular events in any
vascular territory. We investigated the prevalence of local PH and the predictive value of
PH for the occurrence of cardiovascular events in men and women separately.
Methods
Atherosclerotic plaques from 1422 patients (969 men, 453 women) who underwent carotid
endarterectomy were analyzed histologically for the presence of PH. Patients were
monitored for 3 years for cardiovascular events (non-fatal stroke, non-fatal myocardial
infarction, vascular death, and vascular intervention).
Results
Plaques from men showed a significantly higher prevalence of PH compared with women
(67% vs 54%, P < 0.001). After a median follow-up of 2.9 years, 256 events had occurred in
men (26%) and 84 in women (19%). The cumulative event rate was 33% (95% confidence
interval (CI), 29%-37%) in men with PH compared with 26% (95% CI, 21%-31%) in men without
PH, and was 24% (95% CI, 18%-29%) vs 21% (95% CI, 15%-28%) in women, respectively. A
multivariable Cox proportional hazards model found a significant interaction between sex
and PH. PH was significantly associated with events in men (adjusted hazard ratio 1.9, (95%
CI, 1.2-2.8)), but not in women (adjusted hazard ratio 1.0, (95% CI, 0.6-1.7)).
Conclusions
Atherosclerotic carotid plaques obtained from men reveal a higher prevalence of PH
compared with women. Local PH is strongly related to secondary manifestations of
cardiovascular disease in men but not in women.
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INTRODUCTION
Sex modifies outcome after carotid surgery. Subgroup analyses from randomized trials have
indicated that the risk reduction of stroke after carotid endarterectomy (CEA) is less evident
in women than in men.1-5 One of the possible factors contributing to this sex-associated
difference is carotid plaque phenotype, which is significantly more sTable in women,
especially in asymptomatic patients.6
Plaque hemorrhage (PH) may lead to accelerated progression of atherosclerotic disease.
The leakage of erythrocytes and leukocytes into the atherosclerotic plaque results in an
accumulation of atherogenic factors, such as cholesterol, macrophages and iron, which can
contribute to plaque instability.7-9 Prospective studies revealed that PH is associated with
plaque instability and also independently related to secondary cardiovascular events after
CEA.10 Similarly, PH, as detected by magnetic resonance imaging (MRI), was associated
with a higher risk of future ipsilateral cerebrovascular events in patients with carotid
stenosis.11,12 However, these studies have not addressed men and women separately. Recent
data from a large population-based study using MRI to investigate unstable plaque
characteristics showed a higher prevalence of hemorrhages in plaques of men than in those
of women.13
In this study, we investigated the relation of sex with the prevalence of local PH in
atherosclerotic carotid plaques and with the predictive value of PH for the occurrence of
cardiovascular events in patients who underwent CEA.

5

METHODS
Patient selection
All studied patients were included in the Athero-Express biobank, a longitudinal study
(observational, prospective) in patients undergoing CEA, as described in detail previously.14 In summary, all patients undergoing CEA at the University Medical Center, Utrecht
and St. Antonius Hospital, Nieuwegein, the Netherlands were asked to participate consecutively during the study period. There were no exclusion criteria. Indications for CEA
were reviewed by a multidisciplinary vascular team and were based on recommended
criteria of the Asymptomatic Carotid Atherosclerosis Study, the North American Symptomatic Carotid Endarterectomy Trial (NASCET), and the European Carotid Surgery Trial
(ECST).4,15 Patients completed a questionnaire at baseline regarding medication use, cardiovascular risk factors, and medical history. The Institutional Review boards of the two
participating hospitals approved the study and all patients provided informed consent.
For the present study, we examined available data from all unique patients included in
the Athero-Express biobank from March 26, 2002, until December 31, 2010.
Tissue collection, tissue processing, and histologic examination
Atherosclerotic plaques were collected during conventional CEA and immediately brought
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to the laboratory for processing. According to a standardized protocol, plaques were
divided in 5-mm segments along the longitudinal axis. The segment with the largest plaque
burden was defined as the culprit lesion and was fixed in formaldehyde (4%), embedded
in paraffin, and histologically examined. The remaining segments were immediately frozen
using liquid nitrogen before storage at -80° Celsius and used for protein isolation.
Plaque characteristics have been scored previously by two independent observers, blinded
for clinical outcome with a good intraobserver and interobserver reproducibility.16 PH was
analyzed by hematoxylin and eosin and fibrin staining at original magnification x20 and
x100. Owing to fragmentation of the tissue, it was difficult to discriminate luminal thrombus
from intraplaque hemorrhage; therefore, intraplaque hemorrhage and thrombus were both
included in the definition of plaque hemorrhage (Figure 1), as described previously.10
Erythrocytes at the border of the specimen were regarded as artifacts and not included in
the definition. Microvessel density (CD34) was measured quantitatively by a computerized
protocol, averaging the number of vessels in 3 fields with high density (x40 magnification),
and counted on a grid to improve reproducibility and avoid double counting.
Follow-up and clinical outcome
Patients were monitored from inclusion date for 3 years after surgery with an ultimate
follow-up date in June 2012, using annual questionnaires. In addition, the patient records
in the electronic hospital database were reviewed for cardiovascular endpoints. In case of
no response or if a response suggested any vascular event, the general practitioner or
specialist was contacted for further information. Outcome was defined as a composite
endpoint including any vascular death (including fatal myocardial infarction, fatal stroke,
fatal abdominal aortic aneurysm rupture, fatal heart failure, and sudden death that was not
otherwise specified), non-fatal myocardial infarction or non-fatal stroke and any vascular
intervention (both interventions for peripheral arterial disease, including lower limb
amputations, as coronary interventions) that had not already been planned at time of
surgery. Two independent researchers validated the outcome. Lost to follow-up was defined
as missing data on all follow-up moments.
Statistical analysis
Variables were compared between men and women using the t test and Mann-Whitney U
test, where applicable, for continuous variables, and the χ2 test for dichotomous variables.
Event rates are presented as descriptive rates during the total follow-up period. Life-Table
survival analysis was used to obtain annualized event rates. If a patient experienced multiple
events during follow-up, only the first event was included in survival analyses. A P value of
< 0.05 (two-sided) was defined as statistically significant in all analyses.
A multivariable Cox proportional hazards model was used to obtain hazard ratios (HR) for
PH in relation to outcome in men and women, adjusted for potential confounders. This
model was built by starting with backward stepwise elimination of nonsignificant variables
in an analysis with previously determined potential confounders for the relation between
PH and outcome (age, body mass index, current smoking, hypertension, diabetes mellitus,
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5

Figure 1. Histology of carotid plaque hemorrhage
A. Plaque hemorrhage with plaque rupture and thrombus formation. Bar = 2 mm. s; the area of incision during
the endarterectomy. B. Higher magnification of the indicated area in A. Plaque hemorrhage (h) in the atheroma
of the plaque with rupture of the fibrous cap (c) and thrombus formation (t). Bar = 0.5 mm. C. Large intraplaque
hemorrhage. Bar = 2 mm. s; the area of incision during the endarterectomy. D. Higher magnification of the
indicated area in C. Recent and amorphous intraplaque hemorrhage (h) underneath the fibrous cap (c). Left:
hematoxylin and eosin staining; right: elastica-van Giesson staining. Bar = 0.5 mm.

glomerulator filtration rate, use of statins and/or dipyridamole and/or acetylsalicylic acid,
contralateral carotid stenosis >50%, history of coronary artery disease, symptomatic carotid
disease, plaque microvessel density). In this first model, a multiplicative interaction term
between sex and PH was included. The remaining significant variables (including sex and
PH separately) were subsequently entered in a Cox regression model simultaneously. To
test the Cox proportional hazards assumption, a time-dependent variable of time × PH was
added in this model. Thereafter, this analysis was repeated in the same way as before,
however now stratified on sex (including all significant variables from the previous analysis
and excluding sex, the interaction term of sex × PH, and the time-dependent variable).
This eventually led to two final models: one for men and one for women. In all intermediate
(backward and enter) models, P= 0.25 was used as cutoff, based on the likelihood ratio, to
exclude variables from the model. In the final models, a 95% confidence interval (CI) not
including 1 was regarded as statistically significant.
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All statistical analyses were performed using SPSS version 19.0 software (IBM Corp, IBM
SPSS Statistics for Windows, Armonk, NY). All analyses were performed by the first author,
who had full access to the primary data and takes responsibility for the integrity of the data
and accuracy of the data analysis.

RESULTS
The study included 1422 patients, comprising 969 men and 453 women. Women used
acetylsalicylic acid more frequently (89% vs. 83%, P= 0.01), reported hypertension more
often (81% vs.71%, P< 0.001), had higher concentrations of total cholesterol (4.9 vs 4.6
mmol/L, P< 0.001), low density lipoprotein (2.9 vs 2.7 mmol/L, P= 0.006) and high density
lipoprotein (1.3 vs 1.1 mmol/L, P< 0.001), and a lower glomerular filtration rate (68 vs 77
mL/min, P< 0.001) than men. Previous coronary artery disease and bilateral carotid stenosis
were observed less frequently in women, with a prevalence of 23% and 40% vs 35% and
48% in men, respectively. The percentage of symptomatic patients at time of CEA was
similar between men and women: 84% and 88%. All clinical characteristics are summarized
in Table 1. The prevalence of PH was significantly higher in men than in women (67% vs
54%, P< 0.001).
The total follow-up period in all patients had a median of 2.9 years, (interquartile range
1.3-3.1). Follow-up data was available of at least one follow-up moment in 1353 patients.
42 men were lost to follow-up (14 went to intramural care or were terminally ill, 5 moved
abroad, 3 withdrew from follow-up, and in 20 patients the reason was missing). In women,
this was the case in 27 patients (17 went to intramural care or were terminally ill, 2 withdrew
from follow-up, and in 8 patients the reason was missing). In the remaining 927 men and
426 women, 270 events of the composite outcome occurred in men (29%) and 94 in women
(22%) during total follow-up (Table 2). Annual event rates (number of events divided by
number at risk entering each yearly interval) were 15%, 10% and 7% in men and 12%, 5%
and 5% in women. Most events were peripheral interventions (13% in men, 10% in women),
followed by non-fatal stroke (5% in both sexes) (Table 2). Stratified by presence of PH, the
composite event rate was 32% in men with PH and 23% in men without PH. In women, this
event rate was 23% vs. 21%, respectively. Total person-years of follow-up were 2091 in men,
and 993 in women.
In the multivariable Cox proportional hazards model with backward stepwise introduction
of the selected potential confounders (age, body mass index, current smoking, hypertension,
diabetes mellitus, glomerulator filtration rate, use of statins and/or dipyridamole and/or
acetylsalicylic acid, contralateral carotid stenosis >50%, history of coronary artery disease,
symptomatic carotid disease, plaque microvessel density), there was a significant interaction
between sex and PH on a multiplicative scale (P< 0.001). In the subsequent model with
simultaneous introduction of all remaining potential confounders from the backward
stepwise model, PH was significantly associated with the composite endpoint (HR, 1.5; 95%
CI, 1.1-2.1). The time-dependent variable of PH was not significant in this model (P= 0.297),
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Table 1. Clinical and plaque characteristics.
All patients
(n=1422)

Men
(n=969)

Women
(n=453)

P*

68.6 (9.2, 35-92)

68.4 (8.9, 40-88)

69.1 (9.8, 35-92)

0.17

Body mass index, kg/m2

26.4 (3.8, 15-52)

26.4 (3.3, 16-40)

26.4 (4.8, 15-52)

0.83

Current smoking

474/1357 (35)

310/929 (33)

164/428 (38)

0.08

Diabetes mellitus

314/1404 (22)

216/956 (23)

98/448 (22)

0.76

Age, years

Hypertension

1003/1357 (74)

652/921 (71)

351/436 (81)

<0.001

Use of ≥1 antihypertensive drugs

1068/1390 (77)

732/947 (77)

336/443 (76)

0.55

Hypercholesterolemia

863/1298 (67)

581/886 (66)

282/412 (68)

0.31

History of peripheral intervention

251/1389 (18)

163/947 (17)

88/442 (20)

0.224

History of coronary artery disease and/or
intervention

435/1392 (31)

331/948 (35)

104/444 (23)

<0.001

Total

4.7 (1.2, 1.9-9.8)

4.6 (1.2, 1.9-9.3)

4.9 (1.3, 1.9-9.8)

<0.001

LDL

2.8 (1.0, 0.2-7.7)

2.7 (1.0, 0.6-7.7)

2.9 (1.1, 0.2-6.8)

0.006

5

Cholesterol, mmol/L

1.2 (1.1, 0.2-6.2)

1.1 (0.4, 0.3-6.2)

1.3 (0.4, 0.2-2.8)

<0.001

Triglycerides

HDL

1.7 (1.0, 0.3-8.9)

1.7 (1.0, 0.3-8.9)

1.6 (1.0, 0.3-6.4)

0.75

Glomerular Filtration Rate, CG, ml/min

74.0 (26.5,
7.0-185.9)

76.6 (26.9,
8.7-185.1)

68.3 (24.8,
7.0-185.9)

<0.001

C-reactive protein, median (IQR), nmol/L

29 (12-58)

28 (11-56)

31 (13-63)

0.08

Acetylsalicylic acid use

1182/1390 (85)

790/947 (83)

392/443 (89)

0.01

Dipyridamole use

736/1389 (53)

499/946 (53)

237/443 (54)

0.79

Statin use

1043/1389 (75)

704/946 (74)

339/443 (77)

0.40

Asymptomatic

212/1414 (15)

156/962 (16)

56/452 (12)

Amaurosis fugax

208/1414 (15)

134/962 (14)

74/452 (16)

Transient ischemic attack

635/1414 (45)

431/962 (45)

204/452 (45)

Stroke

359/1414 (25)

241/962 (25)

118/452 (26)

Clinical presentation

0.22

Degree of ipsilateral stenosis

0.91

50-70%

86/1377 (6)

60/936 (6)

26/441 (6)

70-99%

1291/1377 (94)

876/936 (94)

415/441 (94)

Days from clinical event to CEA, if
symptomatic, median (IQR)

45 (18-95)

45 (19-102)

44 (17-87)

0.08

Bilateral carotid stenosis (>50%)

594/1302 (46)

429/893 (48)

165/409 (40)

0.01

Presence of plaque hemorrhage

884/1404 (63)

642/959 (67)

242/445 (54)

<0.001

Increased microvessel density †

628/1297 (48)

429/883 (49)

199/414 (48)

0.86

Continuous values are means, with standard deviation and limits in parentheses (unless specified otherwise).
Dichotomous variables are numbers of total (percentage). CEA: carotid endarterectomy; CG: CockroftGault; HDL: High Density Lipoprotein; IQR: interquartile range; LDL: Low Density Lipoprotein. *Comparison
of men and women by univariable analysis. † Above the median of vessel density.
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indicating that the Cox proportional hazards assumption was not violated. In the final
multivariable models stratified for sex, the adjusted HRs for PH and outcome were 1.9 (95%
CI, 1.2-2.8) in men and 1.0 (95% CI, 0.6-1.7) in women (Figure 2).
Symptomatic carotid stenosis was not associated with outcome because it had already
been eliminated in the backward stepwise model with P= 0.872. In addition, when adding
a multiplicative interaction term for symptoms and PH, this was also eliminated with a
P-value of 0.753, indicating that our results regarding PH and sex were not modified by
symptom status before CEA. Furthermore, timing from event until surgery could potentially
affect prevalence and difference of PH between the sexes and delay between the clinical
event and CEA has significantly decreased during the inclusion period. Therefore, we
analyzed the influence of timing until surgery, and observed this did not affect our outcomes
(data not shown).

Table 2. Rates of individual endpoints contributing to the composite endpoint.
Male patients
(n=927)

Female patients
(n=426)

Peripheral interventions (PAD)

13%

10%

Coronary interventions

3.2%

2.8%

Non-fatal myocardial infarction

3.0%

1.2%

Non-fatal stroke

5.4%

4.9%

Cardiovascular death

4.9%

3.1%

Composite endpoint

29%

22%

Abbrevation; PAD: peripheral arterial disease.
All event rates include only the first event per patient as recorded in the composite endpoint. Peripheral
interventions include all interventions for PAD, both percutaneous and surgical, that were not planned at
time of inclusion in this study. Coronary interventions include all interventions for coronary artery disease,
including percutaneous coronary interventions and coronary artery bypass grafting, that were not planned
at time of inclusion in this study.

DISCUSSION
In cardiovascular disease a validated difference exists in disease presentation, progress
and outcome between the sexes.17-19 In the presence of carotid artery disease, women have
less benefit from CEA than men.1-4 The underlying pathophysiologic mechanisms that
explain these sex-specific differences are poorly understood.5 The stability of the
atherosclerotic plaque may be one of the factors that explains these findings. In line with
previous observations showing a more unstable plaque phenotype in men,6 we observed
that plaque hemorrhage in the atherosclerotic plaque is more prevalent in men with carotid
artery stenosis.
We previously hypothesized and confirmed that a local plaque can carry information about
the systemic vascular status of a patient,10,14,20 and specifically that PH in carotid plaques is
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Figure 2. Adjusted Cox regression survival curves of plaque hemorrhage and sex.
Continuous lines represent patients with presence of plaque hemorrhage, dashed lines patients with absence
of plaque hemorrhage in men (A) and women (B). Numbers at risk at each moment in follow-up are depicted
below the x-axis. P value men = 0.002, women = 0.894. PH: plaque hemorrhage.
Survival has been plotted from the Cox regression analysis, adjusted for previously determined potential
confounders for the relation between PH and outcome (age, body mass index, current smoking, hypertension,
diabetes mellitus, glomerulator filtration rate, use of statins and/or dipyridamole and/or acetylsalicylic acid,
contralateral carotid stenosis >50%, history of coronary artery disease, symptomatic carotid disease, plaque
microvessel density).

predictive for events in all vascular territories.10 In the current study we demonstrate that,
independent of cardiovascular risk factors and symptom status before CEA, PH does not
predict outcome in women, whereas in men, PH predicts a substantially and significantly
increased risk of an event in any vascular territory after CEA. This further supports the view
that the pathophysiology of disease progression in patients with atherosclerosis probably
also differs between the sexes.
The mechanism that explains these sex-related observed differences is yet to be unraveled.
The dissimilarity between the sexes in the predictive value of PH might point toward the
existence of different pathways contributing to vulnerability and progression of disease in
women. In women with suspected myocardial ischemia included in the Women’s Ischemia
Syndrome Evaluation (WISE) study, levels of certain proinflammatory markers (high sensitivity
C-reactive protein, serum amyloid A, and interleukin 6) were strongly associated with
adverse cardiovascular events within 5 years of follow-up. However, only a minor association
was found with the extent of angiographic coronary artery disease, suggesting that
inflammatory markers may contribute to disease progression without directly affecting
atherogenesis.21 Naturally, this cannot be generalized to a male population with coronary
artery disease. Besides this, plaques from women demonstrate more superficial erosions22,23
that could increase coagulability via apoptosis of endothelial cells and activation of
circulating tissue factor (TF).24,25 Furthermore, genetic variations in TF genes seem to be
associated with sex. In a coronary heart disease population, the prevalence of TF 5466A/G
single nucleotide polymorphism was higher in women than in men.26 In another study, this
single nucleotide polymorphism was associated with an increase of TF activity in monocytes
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from healthy donors after stimulation with lipopolysaccharide through higher expression
of messenger RNA levels. 27 This may also be a mechanism resulting in a hypercoagulable
state in women, that could be independent of plaque-related mechanisms. Relating to this
hypercoagulability, in a clinical setting, women show a higher embolic rate after CEA,28,29
which is associated with cardiovascular complications after this surgical procedure, markedly
in women.29 In addition, microvascular disease may play a bigger role in women than in
men in predicting adverse cardiovascular events. For instance, in women with suspected
myocardial ischemia, an impaired endothelium-independent microvascular response
towards adenosine was shown to be a strong predictor for adverse events.30 Moreover, by
using indicators of small vessel disease in the brain (silent brain infarcts and white matter
lesions) in a population-based elderly cohort, stroke prediction was significantly improved,
especially in women.31
Possible future clinical implications
This prospective atherosclerotic biobank study has shown that PH is a marker for progression
of the disease in men only. This underlines the need for research that acknowledges the
heterogeneity imposed by sex. A promising diagnostic and prognostic tool to implement
our observation in sex-specific risk stratification is noninvasive plaque imaging. Imaging
studies have previously shown that MRI-detected PH was associated with recurrent ipsilateral
cerebrovascular events in patients with high-grade symptomatic carotid stenosis11 as well
as in asymptomatic men with moderate stenosis.12 Our findings puts these studies into
perspective, as detection of high risk patients for clinical prediction based on this marker
may not be applicable to women.
Limitations
This study has some limitations. First, the definition of the presence of PH is a challenge,
because intraplaque hemorrhage and luminal thrombus cannot always be distinguished
reliably due to surgical artifacts (removal of the plaque by length arteriotomy whereby
damage and fragmentation of the plaque can occur). We avoided this uncertainty in
histologic characterization by using a composite of intraplaque hemorrhage and thrombus.
For better understanding of the mechanisms behind the effects of plaque hemorrhage and
sex differences, the distinction could be important. However, this is not a limitation for the
sex-associated differences we found, because the same definition was used in both sexes.
Second, this study could not assess racial differences because information about ethnicity
is not recorded in our biobank. However, nearly all patients were assumed to be Caucasian.
Finally, a possible change of cardiovascular risk factors, used as confounding variables in
our multivariable analysis, were not recorded during follow-up and could thus not be
accounted for.
Conclusions
From this study we conclude that atherosclerotic carotid plaques obtained from men reveal
a higher prevalence of plaque hemorrhage than those from women. Local PH is significantly
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related to adverse cardiovascular outcome in men but not in women. This contributes to
our understanding of sex differences in cardiovascular disease that can currently play a role
in non-invasive imaging and help to target sex-specific therapies in the future, such as
selecting patients for CEA based on plaque characteristics.
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ABSTRACT
Objectives
Long-term age- and sex-specific mortality data in patients undergoing carotid
endarterectomy (CEA) and iliac/femoral endarterectomy (FEA) are scarce. We examined
long-term mortality in these patient groups, stratified by age and sex.
Methods
Between 2002 and 2012, 1771 patients (1200 men, 571 women) treated by CEA, and 685
patients (495 men, 190 women) who underwent FEA, were included and linked to the
national mortality registry of the Netherlands. Absolute mortality risks during follow-up
were analyzed by life-Table and Kaplan Meier survival analyses in two age groups and
stratified by sex, and compared to a matched sample from the general population. In
addition, multivariable Cox regression analyses were performed.
Results
After CEA, with a median follow-up duration of 4.3 years (interquartile range 2.0-7.1), 298
all-cause deaths had occurred in men (25%) and 105 (18%) in women. As in the general
population, cumulative survival after CEA was significantly better in women compared to
men (P=.002) and absolute CEA-associated mortality risk in women was similar to that of
the general population.
For FEA patients, mortality risk was worse than for CEA patients and the general population
in both sexes and surprisingly, female sex did not have a favorable effect on survival.
Following FEA, 130 men (26%) and 51 women (27%) died after a median follow-up time of
3.0 years (interquartile range 1.5-5.9). Stratifying by age, and adjusting for cardiovascular
risk factors did not change these trends.
Conclusions
Long-term mortality after CEA is higher in men than in women, and in women mortality risk
is similar to the general population. After FEA, the benefit of women as seen after CEA is
lost.
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INTRODUCTION
A vascular procedure for obstructive atherosclerosis could have an effect on survival. Carotid
and iliac or femoral endarterectomy (CEA/FEA) are procedures that are widely performed
by vascular surgeons throughout the world to improve prognosis and/or relieve (ischemic)
symptoms in patients with severe atherosclerosis. CEA has shown a benefit in patients with
symptomatic carotid artery stenosis and subgroups of asymptomatic patients compared
to medical treatment alone.1,2 FEA is performed in patients with iliac and/or femoral arterial
occlusive disease and intermittent claudication or critical limb ischemia. Yet, there is limited
information on the short- and mid-term survival of patients undergoing CEA or FEA and
noticeably, long-term prognostic data are even rarer. (Supplemental material, Tables 1 and
2). In addition, the available data ignore age and sex as important determinants of mortality.
Therefore the aim of the present study is to describe absolute mortality risks after CEA or
FEA procedures up to 10 years of follow-up, stratified by age and sex.

6

METHODS
Patient population and selection
All studied patients were included in the Athero-Express, a prospective observational
longitudinal study in patients undergoing CEA or FEA at the University Medical Center
Utrecht, Utrecht, and the St. Antonius Hospital Nieuwegein, the Netherlands, as described
in detail previously.3 Indications for CEA were reviewed in a multidisciplinary meeting and
based on recommended criteria by NASCET/ECST/ACST2,4,5 Patients were treated by FEA
if they had at least Fontaine IIb peripheral arterial disease (PAD) and unsuccessful supervised
exercise therapy with an indication for iliac or femoral endarterectomy according to
guidelines and multidisciplinary consensus.6,7 All patients scheduled for these procedures
were asked to participate, without applying any exclusion criteria. The Institutional Review
boards of the hospitals approved the study and all patients provided written informed
consent. Patients completed a questionnaire at baseline regarding medication use,
cardiovascular risk factors, and medical history. This information was added to clinical data
from the electronic hospital databases. For the current analysis, we used data of patients
included in the Athero-Express study from 2002 until December 31st, 2012. Duplicate
patients were excluded after splitting the total group into CEA and FEA groups (if a patient
underwent the same surgical procedure more than once, either bilateral or redo CEA/FEA,
only the first operation was included).
Control group from the general population
To compare mortality risk of CEA and FEA patients to a representative control group, we
generated an age- and sex-matched random sample from the general Dutch population.
For this purpose, the Dutch population registry (PR) was used, which is a longitudinal
dynamic registry containing all Dutch citizens. Statistics Netherlands assigned a personal
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identifier to everyone in the PR with a unique combination of the variables ‘sex’, ‘date of
birth’, and ‘4 digits of postal code’. In the Netherlands, more than 85% of the citizens has
a unique combination of these variables and therefore, this personal identifier can be used
to identify PR unique individuals in different registries.8 For each patient in the AtheroExpress study, we randomly selected 4 age- and sex-matched unique controls from the PR,
as valid on January 1st, 2002 (the start of the Athero-Express cohort). Because mean age
was different in CEA and FEA patients, two control cohorts were made, one for each group.
Follow-up: mortality data
Both for our patient and control cohort in this observational study, we linked all individuals
to the mortality registry of Statistics Netherlands.9 Linkage was done for those who were
PR-unique using the personal identifier. Quality of linkage of patients from the PR to the
mortality registry has been assessed previously. It was shown that the number of false
positive linkages was around 1%. The number of missed linkages due to administrative
errors in postal codes and missing birth data was approximately 4%.10 Hence, quality of
linkage has been shown to be good. As all-cause death was the outcome to be studied,
data on occurrence and date of death were subsequently collected for all individuals, with
an ultimate follow-up date on December 31st, 2013. There was no loss to follow-up for this
outcome measure.
Statistical analysis
Continuous baseline characteristics were compared by Students t-test, or Mann-Whitney
U test, where applicable. Categorical variables were compared by chi-square test. Age
stratification was done in 2 groups. The study was limited by power (mainly the female FEA
group) to create more (sub)groups. A cut-off value of 70 years was applied, which was based
on the mean age of both sexes in the CEA and FEA groups. Survival was analyzed by Life
Table analysis to get absolute risks, and Kaplan-Meier survival analysis (comparing groups
by Log rank test). Because we observed interesting sex-specific trends in this study, Cox
proportional hazards models for both CEA and FEA groups were made additionally to
evaluate whether these trends were independent of cardiovascular risk factors. These
potentially confounding risk factors were previously determined based on clinical relevance.
These variables were age, body mass index, smoking, alcohol use, HDL-cholesterol,
diabetes mellitus, hypertension, history of peripheral intervention, history of coronary artery
disease, acetylsalicylic acid and statin use, osteoporosis therapy (calcium, vitamin D,
bisphosphonates, or a combination of these), symptom status (/Fontaine stadium in the
FEA group), glomerular filtration rate (binned at 60 ml/min), and year of operation11 (binned
at 2006). For CEA, contralateral carotid stenosis was additionally included. These variables
were tested in univariable models first. If the associated P-value was <0.25 (to ascertain that
important variables were not missed), the variable was also included in the multivariable
model (in which covariates were added simultaneously).
A two-sided P-value of < .05 was considered statistically significant. All statistical analyses
were performed with SPSS statistics version 20.
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Analyses with both population- and mortality registries were performed in agreement with
privacy legislation in the Netherlands and performed in a secure environment at Statistics
Netherlands. This ensures that results do not reveal information on the individual patient
level.
Literature review
In order to provide an overview of the contemporary literature in line with our study aim, a
Medline and Embase search was performed on 30 January 2014 combining synonyms for
either CEA or FEA and mortality. Fulltext available original articles in English, German,
French, Dutch, and Spanish that reported either sex- and/or age-stratified mortality risks
after CEA and FEA were included. If only combined endpoints were shown, articles were
excluded (Supplemental material for detailed methodology of this review).

6

RESULTS
Patient selection
A patient cohort of 2740 patients was sent to Statistics Netherlands. After linkage, 2618
records remained (96% complete linkage). These comprised of 1839 CEA and 779 FEA
procedures. After removing duplicates (bilateral or redo-CEA/FEA), 1771 unique patients
treated by CEA (1200 men, 571 women) for symptomatic or asymptomatic high-grade
carotid stenosis were included (Table 1). In addition, 685 unique patients underwent FEA
in this period (495 men, 190 women) (Figure 1).
Patient characteristics of CEA patients
Mean age was similar in both sexes (69 years). Most important baseline differences between
men and women were prevalence of hypertension (70% vs. 79%, P< .001), history of coronary
artery disease (36% vs. 24%, P< .001), and cholesterol levels (both total cholesterol and HDL
cholesterol were higher in women). Kidney function was worse in women, who had a
glomerular filtration rate of 68 ml/min compared to 76 ml/min in men (P< .001). Symptom
status and time from event to CEA were similar (Table 1; complete case analysis was done
on all patient characteristics).
Patient characteristics of FEA patients
In this group, mean age was 67 years in both men and women. Male patients had a higher
body mass index (26.8 vs 25.1, P= .027) compared to women. As in CEA patients, history
of coronary artery disease was more frequent in men (45% vs 29%, P< .001) and men had
a better kidney function (glomerular filtration rate 86 ml/min vs. 70.5 ml/min, P= .001). In
women there was a trend towards more severe symptoms than in men, with 55% Fontaine
III or higher, compared to 44% in men (P= .067) (Table 1; complete case analysis was done
on all patient characteristics).
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278/1200 (23)
815/1162 (70)
26.3 (3.6)

Diabetic mellitus

Hypertension

Body Mass Index (BMI) (mean) (SD)

204/1195 (17)
510/1074 (48)
998/1197 (83)
909/1199 (76)
28/1199 (2.3)
4.6 (1.2)
1.1 (0.45)
2.9 (2.4)

History of peripheral intervention

Bilateral carotid stenosis

Preoperative acetylsalicyl acid use

Preoperative statin use

Osteoporosis therapy

Total cholesterol (mean) (SD)

HDL (mean) (SD)

LDL (mean) (SD)

Glomerular filtration rate, CG (mean) (SD) 76.4 (26.5)

428/1199 (36)

History of coronary artery disease

67.9 (24.4)

3.0 (1.1)

1.3 (0.70)

5.0 (1.3)

36/568 (6.3)

446/569 (78)

500/569 (88)

217/508 (43)

112/568 (20)

137/569 (24)

353/516 (68)

55/520 (11)

315/1111 (28)
736/1108 (66)

≥ 10 units/week

Hypercholesterolemia

131/520 (25)

379/1111 (34)
417/1111 (38)

No

334/520 (64)

26.3 (4.7)

441/557 (79)

115/570 (20)

208/548 (38)

1 to 10 units/week

Alcohol use

388/1176 (33)

Current smoking

69.2 (9.9)

<0.001

0.43

<0.001

<0.001

<0.001

0.23

0.014

0.076

0.18

<0.001

0.43

<0.001

0.91

<0.001

0.16

0.044

0.46

86.4 (56.4)

2.7 (0.95)

1.1 (0.35)

4.7 (1.2)

15/494 (3.0)

362/495 (73)

389/494 (79)

NA

231/493 (47)

221/495 (45)

302/445 (68)

32/163 (20)

57/163 (35)

74/163 (45)

26.8 (10.2)

345/479 (72)

149/495 (30)

188/482 (39)

67.4 (8.7)

Male patients
(n=495)

68.8 (8.9)

FEA
P-value*

Male patients
(n=1200)

Female
patients
(n=571)

CEA

Age (mean) (SD)

Table 1. Patient characteristics.

70.5 (33.4)

2.6 (1.1)

1.4 (0.47)

4.9 (1.3)

22/190 (11)

138/190 (73)

145/190 (76)

NA

91/190 (48)

55/190 (29)

117/166 (71)

188/458 (41)

162/458 (35)

108/458 (24)

25.1 (4.4)

135/186 (73)

52/190 (27)

87/187 (47)

67.6 (10.7)

Female
patients
(n=190)

0.001

0.76

<0.001

0.31

<0.001

0.90

0.49

0.81

<0.001

0.54

0.003

0.027

0.89

0.48

0.076

0.83

P-value*
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35 (14-79)

159/567 (28)
0.47

0.096

260/461 (56)
40/461 (8.7)
45/461 (9.8)

96/177 (54)
14/177 (7.9)

116/461 (25)

36/153 (24)

47/153 (31)

70/153 (46)

14/177 (7.9)

53/177 (30)

NA

85/428 (20)

101/428 (24)

242/428 (57)

0.62

0.067

Combination femoral and/
or iliac segments

Iliac

CFA

SFA/DFA

Operated artery

Fontaine IV

Fontaine III

Fontaine IIb

CEA: carotid endarterectomy; FEA: femoral endarterectomy; SD: standard devation; HDL: High Density Lipoprotein; CG: Cockroft-Gauld; IQR: interquartile range;
SFA: superficial femoral artery; CFA: common femoral artery; DFA: deep femoral artery; NA: not applicable. * comparing men and women

Event to operation time, (median) (IQR)

35 (15-85)

322/1196 (27)

Transient ischemic attack

Stroke

244/567 (43)

100/567 (18)

174/1196 (15)
521/1196 (44)

Asymptomatic

64/567 (11)

179/1196 (15)

Ocular symptoms

Clinical presentation

Table 1. Continued
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Figure 1. Flowchart of patients
!
!

CEA and FEA patients
cohort sent to Statistics
Netherlands (n=2740)

Linkage to
mortality data
(n=2618, 96%)

CEA

FEA
n=1839

n=779

n=1771

n=685

Exclusion of
duplicate patients

n=1200
n=571

!

n=495

!

n=190

Figure 1. Title: Flowchart of included
patients.
CEA: carotid endarterectomy; FEA:
femoral endarterectomy.

Absolute mortality risks during years of follow-up after CEA by sex and age
In total, 298 men (25%) and 105 women (18%) died during follow-up of the study. Median
follow-up duration of all patients was 4.3 years (interquartile range (IQR) 2.0-7.1), in men
4.3 (IQR 2.0-7.0) and in women 4.5 (2.1-7.3). Mortality risks per follow-up year were higher
in men than in women (P= .002), and for women, risks were similar as in the general
population. Mortality percentages at 3 and 9 years follow-up in men were 13% and 42%,
and 10% and 32% in women, respectively. Interestingly, women had similar mortality
percentages after CEA as age-matched controls (Table 2 and Figure 2). The observed
differences between men and women in the CEA group were independent of cardiovascular
risk factors (hazard ratio for all-cause mortality in men vs. women: hazard ratio (HR) 1.7, 95%
confidence interval (CI) 1.2-2.4) (Table 4). After stratifying on age (70 years as cut-off), 656
men in the CEA group were 70 years or younger, and 544 were older. Mortality percentages
at 3 and 9 years follow-up were 7% and 28% in young men, and 20% and 62% for older
men. For women, total numbers of patients in both age categories were 301 and 270,
respectively. Mortality percentages at 3 and 9 years follow-up were 4% and 18% for young
women and 15% and 55% for the older female group. (Table 2)
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Figure 2.
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Figure
2. Title: 10-year survival after carotid endarterectomy in men and women.
	
  
Numbers at risk are shown below for men and women undergoing CEA. From the general population there
were 4 controls per case (i.e. per CEA patient) at baseline, without loss to follow-up.
CEA: carotid endarterectomy

Absolute mortality risks during years of follow-up after FEA by sex and age
During follow-up, 130 men (26%) and 51 women (27%) died. Median follow-up duration of
all patients was 3.0 years (IQR 1.5-5.9), in men 3.1 (IQR 1.4-5.9) and in women 2.8 years (IQR
1.5-5.8). Mortality percentages after FEA were similar for both sexes (P= .71), and were higher
than in the general population. Compared to CEA, survival after FEA was significantly worse
in both men and women (P < .001 and P < .009), indicating a relatively larger disadvantage
for women. Mortality percentages at 3 and 9 years follow-up in men were 17% and 49%, and
22% and 43% in women, respectively (Table 3 and Figure 3). After adjusting for cardiovascular
risk factors, men did also not have a statistically significant risk of all-cause mortality compared
to women in this FEA group (HR 1.1, 95% CI: 0.72-1.7) (Table 4).
After stratifying on age, 310 men in the FEA group were 70 years or younger, and 185 were
older. Mortality percentages at 3 and 9 years follow-up were 12% and 42% in young men,
and 27% and 60% for older men. For women, total numbers of patients in both age
categories were 107 and 83. Mortality percentages at 3 and 9 years follow-up were 15 and
26% for young women and 32% and 68% for the older female group. (Table 3)
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Literature review
Our Medline and Embase search yielded a total of 3806 unique articles on CEA, of which
69 were eligible for this review. Only 5 studies reported both sex- and age-stratified data,
with the majority showing only perioperative mortality data. One study12 also presented
long-term mortality data in 56% of their cohort with a mean follow-up of 61 months.
However, age- and sex-specific data were not combined and no other timepoints were
shown (Supplemental material, Table 1). In general, long-term follow-up data was scarcely
reported.
For FEA, of 1537 unique articles that were found, 2 were eligible. Both studies reported sexas well as age-stratified data, but no combined data. One study13 presented Kaplan-Meier
estimated mortality up to ten years stratified by age with limited patient numbers, and only
for the younger group (<65 years), which was 28% (Supplemental material, Table 2).

Table 2. Cumulative 10-year mortality risks for men and women after carotid endarterectomy.
Follow-up
years

1

2

3

4

5

6

7

8

9

10

Men

4 (0.6)

8 (0.8)

13 (1.1) 17 (1.2) 22 (1.4) 28 (1.6) 34 (1.8) 37 (1.9) 42 (2.2) 46 (2.8)

Control group
men

4 (0.3)

8 (0.4)

12 (0.5) 16 (0.5) 19 (0.6) 24 (0.6) 27 (0.6) 31 (0.7) 34 (0.7) 38 (0.7)

Women

4 (0.9)

8 (1.2)

10 (1.3) 13 (1.5) 17 (1.8) 19 (2.0) 22 (2.2) 26 (2.6) 33 (3.3) 35 (3.7)

Control group
women

3 (0.4)

6 (0.5)

8 (0.6)

11 (0.7) 15 (0.7) 18 (0.8) 21 (0.8) 23 (0.9) 27 (0.9) 30 (1.0)

Men <= 70

2 (0.6)

4 (0.8)

7 (1.1)

10 (1.3) 13 (1.5) 18 (1.8) 21 (2.1) 24 (2.2) 28 (2.7) 32 (3.5)

Control group
men <= 70

2 (0.2)

3 (0.3)

5 (0.4)

6 (0.5)

Men >70

7 (1.1)

13 (1.5) 20 (1.9) 26 (2.2) 34 (2.5) 41 (2.7) 50 (3.0) 56 (3.2) 62 (3.6) 66 (4.2)

Control group
men >70

6 (0.5)

13 (0.7) 20 (0.9) 27 (1.0) 34 (1.0) 40 (1.1) 45 (1.1) 51 (1.1) 56 (1.1) 60 (1.1)

Women <= 70

3 (1.0)

4 (1.1)

4 (1.3)

6 (1.6)

8 (1.8)

9 (2.0)

9 (2.0)

12 (2.5) 18 (3.5) 20 (4.3)

Control group
women <= 70

1 (0.2)

2 (0.4)

2 (0.4)

3 (0.5)

5 (0.6)

6 (0.7)

7 (0.7)

9 (0.8)

Women >70

6 (1.5)

13 (2.1) 15 (2.3) 20 (2.7) 26 (3.1) 31 (3.5) 38 (4.0) 43 (4.5) 55 (6.3) NA

Control group
women >70

6 (0.7)

11 (0.9)

Age stratified

8 (0.5)

10 (0.6) 12 (0.6) 14 (0.7) 17 (0.7) 19 (0.8)

10 (0.9) 12 (0.9)

15 (1.1) 20 (1.2) 26 (1.3) 31 (1.4) 36 (1.5) 40 (1.5) 45 (1.5) 50 (1.5)

Numbers are percentages representing absolute mortality rates at different years of follow-up. NA: not
available due to low numbers at risk during interval. Numbers in parentheses indicate standard error of
survival risks at each timepoint.
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Table 3. Cumulative 10-year mortality risks for men and women during follow-up after iliac/femoral
endarterectomy.
Follow-up
years

1

2

3

4

5

6

7

8

9

10

Men

7 (1.2)

12 (1.6) 17 (1.9) 24 (2.3) 28 (2.5) 36 (2.9) 42 (3.2) 45 (3.4) 49 (4.2) 49 (4.2)

Control group
men

3 (0.4)

6 (0.5)

Women

11 (2.3) 17 (2.9) 22 (3.3) 28 (3.8) 30 (4.0) 34 (4.4) 38 (4.9) 43 (5.6) 43 (5.6) NA

Control group
women

1 (0.4)

5 (0.8)

8 (1.0)

Men <= 70

4 (1.1)

8 (1.7)

12 (2.0) 17 (2.5) 18 (2.7) 28 (3.4) 34 (3.8) 36 (4.2) 42 (5.3) NA

Control group
men <= 70

1 (0.3)

3 (0.5)

5 (0.6)

Men >70

13 (2.5) 19 (3.1) 27 (3.7) 37 (4.4) 44 (4.7) 50 (5.0) 57 (5.5) 60 (5.9) 60 (5.9) 60 (5.9)

Control group
men >70

5 (0.8)

11 (1.2) 18 (1.4) 25 (1.6) 32 (1.7) 38 (1.8) 43 (1.8) 49 (1.8) 54 (1.8) 59 (1.8)

Women <= 70

9 (2.8)

14 (3.5) 15 (3.7) 20 (4.3) 22 (4.6) 26 (5.3) 26 (5.3) 26 (5.3) 26 (5.3) NA

Control group
women <= 70

1 (0.4)

2 (0.6)

Women >70

23 (3.8) 20 (4.7) 32 (5.9) 39 (6.7) 43 (7.1) 46 (7.6) 55 (8.6) 68 (9.8) 68 (9.8) NA

Control group
women >70

2 (0.8)

10 (0.7) 14 (0.8) 18 (0.9) 21 (0.9) 24 (1.0) 27 (1.0) 30 (1.0) 34 (1.1)

11 (1.1) 13 (1.2) 16 (1.3) 18 (1.4) 20 (1.5) 23 (1.5) 26 (1.6)

Age stratified

6

9 (1.6)

2 (0.7)

16 (1.9)

7 (0.7)

4 (0.9)

9 (0.8)

4 (1.0)

10 (0.9) 12 (0.9) 14 (1.0) 16 (1.0) 19 (1.1)

5 (1.1)

7 (1.3)

9 (1.4)

10 (1.5) 11 (1.5)

19 (2.2) 25 (2.4) 30 (2.5) 31 (2.5) 35 (2.6) 40 (2.7) 45 (2.7)

Numbers are percentages representing absolute mortality rates at different years of follow-up. NA: not
available due to low numbers at risk during interval. Numbers in parentheses indicate standard error of
survival risks at each timepoint.
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1.07 (1.06-1.08)*
0.96 (0.93-0.99)*
1.2 (0.94-1.4)*
1.4 (1.1-1.8)*
1.2 (0.94-1.5)*
0.52 (0.37-0.74)*

Age

Body Mass Index

Current smoking

Diabetic mellitus

Hypertension

HDL-cholesterol

1.4 (1.1-1.8)*
71.3-1.9)*
0.46 (0.37-0.59)*
0.88 (0.71-1.1)
0.38 (0.31-0.47)*

History of peripheral intervention

Bilateral carotid stenosis

Preoperative acetylsalicyl acid use

Preoperative statin use

Glomerular filtration rate (>60 ml/min)

1.3 (0.93-1.7*)

2.0 (1.3-3.2)*

Osteoporosis therapy

1.7 (0.94-3.2)

0.98 (0.68-1.4)

NA

2.1 (1.2-3.7)*

0.82 (0.59-1.1)

2.4 (1.7-3.6)*

1.7 (1.2-2.5)*

NA

NA

NA

0.36 (0.27-0.50)*

0.74 (0.54-1.007)*

0.76 (0.54-1.1)*

NA

1.1 (0.84-1.5)

1.4 (1.03-1.8)*

0.70 (0.48-1.04)*

0.86 (0.59-1.3)*

1.2 (0.70-2.0)

0.90 (0.65-1.2)

1.6 (1.2-2.2)*

1.1 (0.82-1.5)

0.98 (0.94-1.02)

1.06 (1.04-1.08)*

0.94 (0.68-1.3)*

Univariable, FEA

Multivariable, FEA

1.0 (0.47-2.2)

2.3 (1.5-3.6)

1.9 (1.2-2.9)

NA

NA

NA

0.59 (0.39-0.90)

0.76 (0.51-1.1)

0.94 (0.62-1.4)

NA

1.03 (0.71-1.5)

0.73 (0.46-1.1)

1.00 (0.65-1.5)

1.4 (0.95-2.0)

1.05 (1.02-1.07)

1.1 (0.72-1.7)

Hazard ratios with 95% confidence intervals are shown. CEA: carotid endarterectomy; FEA: femoral/iliac endarterecomy; NA: not applicable. * Indicates hazard
ratios with a P-value <0.25 that were included in the multivariable models.

1.2 (0.96-1.5)*

NA

4

Operation year (> 2006)

NA

3

Fontaine stage (stage 2 as reference)
NA

1.4 (0.90-2.0)

0.95 (0.71-1.3)*

Stroke

0.99 (0.67-1.5)

0.80 (0.55-1.2)*

Transient ischemic attack

0.75 (0.45-1.3)

0.74 (0.54-1.009)

0.60 (0.42-0.83)

1.9 (1.4-2.5)

1.4 (1.0-2.0)

1.4 (1.1-1.8)

0.61 (0.41-0.91)

1.5 (1.1-2.1)

1.7 (1.2-2.3)

1.9 (1.4-2.5)

0.96 (0.92-1.0)

1.08 (1.06-1.1)

1.7 (1.2-2.4)

Multivariable, CEA

Ocular symptoms

Clinical presentation (asymptomatic as reference)

1.8 (1.4-2.1)*

0.95 (0.72-1.3)

More than 10 units

History of coronary artery disease

1.0 (0.80-1.3)

1 to 10 units

Alcohol use (no alcohol as reference)

1.4 (1.1-1.8)*

Male sex

Univariable, CEA

Table 4. Cox proportional hazards models for all cause mortality.
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Figure 3.
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Figure 3. Title: 10-year survival after iliac/femoral endarterectomy in men and women.
Numbers at risk are shown below for men and women undergoing FEA. From the general population there
were 4 controls per case (i.e. per FEA patient) at baseline, without loss to follow-up. Numbers at risk <10 are
not shown exactly due to privacy regulations of Statistics Netherlands.
FEA: femoral and/or iliac endarterectomy.

DISCUSSION
Carotid and iliac/femoral endarterectomy are widely performed procedures within vascular
surgery throughout the world. Long-term survival is a very important outcome measure
when assessing prognosis of patients undergoing a certain surgical procedure, and is
strongly influenced by age and sex. Strikingly, studies that show age- and sex-specific longterm mortality data are very scarce. This study provides absolute age- and sex-specific
mortality risks in more than 1700 CEA patients and almost 700 FEA patients, during 10 years
of follow-up.
Women operated on carotid stenosis have similar survival compared to the general
population
We show that women have a higher life expectancy than men after CEA, just as in the
general population. This finding was independent of cardiovascular risk factors, as men
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had an (adjusted) 1.6 higher chance of mortality during long-term follow-up compared to
women in this study. Interestingly, our results even indicate that women with stroke, transient
ischemic attack (TIA), amaurosis fugax or asymptomatic women with high-grade carotid
stenosis undergoing CEA do not have a worse long-term mortality than the (age-matched)
general population. This is an unexpected finding, since it is clear that these women suffer
from (presumably systemic) severe atherosclerotic disease, and implies that the surgery is
highly effective in preventing long-term mortality in women. However, for asymptomatic
women benefit of surgery is still up for debate. Unfortunately, limited group size did not
allow for separate analysis of long-term mortality in asymptomatic women.
Long-term survival after FEA is similar in men and women
After FEA, however, the benefit that CEA female patients displayed as compared to men
is absent, and women have as worse a prognosis as men. This did not change after adjusting
for cardiovascular risk factors. The reason for this relative disadvantage is yet unclear.
Intuitively, it may be due to the higher prevalence of co-morbidities in women undergoing
FEA. Indeed, these women had significantly worse kidney function, with a larger difference
as compared to men, than in CEA patients. It is known that kidney function is a very strong
predictor of mortality in this population.14 In addition, women had more severe PAD
compared to men, which supports previous observations that women have more extensive
disease at presentation15 and yet are less likely to undergo revascularization procedures
than men.16 On the other hand, several other cardiovascular risk factors were less prevalent
in women, opposing the idea that women had a general higher risk than men. One of the
factors that may relatively worsen outcome in women undergoing FEA compared to CEA,
is their perception of cardiovascular risk and the decision to seek medical care when
experiencing complaints.17,18 Unfortunately we do not have information on the duration and
severity of complaints before these patients sought medical care. Still, because PAD is a
more chronic occlusive process, we may speculate that delay in the diagnosis in women
with PAD might have played a role. Indeed, asymptomatic PAD or PAD with atypical
symptoms has been shown to be more common in women than in men.19,20 On the other
hand, a stroke or TIA which mostly have a thromboembolic origin may be harder to neglect.
Fortunately, the awareness that cardiovascular diseases are a leading cause of death among
women has nearly doubled in the last 10 years,21 and campaigns to increase awareness of
women’s cardiovascular risk are currently ongoing.22,23
Since the Athero-Express study also comprises plaque specimens of included patients, we
could determine that women had more sTable plaques (containing less fat, plaque
hemorrhage and macrophages) than men, as reported previously (data not shown).24,25 This
finding was present in both CEA and FEA groups, but interestingly this was more
pronounced in CEA patients.
Comparison with contemporary literature
Little is known about the prognosis after CEA and FEA in men and women separately,
combined with age stratification. In general, it is known that PAD, and ankle-brachial index,
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are very strong predictors of mortality, independent of the presence of cerebrovascular or
coronary artery disease,26–28 and higher mortality in patients suffering from PAD compared
to carotid artery disease has also been described in a previous study.29 However in the
current study, differences between patients and an age- and sex-matched control group
were smaller, mainly because of higher mortality risks in our control group. Differences in
cardiovascular risk profile, geographical region and ethnicity may also play a role, since it
is known that these factors influence survival.30,31 In our study, the majority (>95%) of patients
is estimated to be Caucasian, but ethnicity of patients in the previous study was unknown.29
Other studies in patients with severe PAD undergoing infrainguinal bypass surgery also
indicated that survival in women was similar32 or even worse33 than in men. Also regarding
other sex-specific outcomes after lower extremity revascularization, such as patency, limb
salvage, and perioperative events, a recent literature review on different types of
revascularization procedures (including endovascular procedures) did not support a
difference between men and women.15 Long-term mortality data contributing to this review
were again very limited.

6

Clinical relevance, strengths and limitations
The presented results are very relevant for clinical practice, because as already mentioned,
a patients’ long-term prognosis is an important measure for both patient and doctor when
planning or considering a certain treatment. So far, no studies have reported such data,
while it may have an important influence on treatment decisions. Other strengths of this
study are the validity of registries and linkage methods. Linkage was almost complete: for
our patient cohort this was 95%. For the control group, linkage was previously shown to be
of good quality, and correct in around 97% of cases (by using an random sample of the
PR).10 Hence, even if the non-linked group is different, the differences are probably limited10
and because the size of this group is small, the effect of selection bias due to non-linkage
is expected to be minimal. Furthermore, all-cause mortality has a low chance of being
misclassified. The high number of patients with long-term data availability allowed for sexstratified, absolute mortality risk calculation up to 10 years of follow-up in two age groups.
This study is limited by its generalizability to the overall population undergoing CEA or
FEA, and subgroups with different symptoms and/or stages of disease were present in our
patient groups. However, we have shown many patient characteristics, making this cohort
transparent and allowing for comparison with other cohorts. Yet, this study was limited by
missing data on risk factors in the control groups, which reduces the possibility to make
more precise comparisons between patients and controls. Also, there are other variables
that were not measured which can be important determinants of survival. For instance, the
effect of postoperative medication use, levels of cardiovascular biomarkers that may have
prognostic significance (such as serum uric acid), but also geographical, and hospital/
physician factors, were not available. Finally, data of patients with carotid or iliac/femoral
stenosis who were treated conservatively, and not operated, were not available, so
comparisons between operative and medical treatment could not be made.
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Summary and conclusions
Long-term mortality after CEA is higher in men than in women, and in women mortality risk
is similar to the general population, which was not to be expected. After FEA, however,
mortality is high for both sexes as compared to the general population, and surprisingly,
the benefit of women as seen after CEA is lost. These sex-specific trends are not influenced
by age.
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ABSTRACT
Objectives
Recurrent stenosis is a drawback of carotid endarterectomy (CEA), and may lead to recurrent
symptoms and reintervention. Restenosis can be detected by duplex ultrasound scanning
(DUS) with cutoff values based on peak systolic velocity (PSV), which vary among vascular
laboratories. On short term, histological carotid plaque characteristics have shown to predict
DUS-based restenosis rates. Therefore, we aimed to analyze the association of both plaque
and patient characteristics with continuous PSV values in the carotid artery at different
timepoints during follow-up after CEA.
Methods
760 atherosclerotic plaques of 725 patients, who underwent CEA between 2003-2011, were
analyzed for smooth muscle cells, collagen, macrophages, lipid core, plaque hemorrhage,
and vessel density. Patients underwent DUS at 3 and 12 months follow-up and yearly
thereafter. The association between plaque and patient characteristics and mean PSV was
analyzed in a multivariable analysis, at 3 months and total (mid-term) follow-up.
Results
Patients with a large lipid core in their plaque (n=170) had significantly lower PSVs at 3
months follow-up; 109 cm/s, 95% confidence interval (CI): 103-116 versus 118 cm/s, 95%
CI: 114-122, (P=.03) for no or small lipid core (n=454). After mid-term follow-up (median
duration of 2.5 years, interquartile range 1.7-4.3), these PSV values were not significantly
different (115 vs. 111 cm/s, P=0.278). Presence of contralateral stenosis, female sex, and
asymptomatic presentation in women were independently associated with higher PSVs
at mid-term follow-up.
Conclusions
Dissection of a lipid-poor plaque showed an independent association with higher PSVs in
the internal carotid artery 3 months after CEA, not after mid-term follow-up. In women,
significantly higher PSVs were found after midterm follow-up, especially if they were
asymptomatic.
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INTRODUCTION
Recurrent stenosis is a drawback of carotid endarterectomy (CEA), and is associated with
a modestly increased risk of recurrent symptoms and reintervention.1 Theoretically,
information derived from the carotid atherosclerotic plaque could aid risk stratification of
patients with carotid stenosis when using noninvasive plaque imaging and thus facilitate
personalized treatment decisions. Previously, the composition of the atherosclerotic plaque
has been associated with the risk of restenosis after CEA. Patients with plaques with low
macrophage infiltration and small lipid cores revealed an increased risk for restenosis during
follow-up.2 However, this was only studied up to 1 year after the intervention. In addition,
a peak systolic velocity (PSV) cut-off value of 125 cm/s on duplex ultrasonography (DUS)
was used, resulting in a relatively high incidence of restenosis of 15% after 1 year. Moreover,
using PSVs alone to determine stenosis grade leads to difficulties because a wide range of
PSVs can be found with a certain stenosis (when comparing to the gold standard
angiography).3 In addition, cut-off values for a particular stenosis grade differ widely across
studies and vascular laboratories2,4-7 and in general use of cut-offs leads to a difficulty to
extrapolate findings to other patients. Accordingly, instead of using a grading system with
a strict PSV threshold, we aimed to analyze the association of both plaque and patient
characteristics with maximum peak systolic velocity measured in the carotid artery, after
short- and mid-term follow-up following CEA.

7

METHODS
Patient population and selection
All studied patients were included in the Athero-Express biobank, a longitudinal study
(observational, prospective) in patients undergoing CEA, as described in detail previously.8
In summary, all patients undergoing CEA at the University Medical Center Utrecht, Utrecht,
the Netherlands were asked to participate consecutively during the study period. There
were no exclusion criteria. Indications for CEA were reviewed by a multidisciplinary vascular
team and were based on recommended criteria of the Asymptomatic Carotid Atherosclerosis
Study, the North American Symptomatic Carotid Endarterectomy Trial (NASCET), and the
European Carotid Surgery Trial (ECST).9-11 Patients completed a questionnaire at baseline
regarding medication use, cardiovascular risk factors, and medical history. The Institutional
Review boards of the hospital approved the study and all patients provided informed
consent. For the present study, we examined available data from all carotid arteries operated
in patients included in the Athero-Express biobank from June 2003, until September 2011.
Tissue collection, tissue processing, and histological examination
Standardized CEA was conducted by experienced vascular surgeons. The method of closure
was chosen by the surgeon and was either primary or patch closure. The procedure has
remained the same during the inclusion period.

103

2014210 proefschrift Joyce Vrijenhoek.indd 103

29-10-14 10:32

CHAPTER 7

Atherosclerotic plaque processing was done according to a standardized protocol8 and
scoring of plaque characteristics has been published in detail previously.8,12 In summary,
scoring was performed semi-quantitatively at x40 magnification and analyzed in two
categories (no/minor, moderate/ heavy staining) for macrophages, lipid core, collagen,
plaque hemorrhage, vessel density, and smooth muscle cells. Vessel density was binned in
two groups (low and high), split by the median of this density (n=8). Scoring has shown a
good intraobserver and interobserver reproducibility.13
Follow-up
Duplex ultrasonography protocol
Patients underwent DUS measurements at 3 months and 12 months postoperatively,
followed by yearly intervals according to a standardized hospital protocol. This was done
by experienced technicians, blinded for plaque characteristics. An IU22 ultrasound device
from Philips Medical Systems (Eindhoven, the Netherlands) with linear transducer 9-3 mHz
was used. DUS data were analyzed retrospectively. The DUS protocol focused on assessment
of PSV values and did not use B-mode for measurements of lumen diameter or intima-media
thickness. Loss to follow-up was defined as missing DUS data after 3 months of follow-up.
Clinical outcome
Patients were prospectively monitored from inclusion date for 3 years after surgery (or latest
September 2013) using annual questionnaires in addition to a review of the electronic
hospital database, according to the Athero-Express biobank protocol.8 Any stroke (ipsilateral
and contralateral) or any death was analyzed for this study. Additionally, if high PSVs
suggesting severe restenosis were found at any time during follow-up, or absence of flow
suggesting occlusion was documented, reinterventions and associated neurological
symptoms during follow-up were retrospectively recorded.
Endpoints
Endpoint in this study was highest DUS-derived PSV detected in a prespecified area of the
carotid artery. This area included the ipsilateral distal common carotid artery, and proximal,
mid, or distal internal carotid artery. These locations were part of our standardized protocol
for DUS of the carotid arteries and chosen because they are anatomically involved in the
surgical procedure (either directly or during proximal or distal clamping). The endpoint was
analyzed at 3 months (short-term), and at mid-term follow-up. Mid-term follow-up is defined
in this study as latest available follow-up, with a minimum of 12 months (due to data
availability, separate analyses at every year of follow-up were not suiTable). ‘Mid-term’ was
chosen because median follow-up of measurements in this group was 2.5 years. Patients
with progression to occlusion during follow-up without a DUS measurement before the
occlusion were excluded (because PSV values are zero and cannot be used in these cases
(n=6)). In case of reintervention, highest PSV value measured before reintervention and
corresponding follow-up time was used in the analysis.
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Statistical analysis
Adjusted mean PSV values for different categories of plaque characteristics were analyzed
using univariate analysis of variance with natural logarithmically transformed PSV values
(because of its right skewed distribution). After this analysis, PSV values were transformed
back to original values for easier interpretation.
To adjust for confounding, potential confounders were chosen based on relevance before
the analysis (assuming to have a potential effect on both PSV and plaque characteristics).
These factors were: sex14,15, age16, hypertension17,18, current smoking19,20, diabetes15,21, body
mass index17, acetylsalicylic acid and statin use14, symptom status14,16, type of patch used4,14,19,
presence of contralateral stenosis4,14, and operation year. The latter was included because
in recent research in the Athero-Express biobank, it was found that plaque characteristics
have changed over time during the total inclusion period.22 If a P-value of < .25 was found
in univariable linear regression with PSV as outcome, the factor was defined as potential
confounder and included in the final analysis. Because we have shown before that sex
differences are present in plaque characteristics and their association with outcome23,24 and
restenosis incidence15 multiplicative interaction terms of plaque/patient characteristics and
sex were included in the first univariable models. We planned sex-stratified analyses if this
interaction term had a P-value < .05.
Cumulative survival regarding stroke and death were analyzed using life-Table analysis.
All statistical analyses were performed using SPSS version 19.0 software (IBM Corp, IBM
SPSS Statistics for Windows, Armonk, NY). All analyses were performed by the first author,
who had full access to the primary data and takes responsibility for the integrity of the data
and accuracy of the data analysis.

7

RESULTS
During the study period, 811 CEAs were operated. 51 arteries in 51 patients were excluded
from the analysis because they did not undergo any DUS measurement. In 20 patients this
was because they died before 3 months checkup (8 fatal strokes, 2 myocardial infarctions,
4 cardiovascular deaths not further specified, 4 non-cardiovascular deaths not further
specified, and in 2 patients the reason was unknown), 8 patients were discharged to another
hospital for checkup, and 23 patients did not respond to our invitation. The remaining 760
arteries that were operated in 725 patients (32 bilateral interventions, 3 reinterventions)
formed the final study population (Figure 1). Patients had a mean age of 69 years and 69%
was male. 33% reported current smoking, 22% had diabetes mellitus, and 74% had
hypertension. 88% of patients were symptomatic before CEA, of which the majority had
been diagnosed with a transient ischemic attack (Table 1).
Plaque characteristics; 3 months follow-up
In this analysis, 742 CEA procedures were included (in 18 arteries, no PSV was available,
as shown in Figure 1). Median PSV was 110 cm/s (interquartile range (IQR) 90-140).
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Table 1. Patient characteristics
Gender (male)

503/725 (69)

Age

69 (9.5)

Current smoking

239/717 (33)

Diabetic mellitus

162/725 (22)

Hypertension

529/715 (74)

Body Mass Index

26.4 (3.7)

Hypercholesterolemia

470/665 (71)

History of coronary artery disease

226/722 (31)

History of peripheral intervention

118/721 (16)

Bilateral carotid stenosis

288/639 (45)

Preoperative acetylsalicyl acid use

595/723 (82)

Preoperative statin use

596/724 (82)

Cholesterol (mean, sd)

4.5 (1.3)

High density lipoprotein

1.2 (0.47)

Low density lipoprotein

2.6 (1.0)

Triglycerides

1.6 (0.97)

Glomerular filtration rate, Cockroft Gault

72 (25)

Clinical presentation
Asymptomatic

88/720 (12)

Ocular symptoms

110/720 (15)

Transient ischemic attack

346/720 (48)

Stroke

176/720 (24)

Event to operation time, median, IQR
Patch use

37 (15-78)

No patch, primary closure

60/713 (8.4)

Venous

461/713 (65)

Bovine

137/713 (19)

Dacron/PTFE

55/713 (7.7)

Plaque characteristics
Moderate/high macrophages

372/710 (52)

Large lipid core

187/709 (26)

Moderate/high collagen

561/707 (79)

Plaque hemorrhage

359/708 (56)

High vessel density (based on median value)

312/648 (48)

Moderate/high smooth muscle cells

497/709 (70)

Continuous values are expressed as mean with standard deviation, unless
specified otherwise. Categorical values are expressed as n/total (%).
IQR: interquartile range; PTFE: polytetrafluoroethylene
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There were no interactions between sex and plaque characteristics. Sex, diabetes,
acetylsalicylic acid use, operation year, type of closure and type of patch, contralateral
stenosis, and symptom status (index event) were found as potential confounders and
included in the adjusted analysis (resulting in mean adjusted PSV). Patients with a small
lipid core in their plaque had significantly higher PSVs at 3 months follow-up compared to
patients with a large lipid core; 118 cm/s, 95% confidence interval (CI): 114-122 versus 109
cm/s, 95% CI: 103-116, (P=0.032). The remaining characteristics showed no independent
association with mean PSV (Figure 2, Supplemental Table 3). Unadjusted results are shown
in Table 1 of the Supplemental data.
Plaque characteristics; mid-term follow-up
In this analysis, 597 arteries were analyzed with a median follow-up of 2.5 years (interquartile
range, 1.7-4.3), in which median PSV was 105 cm/s (IQR 90-135). The remaining 163 arteries
were lost to follow-up after 3 months (Figure 1). Between the latter group and the patients
that were included in the analysis, risk factors were mostly similar. Mean age was significantly
different (the group lost to follow-up was 2.7 years older, 71.1 vs. 68.4 years (P=.001) and
use of statins and acetylsalicylic acid was less prevalent in this group, 76% vs. 84%, P=.019
and P=.034, respectively). There were no interactions between sex and plaque characteristics.
Sex, age, acetylsalicylic acid use, type of patch closure, contralateral stenosis, and symptom
status (index event) were found as potential confounders and included in the adjusted
analysis. For lipid core, PSV values were not significantly different for large versus small lipid
core (115, 95% CI: 110-120 vs. 111, 95% CI: 103-118, P=0.278). The remaining characteristics
also showed no independent association with mean PSV (Figure 3, Supplemental Table 3).
Unadjusted results are shown in Table 1 of the Supplemental data.

7

811 CEA procedures
until September 2011
51 patients excluded
without any duplex
760 CEA procedures
(725 patients)
18 excluded

(4 occlusions, 1 with reintervention
without duplex, 13 reported only
stenosis grades and no PSV)

742 CEA procedures for
analysis at 3 months FU

163 excluded

(lost to follow-up and
2 occlusions)

597 CEA procedures for
analysis midterm FU

Figure 1. Flowchart of patients included and analyzed at different timepoints.
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Clinical characteristics
Regarding clinical characteristics, higher PSVs were found after mid-term follow-up in women
compared to men (127 cm/s, 95% CI: 119-136 vs. 108, 95% CI 104-113, P<0.001). This
association was also present at 3 months follow-up (Supplemental Table 3). Higher PSVs
were also found at mid-term in patients who were asymptomatic at inclusion; their mean
PSV was 125 cm/s, 95% CI: 113-138, compared to much lower PSVs for patients with TIA,
amaurosis fugax or especially stroke. In the latter, mean adjusted PSV was 101 cm/s, 95% CI:
94-109 (P=0.001 compared to asymptomatic patients) (Figure 4, Supplemental Table 3). Type
of patch closure (patch vs. primary closure) was not independently associated with PSV values
at either timepoint (Supplemental Table 3). At mid-term follow-up, symptom status and
contralateral stenosis showed a significant multiplicative interaction with sex (P of interaction:
0.014 and 0.010, respectively). Thus, additional analyses were done stratified on sex. PSV
differences based on symptoms and contralateral stenosis grade were absent in men and
thus driven by large differences in women (Figure 5). Unadjusted associations between
clinical characteristics and PSV (by linear regression) are shown in Supplemental Table 2.

Figure 2. Mean PSV values at 3 months follow-up by different plaque characteristics.
Bars indicate adjusted mean peak systolic velocity (PSV) for 2 categories of plaque characteristics shown in
panel A-F. Error bars indicate 95% confidence intervals. *=P<0.05.
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7

Figure 3. Mean PSV values at mid-term follow-up by different plaque characteristics.
Bars indicate adjusted mean peak systolic velocity (PSV) for 2 categories of plaque characteristics shown in
panel A-F. Error bars indicate 95% confidence intervals.

Figure 4. Mean PSV values at mid-term follow-up by patient characteristics.
Bars indicate adjusted peak systolic velocity (PSV) for sex and different categories of symptom status and
contralateral stenosis grades shown in panel A, B, and C. Error bars indicate 95% confidence intervals.
*=P<0.01, †=P<0.05. In B, significance levels are compared to the asymptomatic category as reference and
in C “no stenosis” has been used as reference.
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Ipsilateral carotid reinterventions and clinical outcome
In our cohort of 760 arteries, 14 ipsilateral carotid reinterventions were performed after a
median follow-up of 2 years (IQR 0.53-5.7, range 0.13-7.2). In total, 7 redo CEAs, 7 carotid
artery stenting procedures were performed. The indication was mostly TIA (n=5), the
remaining cases were amaurosis fugax, (n=3), stroke (n=1), aspecific/unknown symptoms
(n=2), and 3 were asymptomatic (including 2 hemodynamically significant residual stenoses).
A significant ipsilateral recurrent stenosis was found by DUS and confirmed by CTA, MRA
or angiography in all patients. 2 other ipsilateral reinterventions not involving the operated
area were performed (1 vertebral artery stent and 1 bypass procedure from vertebral artery
to internal carotid artery were performed after TIAs). Cumulative stroke-free survival after
3 years follow-up was 94% (95% CI: 92-96%) and cumulative survival was 91% (95% CI: 8993%). Median follow-up time until any stroke or death was 3.0 years (IQR 2.1-3.1).

Figure 5. Mean PSV values at mid-term follow-up by symptom status and presence of contralateral stenosis,
stratified by sex.
Bars indicate adjusted peak systolic velocity (PSV) for different categories of index symptoms (A and B) and
contralateral stenosis grade (C and D), stratified by sex. Error bars indicate 95% confidence intervals. *=P<0.01,
†=P<0.05. Significance levels are compared to the asymptomatic category as reference (A and B), or to no
stenosis at the contralateral side (C and D).
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DISCUSSION
In this study, carotid plaque characteristics were used to predict flow velocity in the carotid
artery after CEA. PSV measured by DUS was currently analyzed as a continuous variable,
instead of using a cut-off with restenosis as a binary outcome. It has been shown that a
certain degree of carotid stenosis determined on angiography as gold standard corresponds
to a wide range of PSV values.3,25 Due to this, there is an extensive variation between centers
in classifying carotid artery stenosis, which leads to significant differences in treatment and
points to the need of standardized criteria.7 While these criteria do not yet exist and are
very difficult to establish based on DUS alone,3 we therefore consider the current approach
to be more precise, prevent misclassification and improve generalization compared to use
of cut-offs.

7

Plaque characteristics and DUS follow-up after CEA
We showed that a small lipid core is associated with increased PSVs 3 months after CEA,
in line with previous research from our group showing that a large lipid core and higher
amounts of macrophages associate with lower rates of restenosis in carotid arteries.2 In the
present study, this trend could not be reproduced for macrophages. This might be due to
use of a different outcome measure, only patients from 1 center were currently included
(instead of 2 involved in the Athero-Express study), and follow-up duration was longer. Still,
regarding these differences and the absence of any independent association of plaque
characteristics at mid-term follow-up, the direction of findings is similar. Trends towards
higher PSVs were found after dissection of a plaque with unstable characteristics, in contrast
to components attribuTable to a sTable phenotype such as smooth muscle cells. Similarly,
neointima formation at the site of CEA after follow-up of 6 months was increased in patients
in whom the primary lesion showed more smooth muscle cells, and decreased in those rich
in macrophages.26 Besides this, in other vascular territories such as femoral arteries,
dissection of a sTable plaque was associated with a higher restenosis incidence. 27 The
underlying mechanism responsible for this association is still unclear.
Clinical characteristics and DUS follow-up after CEA
Regarding clinical characteristics, large differences were found especially between sexes.
In women much higher PSVs were found than in men after both short-term and mid-term
follow-up, independent of other risk factors. Accordingly, earlier studies showed that female
sex was an independent predictor of restenosis.15 Likewise, women were relatively
overrepresented within a cohort of patients treated by carotid artery stenting for restenosis.28
This warrants consideration, since higher blood flow velocities have been found in women,
that in turn could be due to a smaller vessel diameter is women and could partially explain
these results.29 In addition, higher PSVs were found in asymptomatic patients during followup, which is also in agreement with previous findings.14 Although responsible mechanisms
are yet to be unraveled, differential underlying plaque pathology could be an explanatory
factor. Women and especially asymptomatic women have more sTable plaques compared
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to symptomatic women and asymptomatic men as shown previously23,30 which was
reproduced in the present study (data not shown). Thus, our findings suggest that women
and asymptomatic patients, and/or those with a sTable carotid plaque, benefit less from
carotid revascularization when specifically looking at restenosis risk. Indeed, when stratifying
on sex, we found that higher PSVs in asymptomatic patients in the total cohort were driven
only by women, and there were no differences in PSVs for different index symptoms in men.
This corresponds to a smaller overall benefit (or even more harm) in asymptomatic women
as reported by trials, which is still subject to a continuing discussion.9,11,31,32

Limitations
The present study has several limitations. First, DUS remains a technique with several
drawbacks, even without the use of thresholds. Measurements vary between different types
of equipment,33,34 laboratories,35 and observers.34 The first two parameters have not changed
during this study, but different technicians have performed DUS measurements over the
years resulting in potential intraobserver variability, which was not assessed for this study.
Technicians were blinded for plaque characteristics, but not for clinical factors such as sex,
side of surgery or symptom status. However we expect that the influence of this information
being available to the technicians on DUS measurements is very minimal. Second, direct
postoperative measurements were not available and therefore we cannot differentiate
between residual stenosis and early restenosis at 3 months. However, if we exclude patients
with >30% stenosis at 3 months from the analysis at mid-term follow-up, we found similar
results, apart from contralateral stenosis which was not associated with higher PSVs in
women (data not shown). Around 20% of patients were lost to follow-up after 3 months for
subsequent DUS measurements. This may have led to selection of a less diseased
population as indicated by higher mean age in the patients lost to follow-up. This could
lead to an underestimation of the effects, if we assume that the effects would be larger in
patients with more comorbidities. DUS measurements after 3 months were pooled into one
endpoint (mid-term follow-up). Time-to-event analyses were not appropriate in our setting
due to the non-binary endpoint. Therefore, we chose to report the maximum available
follow up duration with the inherent limitation of not correcting for the duration from surgery
to development to restenosis. Finally, the small dispersion in PSV values and limited sample
size increases the risk of type II errors, and may also explain the absence of an independent
association of lipid-core at mid-term follow-up.
Relevance and future perspectives
Local plaque markers remain an interesting target for identification of patients at risk for
restenosis after CEA. Plaque imaging could help identify these patients before intervention,
which can hopefully aid in making tailored treatment and follow-up decisions in the future.
First, in order to validate the present findings, (CT/MR) angiography should be used in
future studies to reproducibly assess (recurrent) stenosis grades and to avoid most
limitations of DUS, including arbitrary cutoff points.
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Conclusions
Dissection of a lipid-poor plaque showed an independent association with higher PSVs in
the internal carotid artery 3 months after CEA, not after mid-term follow-up. In women,
significantly higher PSVs were found after mid-term follow-up, especially if they were
asymptomatic.

7
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SUPPLEMENTAL DATA
Table 1. Univariable analysis of plaque characteristics and PSV
3 months follow-up
Macrophages
Lipid core
Collagen
Plaque hemorrhage
Vessel density
Smooth muscle cells

Low

113 (95-140)

High

105 (90-135)

No/small

110 (93-140)

Large

100 (80-125)

Low

106 (90-130)

High

110 (90-140)

Absent

115 (95-140)

Present

105 (90-139)

Low

110 (90-137)

High

110 (90-140)

Low

105 (90-130)

High

110 (90-140)

P-value

Total follow-up

P-value

105 (90-135)
0.04

100 (85-130)

0.13

110 (90-140)
<0.001

100 (84-125)

0.003

105 (85-140)
0.18

105 (90-130)

0.83

110 (90-140)
0.011

100 (85-130)

0.11

105 (85-131)
0.88

100 (90-130)

0.84

100 (85-135)
0.027

105 (90-135)

0.068

Numbers indicate medians with interquartile range in parentheses. Levels are compared by Mann-Whitney
U test. PSV: peak systolic velocity.

Table 2. Univariable analysis of patient characteristics and PSV
3 months follow-up

P-value

Total follow-up

P-value

Male sex

-0.15

<0.001

-0.17

<0.001

Age

0.011

0.76

-0.084

0.039

Hypertension

0.007

0.86

0.046

0.26

Current smoking

0.001

0.97

0.025

0.55

Diabetes

0.043

0.24

0.013

0.76

Body mass index

-0.032

0.39

0.007

0.87

Acetylsalicylic acid use

0.10

0.006

0.054

0.19

Statin use

-0.026

0.49

-0.032

0.43

Symptom status

-0.043

0.24

-0.15

<0.001

Patch use

0.11

0.003

0.10

0.015

Contralateral stenosis

0.22

<0.001

0.14

0.001

Operation year

0.017

0.054

0.021

0.61

Numbers indicate beta coefficients from linear regression and their corresponding P-values. For symptom
status, beta represents the increase in lnPSV for every increase in symptom category (asymptomatic, TIA/
ocular symptoms, stroke). For patch use, the categories are no patch, venous patch, bovine patch, and
Dacron/PTFE patch. PSV: peak systolic velocity.
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Table 3. Multivariable analysis of plaque and patient characteristics and PSV
3 months follow-up

P-value Total follow-up

P-value

Plaque characteristics
Macrophages

Low 117 (112-122)
High 115 (110-119)

Lipid core

117 (111-123)
0.58

No/small 118 (114-122)
Large 109 (103-116)

Collagen

High 114 (109-119)

0.03

Present 114 (109-119)

0.78

High 115 (110-120)

0.29

113 (108-117)

0.29

112 (107-118)

0.47

115 (109-121)
0.95

Low 111 (105-118)
High 117 (113-122)

0.28

115 (109-122)

Low 115 (110-121)

Smooth muscle cells

111 (103-118)
118 (109-128)

Absent 118 (112-124)

Vessel density

0.21

115 (110-120)

Low 115 (107-122)

Plaque hemorrhage

111 (106-117)

113 (107-119)

7

0.66

111 (104-119)
0.12

115 (110-120)

0.42

Clinical characteristics
Sex

Male 112 (108-116)
Female 125 (118-132)

Age

Diabetes

127 (119-136)

<62 years NA

NA

118 (111-126)

62-70 years NA

NA

116 (109-124)

70-77 years NA

NA

110 (102-118)

>= 77 years NA

NA

108 (99-117)

0.24

NA

NA

NA

NA

No 114 (110-118)
Yes 121 (114-129)

Acetylsalicylic acid use

No

108 (99-118)
0.027

0.23

125 (113-138)

ref

118 (108-129)

0.068

Transient ischemic
116 (111-121)
attack

115 (109-121)

0.014

101 (94-109)

0.001

0.51

primary closure 104 (93-116)

109 (96-124)
112 (107-117)

bovine patch 122 (112-133)
dacron/PTFE patch 114 (102-128)

Operation year

115 (110-119)

Asymptomatic 118 (108-129)

venous patch 116 (111-120)

Contralateral stenosis

<0.001

Ocular symptoms 119 (110-129)

Stroke 111 (104-118)
Patch use

0.064

108 (100-115)

Yes 117 (114-121)
Symptom status

108 (104-113)
0.003

121 (111-131)
0.23

112 (98-128)

0.40

ref

107 (103-113)

ref

50-70% 124 (112-136)

0.005

122 (109-135)

0.036

70-99% 127 (119-137)

<0.001

123 (114-134)

0.005

Contralateral occlusion 130 (121-141)

<0.001

120 (110-132)

0.036

NA

NA

NA

NA

<50%

107 (103-111)

<=2006 116 (111-122)
>2006 115 (110-120)

0.84

Values are shown as mean PSV with 95% confidence interval. All values are adjusted in univariate analysis of variance
for other variables that had a significant association with PSV (with a cutoff at .25). PSV: peak systolic velocity. NA:
not applicable, not included as covariate in multivariable analysis. Ref: reference category.
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ABSTRACT
Objective
The optimal treatment strategy for patients with restenosis after CEA remains unknown.
To study perioperative results and restenosis during follow-up of carotid artery stenting
(CAS) versus carotid endarterectomy (CEA) for restenosis after prior ipsilateral CEA in an
individual patient data (IPD) meta-analysis.
Methods
A comprehensive search of electronic databases (Medline, Embase) until July 1, 2013 was
performed, supplemented by a review of references. Studies were considered for inclusion
if they reported procedural outcome of CAS or CEA after prior ipsilateral CEA of a minimum
of five patients. IPD were combined into one dataset and an IPD meta-analysis was
performed. The primary endpoint was perioperative stroke or death and the secondary
endpoint was restenosis >50% during follow-up, comparing CAS and CEA.
Results
In total, 13 studies were included, contributing to 1132 unique patients treated by CAS (10
studies, n=653) or CEA (7 studies; n=479). Among CAS and CEA patients, 30% versus 40%
were symptomatic, respectively (P<.01). After adjusting for potential confounders, the
primary endpoint did not differ between CAS and CEA groups (2.3% respectively 2.7%,
adjusted odds ratio 0.8, 95% confidence interval (0.4-1.8). Also, the risk of restenosis during
a median follow-up of 13 months was similar for both groups (hazard ratio 1.4, 95% CI 0.92.2). Cranial nerve injury (CNI) was 5.5% in the CEA group, while CAS was in 5% associated
with other procedural related complications.
Conclusion
In patients with restenosis after CEA, CAS and CEA showed similar low rates of stroke,
death and restenosis at short-term follow-up. Still, the risk of CNI and other procedurerelated complications should be taken into account.
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INTRODUCTION
Restenosis after carotid endarterectomy (CEA) hampers the long-term durability of CEA in
terms of stroke free survival.1,2 The reported incidence of restenosis is variable according
to its definition, method of measurement and duration of follow-up. The rate of restenosis
at two years has varied from 6-14% using duplex ultrasound with > 50% restenosis as
criterion.3,4 Restenotic lesions have been shown to be clinically important, since recurrent
lesions >70% have been related to an increased risk for ipsilateral stroke.5 However, the
optimal treatment strategy of significant restenotic lesions remains unclear.6-8 Redo-CEA
potentially leads to a more challenging procedure9,10, and therefore restenosis following
prior CEA has been adapted among the “high-risk” criteria within several registries and
clinical trials comparing outcome after carotid artery stenting (CAS) versus CEA.11,12 CAS
has been suggested and applied as an alternative for CEA in these deemed high-risk
cases.13 However, there is no evidence suggesting that the (peri)procedural risk for stroke
in these patients is lower for CAS when compared to CEA. Although the Stenting and
Angioplasty with Protection in Patients at High Risk for Endarterectomy trial (SAPPHIRE) is
the only randomized controlled trial comparing CAS versus CEA that included a subgroup
of patients with restenosis after prior ipsilateral CEA, no subgroup analysis was performed
in these patients.11 Numerous single centers and several larger registries have reported on
outcome of patients treated for restenosis after prior ipsilateral CEA through CAS or CEA,14-16
but only few (non-randomized) studies reported on outcome of both treatment
modalities.16-22 Generally, small number of patients in each registry limits the current
evidence on the most desirable treatment strategy for restenosis. Most studies were
underpowered to stratify patients in different risk categories (i.e. based on symptomatology).
In addition, confounding by indication is a severe threat for these registries when evaluating
both treatment modalities and not adjusting for potential confounders such as cardiovascular
risk factors. While a randomized control trial is beyond perspective, accurate outcome
analysis with the use of individual patient data (IPD) seems the highest retrievable level of
evidence at present.
Therefore, we pooled all the publically available evidence regarding surgical and
endovascular treatment of patients with restenosis after prior CEA into IPD, and compared
outcome after CAS and CEA. We hypothesized that CAS is not superior to CEA regarding
perioperative results and outcome during follow-up.

8

METHODS
The study protocol defining the process for obtaining patient level data and the pre-planned
analyses was designed by the core study group (MF, JV, HR, FM, GJB) and approved by all
collaborating authors of the TREAT CARE (optimal TREATment of CArotid REstenosis)
study group. The guidelines for meta-analyses of observational studies were followed.23
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Search strategy and study selection
A systematic search was performed on Pubmed and Embase databases until July 1, 2013.
Synonyms for ‘recurrent carotid stenosis’ and ‘carotid endarterectomy’ and/or ‘carotid
angioplasty and stenting’ were used to identify relevant studies. No filters or restrictions
were applied (see Table 1 for search query). References of relevant articles were screened
for additional relevant studies. Two independent researchers (MF and JV) screened all
publications on predefined inclusion criteria: 1) patients who underwent CEA or CAS for
restenosis after prior ipsilateral CEA, 2) data on the primary endpoint reported, 3)
publications in English, Dutch, German, French or Spanish, and 4) original data. Studies
were excluded if there was no full text version available or if the number of patients treated
was less than five. Duplicates were removed manually. All citations that met the inclusion
criteria were thoroughly assessed for final inclusion.
Our search resulted in 1334 articles on Pubmed and 1207 on Embase. After removing
duplicates, 1521 articles remained, of which 1428 were excluded after screening citations.
Of the remaining 93 articles, another 14 were excluded because they did not meet the
inclusion criteria. Reference check of these 93 articles yielded 5 relevant studies. This
resulted in a final number of 84 eligible articles (Figure 1).
Individual patient data acquisition
Authors of eligible articles were contacted per email or per post with a request to join the
TREAT CARE initiative. We obtained the contact details of any author listed on the article
(sequence of contact: corresponding author, first author, senior author, other co-authors).
If we did not receive a response after one week, the authors were contacted again, with a
maximum of four attempts within a timeframe of three months. From the 84 eligible articles
(7609 patients, possibly including duplicate patients and interventions others than CEA/
CAS), we received IPD from 13 studies.15,16,18,19,24-32 From the remaining 71 studies, IPD could
not be retrieved because 30 authors did not respond, 26 did respond but the data were
not available (no access to the data anymore without a clear reason why (13), no access to
the data anymore because of change of institution, retirement or institutional/study group
restrictions (7), data destroyed or lost (4), data not digital (2)). 3 studies replied, but only
provided summary data, and 11 study groups responded that they were not willing to

Table 1. Search strategy.
Recurrent stenosis OR Recurrent carotid stenosis OR Restenosis OR Post-CEA stenosis OR Post carotid
endarterectomy stenosis OR Post endarterectomy stenosis
AND
CEA OR carotid endarterectomy OR carotid surgery OR Carotid revascularization OR OCS OR Open
surgical repair OR Redo surgery OR Endarterectomy OR CAS OR Carotid artery stenting OR Carotid
angioplasty OR Carotid stenting
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participate (unknown reasons). One study33 was not contacted because the cohort was a
duplicate of another study.29 Of the studies that provided IPD, patients treated with
interposition grafting (n=43), carotid bypass (n=24), or angioplasty only (n=2) were excluded
from the database. Furthermore, 32 bilateral or tertiary procedures were excluded, resulting
in a total of 1132 unique patients (479 CEA, 653 CAS) (Figure 1 and Table 2).

8

Figure 1. Flow diagram of the TREAT CARE study.
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Table 2. Overview of included studies.
Article

Type of study

Years of inclusion

CEA (N)

CAS (N)

Alric et al., 200224

Singlecenter

1997-2000

0

15

Attigah et al., 201019

Singlecenter

1989-2007

28

41

Benitez et al., 1998

Singlecenter

1996-1997

0

5

Bettendorf et al., 200718

Singlecenter

1998-2006

28

29

Domenig et al., 2003

Singlecenter

1990-2001

82

0

Dorigo et al., 201326

Singlecenter

2005-2011

37

58

Eskandari et al., 2010

Singlecenter

2001-2009

0

70

Fokkema et al., 201316

Multicenter

2003-2012

212

220

Halabi et al., 200628

Singlecenter

1998-2004

0

72

Jain et al., 2007

Singlecenter

1988-2005

80

0

Kadkhodayan et al., 200730

Singlecenter

1996-2005

0

73

Radak et al. 2012

Multicenter (2 centers)

2000-2008

12

0

Vos et al., 200932

Singlecenter

1997-2006

0

70

Total

479

653

25

15

27

29

31

Data extraction and outcome
Demographics, patient related risk factors, procedural details, perioperative outcome and
follow-up data were extracted from the received IPD files and aggregated into one database
after careful data examination. The primary endpoint of the current study was any
perioperative stroke or death (a 30-day postoperative timeframe for all studies except for
one (a one-week timeframe). A combined endpoint was chosen because of the low event
rate, and the inherent inability to compare treatments with enough power. Use of a
combined endpoint is limited by difficulties in interpretation (i.e. potentially opposite
treatment effects of separate endpoints) and differences in importance to patients. More
important events such as death are often associated with lower event rates and smaller
treatment effects, which can be misleading. To partly overcome this limitation, we have also
analyzed the individual endpoints (stroke and death) separately.
The secondary endpoint was recurrent carotid restenosis (>50%) during follow-up. Other
procedural complications such as cranial nerve injury (CNI), neck hematoma, wound
infection, bradycardia/arrhythmia during the procedure, residual stenosis (>30%), technical
failure, and access site complications were also examined.
Statistical analysis
Baseline characteristics between CEA and CAS patients were compared using Fisher’s exact
test for categorical variables, and parametric (Student t-test) or non-parametric test (MannWhitney U-test) for continuous variables.
The primary endpoint (any perioperative stroke or death) was compared between CEA and
CAS with the Fisher’s exact test. For adjusted analyses, potential confounders were
previously determined based on availability (<75% missing values) and clinical relevance
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by four members of the core study group (MF, JV, HR, GB). To prevent confounding by
indication and improve the reliability of our results, factors that were assumed to influence
outcome, but also treatment decisions (and thus bias estimates of treatment effects), were
chosen. These variables were age, gender, smoking, hypertension, degree of ipsilateral
stenosis, symptom status, diabetes and coronary artery disease. To prevent bias due to
exclusion of observations because of missing values in these variables, single imputation
was used (using the multivariate imputation by chained equations algorithm in R with one
imputation).34,35 Predictors in the imputation model included all variables to be imputed,
including the primary endpoint, as recommended previously.26 Because of low power in
this analysis due to the low event rate of stroke or death, a propensity score including the
above listed variables was constructed. In short, the propensity score is a method to control
for confounding and is derived from a logistic regression model to estimate the probability
of being exposed to a certain treatment. Hence, patients with the same score will on
average be balanced in confounder characteristics and comparing subjects with the same
score will not be confounded by these characteristics.36 With our score we obtained
considerable balance between treatment groups. The primary endpoint comparing CEA
and CAS was subsequently analyzed by logistic regression model (events were recorded
mostly in a 30-day postoperative timeframe), adjusted for the propensity score. Odds ratios
(OR) and 95% confidence intervals (CI) are reported.
The secondary endpoint (restenosis during follow-up) was analyzed using a multivariable
Cox proportional hazard model to allow time to event analyses, adjusted for the same
propensity score as above. Hazard ratios (HR) and 95% CI are reported.
SPSS version 20.0 (IBM Corp, IBM SPSS Statistics for Windows, Armonk, NY) and R Statistical
software37 were used for statistical analyses (R packages “mice” and “survival”). P-values
<.05 were considered significant in all statistical analyses.

8

RESULTS
Baseline characteristics
Baseline characteristics of patients undergoing CEA (n=479) and CAS (n=653) for restenosis
after prior ipsilateral CEA are shown in Table 3. While CAS patients were more likely to be
older (mean age 70 year vs. 68 year, P<.01), CEA patients were more often symptomatic
(40% vs. 30%, P<.01). Severe ipsilateral stenosis >70% was also found more frequently
compared to CAS patients (94% vs. 85%, P<.01). Data on time to restenosis from the initial
CEA was available for 56% (n=639) of patients. Median time from primary CEA to reintervention was significantly shorter for CAS when compared to CEA patients (14 months
vs. 52 months, P<0.01). Time to re-intervention was also shorter for asymptomatic versus
symptomatic patients (18 months vs. 33 months, P<0.01). Of these 639 patients, 55% of
patients (80% CAS and 20% CEA) had early restenosis (<24 months after primary CEA).
Inclusion periods for CAS and CEA were similar, as shown in Table 4. Specifically, median
year of start of inclusion was 1997.5 for CAS and 1998 for CEA.
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Table 3. Baseline characteristics.
CEA (n = 479)
N / Total
Age yr, mean ± SD

%

67.8 ± 9.8

Gender (male)

238/479

Time to re-intervention Mo, median (IQR)

52 (77)

CAS (n = 653)
N / Total

%

69.7 ± 8.7
49.7

345/653

P - value
.001

52.8

14 (39)

0.31
< .001

Patch (vs primary) closure during primary CEA

30/37

81.1

68/87

78.2

0.81

Side (right)

182/399

45.6

241/504

47.8

0.55

Symptomatic

189/479

39.5

193/653

29.6

.001

30/459

6.5

86/589

14.6

Degree of ipsilateral stenosis
50-69%
>70%

< .001
429/459

93.5

503/589

85.4

Hypertension

400/479

83.5

504/573

88.0

0.041

Diabetes mellitus

147/479

30.7

175/570

30.7

1.0

Coronary artery disease

201/479

42.0

220/592

37.2

0.12

Renal failure

18/295

6.1

45/428

10.5

0.044

Hypercholesterolaemia

170/209

81.3

209/341

61.3

0.067

Smoking (prior or current)

388/468

82.9

332/570

58.2

< .001

Antiplatelet therapy

354/414

85.5

444/457

97.2

< .001

Statin use

270/360

75.0

284/364

78.0

0.38

Contralateral occlusion

30/318

9.4

58/566

10.2

0.73

CEA: carotid endarterectomy; CAS: carotid angioplasty and stenting; SD:standard deviation; Mo: months;
IQR: interquartile range.

Primary endpoint
Perioperative stroke or death rate did not differ between CAS and CEA (2.3% vs. 2.7%, OR
0.8, 95% CI 0.4 – 1.8). After propensity score adjustment, no difference was observed in the
direction and significance of this endpoint (adjusted OR 0.8, 95% CI 0.4-1.8).
In addition, no differences in adjusted ORs for myocardial infarction, any stroke, and
mortality were found between the two treatment modalities (Table 5). Similarly, no
differences in stroke or death rate were identified between symptomatic and asymptomatic
patients (3.4% vs. 2.0%, P=0.15). Comparing CAS and CEA also showed no significant
differences between symptomatic (3.1% vs. 3.7%, adjusted OR 0.8, 95% CI 0.3-2.6) and
asymptomatic patients (2.0% vs. 2.1%, adjusted OR 0.8, 95% CI 0.3-2.3). While patients
treated for early restenosis tended to have lower stroke or death rates with CAS compared
to CEA (1.1% vs. 2.9%, adjusted OR 0.3, 95% CI 0.04-1.8), the difference did not reach
statistical significance. Among all patients with late restenosis, stroke or death rate after
CAS was 2.6% and after CEA 2.2% (adjusted OR 1.6, 95% CI 0.3-7.8).
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Table 4. Perioperative stroke and death rate of 13 included studies.
CEA, N (%)

95% CI

CAS, N (%)

95% CI

NA

NA

0/15 (0)

0-25%

Attigah et al., 201019

2/28 (7.1)

0-25%

0/41 (0)

0-11%

Benitez et al.*, 1998

NA

NA

0/5 (0)

0-54%

Bettendorf et al., 200718

1/28 (3.6)

0-20%

1/29 (3.4)

0-20%

Domenig et al., 2003

2/82 (2.4)

0-9.4%

NA

NA

0/37 (0)

0-12%

0/58 (0)

0-7.8%

Eskandari et al., 2010

NA

NA

1/70 (1.4)

0-8.7%

Fokkema et al., 201316

7/212 (3.3)

1.5-7.0%

7/220 (3.2)

1.4-6.7%

Halabi et al., 200628

NA

NA

2/72 (2.8)

0-11%

Jain et al., 2007

Alric et al., 200224

25

15

Dorigo et al., 201326
27

1/80 (1.2)

0-7.8%

NA

NA

Kadkhodayan et al., 200730

NA

NA

4/73 (5.5)

1.8-14%

Radak et al. 2012

0/12 (0)

0-30%

NA

NA

NA

NA

0/70 (0)

0-6.5%

29

31

Vos et al.*, 200932

8

CEA: carotid endarterectomy; CAS: carotid angioplasty and stenting; CI: confidence interval; NA: not
applicable. All percentages are stroke and death rate adapted from individual patient data. All rates are
30-day postoperative event rate, unless indicated otherwise. * 7 day postoperative event rate.

Secondary endpoint
Data on restenosis during follow-up was available for 712 (400 CAS, 312 CEA) patients from
10 studies14,16,18,19,24,26,28-31, with a median follow-up time of 13 months (interquartile range
8.7-26). In the CAS group, restenosis >50% occurred in 34 patients (8.5%), and in 16 patients
(4.0%) when using 70% as cutoff. For CEA patients, these numbers were 23 (7.3%) and 24
(7.7%), respectively, and there were 5 occlusions. In the adjusted analysis no statistically
significant difference was found regarding restenosis >50% or >70% (including occlusions)
between CAS and CEA patients (>50%: adjusted HR 1.4, 95% CI: 0.7-2.2 and >70%: adjusted
HR 0.7, 95% CI: 0.4-1.4). Adjusted restenosis risk with a 50% cutoff was similar for both
symptomatic (HR 1.8, 95% CI 0.8-3.7) and asymptomatic patients (HR 1.3, 95% CI 0.8-2.2).
Regarding clinical outcome during follow-up, there were 7 strokes (1 in the CAS group, 6
in the CEA group) and 7 cardiovascular-related deaths (2 in the CAS group, 5 in the CEA
group) during 453 person years of follow-up in CAS patients and 731 person years of followup in CEA patients. These limited numbers did not allow for a reliable comparison between
the treatment groups or for multivariable analysis.
Other complications
After CAS, technical failure rate was 1.3%, residual stenosis was seen in 0.3%, access site
complications in 1.9%, and bradycardia or arrhythmia during the procedure occurred in
1.4% of cases. Following CEA, CNI was identified in 5.5% (N = 26) of patients, bleeding in
2.7% (N = 13) and wound infections in 0.2% (N = 1). From the 26 CNIs, information on
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reversibility was available for 23 patients. The majority of lesions were transient (N = 22),
and one persistent CNI was reported.29 One transient CNI occurred in the CAS group,
however this endpoint was only recorded in 2 studies.26,27
Sensitivity analysis
Event rates of the included studies varied from 0 to 5.5% for CAS and 0 to 7.1% for CEA
(Table 4). Sensitivity analysis was performed by excluding patients from the largest study.16
In this subset analysis, a similar effect size and direction was identified for both primary and
secondary endpoints compared to the entire cohort of 1132 patients (stroke or death, OR
1.0, 95% CI 0.3-3.1 and restenosis, HR 1.1, 95% CI 0.6-2.0). In addition, outcome in the four
studies with both treatments were analyzed separately to differentiate treatment effect and
study effects. This led to similar results (OR for primary endpoint 0.65, 95% CI 0.26 – 1.7).

Table 5. Perioperative outcome in all patients undergoing CEA or CAS.
CEA
N/total

%
(95% CI)

CAS
N /total

%
(95% CI)

Adjusted OR
(95% CI)

13/479

2.7 (1.5-4.7)

15/653

2.3 (1.3-3.9)

0.8 (0.4 – 1.8)

Primary outcome
Any stroke or death
Any stroke

12/479

2.5 (1.4-4.5)

13/653

2.0 (1.1-3.5)

0.8 (0.4 – 1.8)

Death

3/479

0.6 (0.2-2.0)

4/653

0.6 (0-1.2)

0.9 (0.2 – 4.4)

Myocardial infarction

7/400

1.8 (0.8-3.7)

8/653

1.2 (0.6-2.5)

0.7 (0.2 – 1.9)

Other complications
Cranial nerve injury

26/474

5.5 (3.7-8.0)

1/126

0.8 (0-5.0)

NA*

Bleeding

13/474

2.7 (1.5-4.7)

1/72

1.4 (0-8.5)

NA*

Wound infections

1/462

0.2 (0-1.4)

NA

NA

NA

Technical failure

NA

NA

8/640

1.3 (0.6-2.6)

NA

Residual stenosis

NA

NA

2/640

0.3 (0-1.3)

NA

Access site complication
Bradycardia/arrythmia
during procedure

NA

NA

11/580

1.9 (1.0-3.5)

NA

NA

NA

6/441

1.4 (0.6-3.1)

NA

CEA: carotid endarterectomy; CAS: carotid angioplasty and stenting; CI: confidence interval; OR: odds
ratio; NA: not applicable. * No statistical comparison done because of many missing cases in the CAS
group. Odds ratios for CAS compared to CEA are shown, and are adjusted for a propensity score including
age, gender, smoking, hypertension, degree of stenosis, symptom status, diabetes, and coronary artery
disease.
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DISCUSSION
This meta-analysis of individual patients data from 13 studies showed that in symptomatic
and asymptomatic patients with restenosis after prior ipsilateral CEA, CAS was not superior
to CEA regarding perioperative stroke and death rate and restenosis rate during follow-up.
These results indicate that this criterion should not be used to preferentially treat restenosis
with CAS. As a consequence, both CAS and CEA seem suiTable options to treat restenosis
after prior ipsilateral CEA. While CEA may be counterbalanced by a 5.5% risk for cranial
nerve injury, CAS is limited by other complications such as access site complications and
technical failure. Our results indicate that choice of treatment should probably be based
on patient characteristics that may influence outcome after CAS or CEA, such as severe
co-morbidities, aortic arch anatomy, poor anatomical accessibility such as excessive
subcutaneous fat and/or a short neck. Unfortunately, these factors were not readily available
in this IPD analysis, as was physician experience.
The criteria that determine ‘high-risk’ for CEA have been a matter of debate for a long
time.13,38 It remains unclear whether these patients are considered at increased risk for
stroke, death or other periprocedural complications after CEA. Consequently, patients were
excluded from the major carotid trials comparing CAS and CEA39,40 and the optimal
treatment for these patients remains a matter of debate.
We found that the durability of both procedures at follow-up was comparable, regardless
of symptom status at baseline. However, the mean follow-up duration was only 13 months
and especially for the post CAS situation increasing restenosis rates have been reported.14
As a consequence, with longer follow-up duration the restenosis rate after CAS might
further increase while the restenosis rate after CEA may be more subtle. Furthermore, the
50% cut-of point to determine restenosis after CAS is questionable. Stent stiffness and
tortuosity in CAS patients may lead to higher velocity patterns and subsequent increased
degree of reported stenosis.41,42 Therefore, the rate of restenosis in CAS patients may be
overestimated when compared to CEA patients. A prior study reported an increased
incidence of restenosis >50% in CAS compared to CEA, while this difference was absent
when looking at restenosis >80%.21 In this study however, severe restenosis greater than
70% or 80% was not statistically analyzed, because most of the received IPD only reported
on restenosis >50%. Besides the possible apparent in-stent restenosis in CAS patients,
patients were followed for a median of 13 months in this study, possibly indicating that
some restenosis cases have represented residual stenosis, instead of new, recurrent stenotic
lesions. In a clinical perspective, it is important to consider that restenosis is usually
asymptomatic.43
While an increased risk for CNI in patients undergoing redo-CEA has been reported
previously10,21, our rate of 5.5% was very comparable to the risk of nerve injury in primary
CEA (4.7%-8.6%)12,44,45 A recent report on CNI did also not identify redo-CEA as a risk
factor for CNI.46 Other factors (such as urgency and re-exploration) proved to be important
predictors. Importantly, the Carotid Revascularization and Stenting Trial (CREST) found
that CNI was not associated with a sustained impact on quality of life at one year.47 This
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can be explained because most lesions seem to be transient and completely resolving
(permanent rates <1%).47,48 We also found that the majority of lesions had a transient
nature. However, it should be reaffirmed that permanent CNI can be a serious and
invalidating complication limiting the benefit of carotid surgery in preventing stroke. The
risk of CNI should be taken into account at all times when selecting optimal treatment
for patients with restenosis after prior CEA.
The strength of this study is that we were able to adjust for various risk factors, which may
have had a significant impact on treatment decisions and outcome after carotid intervention
to prevent confounding by indication. While in most comparative analyses CAS patients
generally have increased risk factors compared to CEA patients,13 in this study we found
that comorbidities between CEA and CAS patients were quite similar. This was also
indicated by the finding that adjustment for risk factors did not substantially change
outcome and may be a possible explanation for the absence of differences between
symptomatic and asymptomatic patients; the propensity score took into account multiple
factors which seemed to be balanced between the groups. We were also able to perform
stratified analyses for time elapse to restenosis. This is important, since early restenosis
might follow a different pathophysiology pattern, possibly influencing outcome. Excellent
results with CAS in early restenosis can be explained by a more sTable plaque in restenotic
lesions caused by intimal hyperplasia, compared to primary lesions or late restenosis with
atherosclerotic plaque.49,50
Limitations
While the response rate on our IPD data request was accepTable, we could not acquire
data from all studies. This could potentially lead to selection bias, because results from
acquired studies could report a more positive outcome than excluded studies. We cannot
make inferences regarding the possible influence of excluded data, because analyzing
aggregate data from these studies would be less reliable than IPD.51 In a similar manner,
publication bias and poor reporting could be an issue, as positive results are more likely
to be published, leading to an underestimation of the ‘real’ risks of treatment. This could
have affected our study through an imbalance of the number of studies conducted on
CEA and CAS groups. Also, secondary outcomes such as CNI can have a heterogenic
character by differences in definitions across studies. For CNI, the rate is also influenced
by method of assessment (e.g. otolaryngeal examinations versus clinical assessment),
which may influence outcome. Unfortunately, these aspects are inherent in meta-analyses.
Another concern with IPD is that certain studies may have a greater impact on outcome
than others. However, we addressed this issue by conducting a sensitivity analysis by
excluding the largest study,16 and results did not change. Finally, we could not completely
adjust for confounding due to clustering of patients within studies so residual confounding
may still be present. Ideally, in IPD meta-analysis, this is taken into account by analyzing
the data using a random effects model. However, for a number of studies included in our
analysis, all patients in the particular studies were treated with the same treatment
modality. Consequently, our analysis could not differentiate between study effects (i.e.,
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differences between studies such as expertise) and the actual treatment effect.
Nonetheless, this seems the best available evidence to date given that a randomized
controlled trial in this small group of patients, accompanied by low event rates after the
intervention, would not be feasible in an achievable period of time.
Conclusions
In patients with restenosis after previous ipsilateral CEA, CAS does not appear to be
superior to redo-CEA in terms of procedural stroke and death and prevention of short term
restenosis. This suggests that both CAS and CEA may be considered as a treatment
modality in patients with an indication for intervention for recurrent stenosis, though the
risk of CNI and other procedure-related complications should be taken into account.
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Extracellular vesicle-derived CD14 is independently
associated with the extent of cardiovascular disease
burden in patients with manifest vascular disease
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ABSTRACT
Background
In patients with established cardiovascular disease, high levels of extracellular vesicle (EV)derived proteins cystatin C, CD14, and α2-antiplasmin predict recurrent cardiovascular
events. We examined whether these proteins are associated with the extent of vascular
disease.
Methods
In 1062 patients from the SMART (Secondary Manifestations in ARTerial disease) study, EVs
were isolated from plasma at baseline. Cystatin C, CD14, and α2-antiplasmin were measured
in these vesicles using a multiplex assay. The extent of vascular disease burden was
determined by a sum score that incorporates history and current presence of clinically
manifest coronary, cerebrovascular, peripheral arterial and abdominal aneurysm disease,
and parameters of atherosclerosis that were assessed during the SMART screening protocol
(ankle brachial index, common carotid intima-media thickness, carotid stenosis, and aorta
diameter). The relation between EV protein levels and extent of vascular disease was
evaluated using ordinal multivariable regression models.
Results
EV-derived CD14 was significantly associated with the number of affected vascular territories
(OR 2.4, 95% CI: 1.4-4.1) as represented by the sum score, independently of cardiovascular
risk factors. Cystatin C and α2-antiplasmin EV levels did not show an independent association
with vascular disease extent. When investigating parameters of the sum score separately,
we did not observe a strong association between any of the EV-derived proteins and the
markers of atherosclerosis.
Conclusion
EV-derived CD14 levels are strongly correlated to the extent of vascular disease, but not
specifically to markers that reflect atherosclerosis burden, in patients with manifest
cardiovascular disease.
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INTRODUCTION
Extracellular vesicles (EVs) are membrane vesicles including microvesicles, membrane
particles and exosomes ranging from 20 to 1000 nm in size and are shed mainly upon cell
activation or apoptosis.1,2 Besides their role in physiological responses such as intercellular
communication3 and different immune responses2, they are also related to pathophysiological
mechanisms in cardiovascular disease (CVD).1 In this aspect, both circulating EVs derived
from different celltypes and plaque EVs have been shown to play a role in the development
and progression of atherosclerosis.4–7
Recent studies have indicated that high levels of EVs of endothelial origin independently
predict recurrent events in patients with heart failure8 and similarly, different subsets of EVs
were predictive for heart failure hospitalization and major bleeding complications in patients
with non ST-elevation myocardial infarction.9 Serum EV-derived polymeric immunoglobulin
receptor, cystatin C and C5a concentrations are independently associated with presence
of acute coronary syndrome (ACS) in patients with suspected ACS.10 Thus, the number,
type, and content of EVs contain information about CVD.
In addition, circulating levels of EV-derived cystatin C, CD14, and α2-antiplasmin were
previously shown to predict recurrent cardiovascular events.11. It has not been established
whether these EV proteins are also associated with the extent of vascular disease.
In this study, we therefore investigated the association between EV-derived cystatin C,
CD14, and α2-antiplasmin and the extent of CVD. This was assessed using a sum score
combining information on clinically manifest CVD and parameters of CVD during the
screening protocol of the Second Manifestations of ARTerial disease (SMART) study: ankle
brachial index (ABI), common carotid intima-media thickness (CCIMT), carotid stenosis on
duplex ultrasound, and abdominal aorta (AA) diameter.

9

METHODS
Patient population
We used cross-sectional data from patients enrolled between 2001 and 2005 in the SMART
study. The SMART study is an ongoing prospective single-center cohort study, which has
been described in detail previously.12 Patients who are referred to the University Medical
Center Utrecht, Utrecht, the Netherlands with manifest CVD (coronary artery disease (CAD),
cerebrovascular disease (CBVD), peripheral arterial disease (PAD) or abdominal aortic
aneurysm (AAA)) were included. Regardless of referral diagnosis, all patients were
investigated for history or presence of the above-mentioned diseases.
CAD was defined as a history of myocardial infarction, cardiac arrest or coronary
revascularization (coronary bypass surgery or coronary angioplasty). CBVD was defined as
a history of a transient ischemic attack (including amaurosis fugax), cerebral infarction,
retinal infarction, or prior carotid endarterectomy. PAD was defined by a resting ABI < 0.9
in at least one leg or prior surgery for PAD. Patients were classified to have an AAA when
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their aorta diameter was ≥ 3 cm, or had a history of AAA surgery. The SMART study has
been approved by the ethics committee of our institution and written informed consent
was obtained from all participants.
Data collection and measurement of clinical parameters
All patients who entered the SMART study underwent a screening protocol for detection
of atherosclerotic disease and vascular risk factors, details of which have been previously
published.12 In short, participants completed a questionnaire on cardiovascular history, risk
factors and medication use. Physical examination was carried out and fasting blood samples
were taken to measure levels of various markers including glucose, lipids, creatinin and
albumin.
ABI was calculated for both legs as the ratio between the highest systolic blood pressure
measured in each ankle (posterior tibial and dorsal pedal arteries), and the highest blood
pressure in both brachial arteries. The lowest of the ABIs of the left and right leg was used
as outcome variable, as recommended recently for studying CVD risk by the American
Heart Association Scientific Statement.13
CCIMT was measured in the left and right common carotid arteries using color dopplerassisted duplex scanning with a 12-5 mHz linear transducer. Reference point for measurement
of CCIMT was the beginning of the dilatation of the carotid bulb, with loss of the parallel
configuration of the near and far walls of the common carotid artery. The mean CCIMT of
six measurements (anterolateral, posterolateral and mediolateral direction in both carotid
arteries) in each patient was calculated. Carotid stenosis was assessed at both carotid
arteries (common, bifurcation and internal) using color doppler-assisted duplex scanning
with a 12-5 mHz linear transducer and defined according to clinical guidelines.
AA diameter was measured with ultrasonography and the maximum diameter between
infrarenal and the bifurcation was recorded and used as a parameter in this study.
More detailed information about ABI, CCIMT and AA measurements have been described
previously.12
Selection and isolation of extracellular vesicle-derived proteins
Out of 1309 patients in the SMART cohort included between 2001 and 2005, 1062 patients
had sufficient EDTA plasma available to measure cystatin C, CD14 and α2-antiplasmin and
these patients were subsequently included in this study. EVs were extracted from thawed
EDTA plasma using Exoquick™ (System Biosciences, Mountain View, USA) and the proteins
were quantitatively analyzed by a multiplex assay using a Bioplex® 200 system (Bio-rad,
Austin, USA). Similarly, the proteins were measured in EDTA plasma in a random subset of
522 patients. All EV protein levels were corrected for total protein amount, as measured by
Thermo Scientific Pierce BCA Protein Assay Kit (Pierce Biotechnology Inc., Rockford, USA).
Hence, this resulted in protein levels expressed in pg/µg, which was used in all analyses.
We refer to previously published research in this cohort for comprehensive methodology
of EV isolation and protein quantification, including selection of the specific proteins in this
study.11
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Sum score
To analyze the association between EV proteins and the extent of CVD, we constructed a
sum score consisting of different parameters for CAD, CBVD, PAD or AAA. These parameters
were either history or presence of clinically manifest disease, and/or abnormalities in
atherosclerosis markers ABI, CCIMT, carotid stenosis and AA diameter (Table 1). Cut-off
values for these markers shown in Table 1 were based on guideline recommendations13,14
and expert opinion. Based on this combination, a more valid estimation of the extent of
CVD was obtained, since patients classified as having only CAD, CBVD, PAD or an AAA,
could also have an abnormal ABI, CCIMT, AA diameter or carotid stenosis.
Statistical analysis
The sum score (cumulative number of affected vascular areas) was used as dependent
variable in ordinal regression. The test of parallel lines was used to confirm that the
assumption of proportional odds was not violated.
Linear or logistic regression models were applied to test the relation between EV proteins
and atherosclerosis parameters (ABI, CCIMT, carotid stenosis, AA diameter) separately.
We corrected for previously determined (cardiovascular risk) factors (age, gender, body
mass index, lower density lipoprotein, smoking, diabetes, hypertension, glomerular filtration
rate, platelet aggregation inhibitor use, and statin use) in all analyses to determine the
independent relation between EV proteins and outcomes. To investigate which parameters
in the sum score were responsible for a potential association, we performed additional
analyses in which we separated history/presence of disease from atherosclerosis markers
as an outcome.
Potential effect modification by gender was examined by adding a multiplicative interaction
term between gender and EV proteins to the adjusted analyses. This revealed no significant
effect modification, so no stratification on gender was applied.

9

Table 1. Parameters contributing to cardiovascular sum score (number of affected vascular areas).
Disease area

History/presence of disease

Coronary

History/presence of CAD =

Cerebrovascular

History/presence of CBVD or

Mean CCIMT > 1.07 (75th percentile) 1 area
or carotid stenosis >50% =

Peripheral artery

History/presence of PAD or

Lowest ABI <= 0.9 =

1 area

Maximum aorta diameter >= 3 cm =

1 area

Abdominal aneurysm History/presence of AAA or

Atherosclerosis parameters

Contribution
to sum
score*
1 area

Abbreviations: CCIMT, common carotid intima-media thickness; ABI, ankle brachial index; AAA, abdominal
aorta aneurysm. * Multiple vascular disease areas can be affected in one patient.
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In all regression models, naturally transformed EV protein levels (after adding 1) were used
because of their right-skewed distribution. After this transformation, a normal distribution
resulted for EV protein levels. Likewise, logarithmically transformed EV protein levels were
used in the UNIANOVA to compare these levels between different baseline characteristics,
adjusting for age and gender.
In a subset analysis in a random selection of half of the cohort, the correlation between the
proteins derived from EVs and directly from plasma was tested by Spearman’s correlation
coefficient. The association of plasma proteins and vascular disease extent was tested in
ordinal regression as above (in quartiles).
A two-sided P value of 0.05 divided by 3 (the number of proteins tested) was defined as
statistically significant, to correct for multiple testing. To avoid the risk of unnecessary
multiple testing, we chose to exclude C1-inhibitor, because it was not significantly associated
with secondary events in the previous study in this cohort.11 Statistical analyses were
performed using IBM® SPSS® Statistics version 20.

RESULTS
This study comprised 1062 patients, of which 21% were women, with a mean age of 59
years. 37% of the patients were current smokers, 17% had diabetes, and 55% suffered from
hypertension. The majority of patients in this cohort had a history or presence of clinically
manifest CAD (58%). For CBVD, PAD and AAA these percentages were 27%, 25%, and 10%
of patients, respectively (Table 2). Cystatin C and CD14 EV protein levels were significantly
higher in increasing age groups, smokers, statin and platelet aggregation inhibitor users,
and patients with diabetes and/or impaired kidney function (glomerular filtration rate
(Modification of Diet in Renal Disease) ≤ 60 ml/min/1.73m2). CD14 and α2 antiplasmin EV
protein were significantly higher in women, smokers, patients with body mass index >25
kg/m2 , high LDL cholesterol levels and/or platelet aggregation inhibitor use. Most
associations with risk factors were found for CD14, followed by cystatin C and α2-antiplasmin
(Supplemental Table).
Mean CCIMT, mean lowest ABI and mean maximum AA diameter were 0.96 mm (±0.33),
1.03 (±0.24), and 2.1 cm (±0.64), respectively. Carotid stenosis >50% was present in 166
patients (16%). Median and mean sum score were 1 and 1.5 vascular areas. In 639 patients
only one vascular territory was affected. Two, three and four affected vascular areas were
found in 302, 84, and 8 patients, respectively. Because of low numbers in the last group,
patients with 3 and 4 affected regions were combined in the analyses.
EV protein levels after natural logarithmic transformation were 2.36 pg/µg (± 0.41) for cystatin
C, 2.54 pg/µg (± 0.28) for CD14, and 3.49 pg/µg (± 0.95) for α2-antiplasmin (Table 3).
EV CD14 was associated with the number of affected vascular territories in the sum score
(odds ratio (OR) 3.6; 95% confidence interval (CI): 2.2-5.6). This effect was also independent
of (cardiovascular) risk factors (OR 2.4, 95% CI: 1.4-4.1) (Table 4).

140

2014210 proefschrift Joyce Vrijenhoek.indd 140

29-10-14 10:32

EXTRACELLULAR VESICLES AND CARDIOVASCULAR DISEASE EXTENT

Table 2. Baseline characteristics.
Age (years)

59.2 (9.9)

Gender, female

222/1062 (21)

Current smoking

389/1055 (37)

Diabetes

177/1062 (17)

Hypertension

584/1053 (55)

Body mass index, kg/m

26.9 (3.9)

Total cholesterol, mmol/L

4.9 (1.0)

HDL cholesterol, mmol/L

1.3 (0.4)

2

LDL cholesterol, mmol/L

2.8 (0.9)

eGFR, MDRD, ml/min/1.73m2

77.4 (17.8)

C-reactive protein, mg/L, (median, IQR)

1.8 (67.2-88.7)

History of coronary artery disease

617/1062 (58)

History of cerebrovascular disease

290/1062 (27)

History of peripheral artery disease

264/1062 (25)

History of abdominal aorta aneurysm

109/1062 (10)

Statin use

721/1046 (69)

Antihypertensive medication

752/1062 (71)

Platelet aggregation inhibitors

792/1051 (75)

Oral anticoagulants

85/1062 (8)

9

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated glomerular
filtration; MDRD, modification of diet in renal disease; IQR, interquartile range. Categorical values are
numbers of total with percentage in parentheses; continuous values are means with standard deviation,
unless otherwise specified.

We found similar results when looking at the association within the subgroup of patients
with only manifest disease in the past or present (≥2 areas diseased (n=199) versus 1 area
diseased (n=863)): the OR for CD14 was 3.6 (95% CI 1.8-7.1). To assess whether the
association between the sum score and EV protein levels was explained by the extent of
atherosclerosis, we adjusted for atherosclerosis markers that were assessed during the
SMART screening protocol. The ORs and confidence intervals did not substantially change
following this adjustment, as shown in Table 4. This suggests that the association may not
be simply explained by the extent of atherosclerotic disease but by other factors that
contribute to CVD.
Indeed, we did not observe statistically significant associations between expression of EV
proteins and atherosclerosis parameters after correction for multiple testing, as shown in
Table 5. However, trends could be observed for increasing EV CD14 levels with decreasing
ABI, increase of CCIMT, higher degree of carotid stenosis and increasing AA diameter.
EV-derived cystatin C and α2-antiplasmin were not significantly associated with the extent
of CVD, as indicated by the sum score (OR 1.1, 95% CI: 0.76-1.7 and OR 1.1, 95% CI: 0.931.3, respectively), or as indicated by history/presence of disease and markers of
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atherosclerosis burden separately (Table 4 and 5). Total EV protein content itself was not
significantly associated with outcome in any of the multivariable models (data not shown).
EV derived cystatin C, CD14 and α2-antiplasmin showed a moderate correlation with their
plasma equivalents in a subset of 522 patients from the cohort (Spearman’s R 0.47, 0.55,
and 0.65, respectively (all with P-value <0.001)). Only plasma CD14 was found to be
associated with vascular disease extent (OR 1.2, 95% CI: 1.01-1.5)). For cystatin C and α2antiplasmin these ORs were 1.1, 95% CI: 0.92-1.4 and 1.1, 95% CI: 0.93-1.3.

Table 3. Extracellular vesicle protein levels before and after logarithmic transformation.
Cystatin C
(pg/ug)

α2-antiplasmin
(pg/ug)

CD14
(pg/ug)

Original values
(median, interquartile range)

9.4 (7.3-12.3) 11.6 (9.6-14.1)

37.4 (22.3-58.4)

After natural logarithmic transformation
(mean, standard deviation)

2.36 (0.41)

3.49 (0.95)

2.54 (0.28)

Table 4. Associations of extracellular vesicle proteins and number of affected vascular territories.
Number of affected
vascular territories
(sum score)

History/presence of
disease

History/presence of
disease, adjusted*

OR

95% CI

OR

95% CI

OR

95% CI

Cystatin C

1.1

0.76-1.7

1.1

0.67-1.8

1.1

0.65-1.9

CD14

2.4

α2-antiplasmin 1.1

1.4-4.1

3.6

1.8-7.1

3.4

1.6-7.3

0.93-1.3

1.1

0.93-1.4

1.1

0.89-1.4

* Additionally adjusted for atherosclerosis parameters (ankle brachial index, common carotid intima media
thickness, carotid stenosis, abdominal aorta diameter).
All values represent odds ratios for increased number of vascular affected territories per unit increase of
proteins. All values are adjusted for age, gender, body mass index, lower density lipoprotein, smoking,
diabetes, hypertension, glomerular filtration rate, platelet aggregation inhibitor use and statin use.

Table 5. Associations of extracellular vesicle proteins and atherosclerosis parameters.
ABI

P*

CCIMT

P*

Carotid
stenosis†

95% CI

Maximal
aorta
diameter

Cystatin C

-0.03

0.39

0.01

0.77

0.85

0.50-1.43

0.026

0.46

CD14

-0.065

0.044

0.06

0.07

1.6

0.77-3.3

0.07

0.03

α2-antiplasmin -0.069

0.023

-0.056

0.07

0.94

0.77-1.1

-0.04

0.19

P*

Abbreviations: ABI, ankle brachial index; CCIMT, common carotid intima-media thickness.
* P-values of < 0.05/3 are considered statistically significant because of testing 3 proteins simultaneously.
† Odds ratios from logistic regression are presented.
All values are presented as β values from linear regression, unless specified otherwise. All values are
adjusted for age, gender, body mass index, lower density lipoprotein, smoking, diabetes, hypertension,
glomerular filtration rate, platelet aggregation inhibitor use and statin use.
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DISCUSSION
Extracellular vesicles are abundant in plasma and involved in intercellular communication.
For almost two decades now, they have been recognized to be important in many biological
and pathological processes.15 Thus, isolating these vesicles and studying their content could
provide crucial information about different diseases. Indeed, EVs have previously been
linked to atherosclerosis progression, and the presence and recurrence of CVD.4-11
In this cross-sectional study in patients with manifest vascular disease, we have shown that
extracellular vesicle-derived CD14, a monocyte marker, is strongly related to the extent of
vascular disease burden as expressed by the involvement of disease in different vascular
territories. Although all three EV proteins under study independently predict the occurrence
of secondary cardiovascular events during follow-up in the SMART study,11 EV cystatin C
and α2-antiplasmin did not reveal an independent association with either the history and/
or presence of vascular disease, or with imaging markers reflecting CVD.
In plasma, cystatin C level is an indicator of kidney function and a strong risk predictor for
future cardiovascular events.16 High levels of α2-antiplasmin, a serine protease inhibitor,
could increase the risk of atherothrombosis via fibrinolysis inhibition.17 Our results suggest
that EV cystatin C and α2-antiplasmin levels contain more overlapping information with
known risk factors, while CD14 seems to hold additional information regarding the extent
of vascular disease in a population with manifest vascular disease. In addition, trends
towards an association were observed for ABI, CCIMT, carotid stenosis and AA diameter
as parameters of CVD. Nonetheless, the adjustment for these markers did not influence
the strength of the association with the extent of vascular disease. This suggests that the
extent of atherosclerotic plaque burden does not fully explain the underlying mechanism
by which CD14 is correlated with extent of CVD.
Monocyte derived vesicles, as indicated by CD14 in our study, have been shown to interact
with endothelial cells (ECs) and are associated with EC dysfunction. Tissue factor (TF) has
an important role in this process, because TF expression is not only increased in ECs
following stimulation by monocyte microvesicles in vitro18,19, but EV-derived TF also
showed increased adherence to ECs. In other studies, circulating TF, with monocytes as
its main source, was associated with vascular diseases such as in stent thrombosis20 and
coronary artery disease.21 In addition, monocyte derived vesicles impair anticoagulant
pathways and induce EC cell death.19 These pro-coagulant and pro-apoptotic pathways
could thus be important in the relation between EVs carrying CD14 on their surface and
extent of vascular disease.
This study has several limitations. First, we have not identified the amount and origin of the
EV proteins, regarding cell type, location (inside the EV or on its membrane) and specific
type of EVs (exosomes, microvesicles or apoptotic vesicles). However we have confirmed
earlier that at least part of the proteins are derived from EVs.11 Furthermore, plasma levels
of cystatin C, CD14 and α2-antiplasmin were not consistently analyzed in all patients. Plasma
levels were only measured in a subset of patients, showing moderate but significant
correlations with their EV equivalents. Only CD14 showed a significant association with
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vascular disease extent, however, this association was much weaker than for EV CD14.
Although not measured in the complete cohort, this supports current knowledge that EVs
contain valuable information about atherosclerotic disease development and progression.22
In addition, it would be very valuable and interesting to define diagnostic cutoff values for
detecting presence of (extent of) vascular disease in specific patient groups in future
research, which was not possible in this study.
Finally, because our sum score was based on a combination of parameters included in the
SMART study and not externally validated, our results cannot be generalized to other
cohorts.
In conclusion, EV-derived CD14 levels are strongly correlated to the extent of vascular
disease, but not specifically to markers that reflect atherosclerosis burden, in patients with
manifest cardiovascular disease.
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Atherosclerosis underlies cardiovascular disease, is a major cause of death and disability
worldwide. The composition of the atherosclerotic plaque is associated with clinical events,
such as myocardial infarction and stroke. The Athero-Express biobank has been initiated
with the rationale that local plaque markers can also be informative on systemic CVD, as
this is disease affects the entire vascular system. Patients undergoing carotid (CEA) or
femoral/iliac endarterectomy in two Dutch hospitals have been included since 2002. Plaques
and blood are collected next to clinical characteristics, and patients are followed up during
three years for secondary cardiovascular events. The biobank offers possibilities to conduct
different cross-sectional and prospective studies, with the atherosclerotic plaque as a main
source of data. In this thesis several of these studies are described, with a main focus on
sex-specific CVD progression after endarterectomy, predominantly in CEA patients.
A vulnerable plaque is classically composed of a lipid-rich necrotic core, covered by a thin
fibrous cap, and is rich in macrophages. In addition, vulnerable lesions are those with
endothelial denudation (erosion), and intraplaque hemorrhage, that will be elaborated later
in this discussion. These plaques are associated with increased susceptibility to rupture
and/or embolization, and thus clinical events. In the coronary arteries, rupture most
frequently leads to thrombosis and acute occlusion of the vessel. In carotid arteries, clinical
events mostly arise from distal embolization from a ruptured or eroded plaque. When
peripheral arteries are involved, symptoms are mostly chronic, though embolization from
a plaque can lead to acute ischemia. Plaques in peripheral arteries also show a more sTable
phenotype compared to carotid artery plaques, which is in correspondence with the nature
of accompanying symptoms.1,2 Beyond the atherosclerotic plaque, other features are
associated with clinical events, such as increased thrombogenicity of the blood, and cardiac
arrhythmias.3
In chapter 2, an explanation on carotid plaque vulnerability and stabilization is given. We
have reviewed data concerning factors that associate with positive (stabilizing) changes in
plaque characteristics. For instance, plaque stabilization occurs over time after a
cerebrovascular event. However, this is only the case in stroke patients, not after TIA. Still
both groups have more unstable plaques compared to asymptomatic patients and those
with ocular events.4 It could suggest that plaques of TIA patients, have a lower tendency
to stabilize after an event. Statin use is also associated with plaque stabilization, and its
benefit to reduce cardiovascular events has indeed been proven.5,6
Interestingly, we found that vulnerable plaque characteristics have decreased over time
during the past decade (chapter 4). These trends are accompanied by a beneficial reduction
in cardiovascular risk factors, as the use of statins has increased, patients smoke less, and
have lower cholesterol in recent years compared to 10 years ago. Yet, the declining
prevalence of vulnerable plaques was independent of these factors. Variables that are
associated with a higher frequency of unstable plaques even increased over time, such as
age and time from clinical event to operation. Unnaturally, the effect remained unchanged
after adjusting for these variables. Indeed, the incidence of cardiovascular disease is
generally declining in western countries, but patients that were operated all had an
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indication for surgery. Our findings may indicate that the mechanisms by which
atherosclerosis leads to disease, have changed, though we can currently only speculate
about this. For example, it could be that plaque erosions or cardioembolic risk, which we
have not studied, have become more common. And perhaps while medical treatment and
prevention has substantially improved, the classical concept of plaque vulnerability as
proposed more than two decades ago does not hold anymore.
In the future, if we can intervene to change a vulnerable plaque into a sTable lesion that is
less prone to rupture, erosion, and/or embolization, a new target for therapy to reduce the
burden of cardiovascular disease may be established.
As histological markers are widely used in association studies with use of tissue specimens,
such as the Athero-Express, optimal reproducibility of histological scoring is crucial for
reliability of the results of these studies. In addition to repeating a previous quality check
of our own scoring,7 we developed an automated whole digital slide method to quantify
plaque characteristics, and tested its reproducibility in carotid plaques (chapter 3). Previous
semiquantitative scoring performed moderately well, and our computer-aided quantification
method achieved good results. However, the new automated method showed superior
results with intraclass correlation coefficients of 0.97 and 0.92 in repeated measurements
of macrophage and smooth muscle cell stainings. Some advantages of this new method
are that it analyzes a total tissue specimen and that it can be used for high-throughput
analysis. We have now shown that it also analyzes tissue with high precision. Thus it is
expected, that such methods will be developed further for use in different tissue specimens
and increasingly be used in research that uses histology of tissue to phenotype diseases.
Automated quantification for clinical diagnostics has been successfully applied in Her2neu
receptor status quantification.8,9 In addition, whole slide imaging has other advantages
because it can facilitate remote consultations with pathologists, and improve diagnostic
efficacy.10 Probably other clinical applications will follow over time.

10

One of the histological markers that we have studied in more detail, is plaque hemorrhage
(PH). As mentioned previously, PH is a common feature of vulnerable atherosclerotic lesions.
It is assumed that new vessels arising from existing vessels (a process called neoangiogenesis)
in the adventitia, that invade the plaque upon hypoxic signals from the necrotic core, are
the source of PH.11,12 The ultrastructure of these vessels has been shown to be compromised,
as junctions between endothelial cells were incomplete or absent in the majority of
microvessels in coronary artery specimens of sudden-death donors.13 This could be
responsible for leakage of red blood cells into the plaque, leading to PH. Erythrocyte
membranes are a source of cholesterol and iron, and possibly attract inflammatory cells.14
Altogether, this further enlarges the necrotic core and increases plaque destabilization.
Indeed, we have previously shown that local PH is independently associated with secondary
cardiovascular events in the total vasculature.15 This provided additional evidence that PH
is a marker of disease progression. However, in chapter 5, we showed that PH is only related
to secondary events in men, and not in women. This suggests that cardiovascular disease
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progression in patients with manifest atherosclerosis is caused by different mechanisms in
men and women. Unfortunately, observational studies such as the Athero-Express, cannot
establish causal relationships, but merely contribute to ideas about pathogenesis of disease.
Further research is needed to elucidate this. For instance, Mendelian randomization studies
can be used to study causality in observational studies. This approach uses natural genetic
variation (single nucleotide polymorphisms) as a randomizing factor. Since alleles are
randomly distributed from parents to offspring at conception, it is very unlikely that they
associate with lifestyle factors, and confounding is minimized.16 In addition, experimental
work can identify the sex-specific effect of certain markers on (progression of) atherosclerosis.
For instance, the Twin Endothelial Cell Epigenetics (TWIECE) study is currently collecting
human umbilical cord endothelial cells of twins in our academic center, to unravel the role
of epigenetics in development of atherosclerosis in men and women separately. These cells
can also be valuable to study the effects of circulating proteins on male and female
endothelial tissue.
In addition, we showed in chapter 5 that the prevalence of plaque hemorrhage is observed
more frequently in men. This is in correspondence with other vulnerable plaque
characteristics that are also increased in men compared to women, both in high-grade as
low-grade carotid stenosis.17,18 To speculate about a possible mechanism, the compromised
integrity of endothelial cells of microvessels as mentioned before, may be more abundant
in men. Proteins involved in processes during neoangiogenesis, may lead to increased
permeability of blood vessels inside the plaque. Currently, VEGF and angiopoietins as
markers of neoangiogenesis and vascular permeability are under analysis in the AtheroExpress to evaluate their potential role in sex differences in plaque phenotypes. In general,
these proteins are interesting targets for therapy, with a potential to prevent plaque
destabilization by repairing leaky blood vessels inside atherosclerotic plaques.
PH (among other plaque features19) can be detected non-invasively by MRI, demonstrating
good agreement with histological analysis. Presence of PH on MRI also associates with
current and future cardiovascular events.20,21 Non-invasive imaging could therefore play a
role in identifying high-risk patients. This could aid in primary prevention of (cerebro)vascular
disease. Moreover, decision-making for treatment in patients with carotid stenosis during
diagnostic work-up could be improved, as plaque characteristics have shown to be
important to identify patients at risk of stroke. At present, patient selection for CEA is
established by stenosis grade and symptoms only.22-25 For future clinical use, predefined
MR imaging protocols, and standardized comparison with histology and reporting is
necessary.26,27 In addition, combined/multimodality imaging (combined with CT,
ultrasonograply, and transcranial doppler) could prove its use in identifying high-risk patients
among a subgroup with mild to moderate (<70%) carotid stenosis.28,29
Next to these non-invasive modalities, other promising invasive techniques are being
developed, and studied mainly in coronary artery disease patients, to facilitate early
detection of vulnerable plaques. For instance, the PROSPECT study used 3-vessel
angiography in combination with intravascular ultrasound (IVUS), in patients with an acute
coronary syndrome who had undergone percutaneous coronary intervention.30 IVUS is a
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technique that uses ultrasound backscatter signals to determine plaque burden, morphology
and distribution, and vessel size.29,30 This multicenter study aimed to evaluate which
characteristics of nonculprit (non-treated) lesions would result in adverse cardiac events.
The results of the PROSPECT study indicated that plaques with a high burden (>70%
stenosis), a small lumen area (< 4.0 mm2), and a thin-cap fibroatheroma, were at the highest
risk of developing to a lesion associated with a major cardiac event. Other invasive
techniques that are being investigated in this field, are near-infrared spectroscopy (NIRS)
(uses interaction of near-infrared light with tissue to detect the chemical composition of a
plaque, well-suited to determine lipid content), optical coherence tomography (OCT)
(generates tomographic images by reflections of infrared light, mainly used for imaging of
fibrous cap thickness and culprit lesion detection), and intravascular MRI (can determine
lipid content, but also fibrous and calcified areas). All of these imaging technologies have
their advantages and drawbacks, so that fusing them, also referred to as hybrid imaging,
will likely improve image quality. An example of hybrid imaging is true vessel characterization
which combines NIRS with IVUS.31 All the above described techniques aim to elucidate the
(morphological) characteristics of a plaque in vivo that is highly likely to rupture and/or
cause clinical events.
Specifically in carotid artery disease, OCT seems to be safe and feasible during carotid
artery stenting (CAS) to detect plaque rupture and stent malapposition,32 but the relation
with clinical variables has not been studied. Another intravascular imaging technique, virtual
histology (VH)-IVUS performed before CEA showed good diagnostic accuracy in determining
histological plaque composition.33 Also, thin-cap fibroatheroma detected by VH-IVUS has
shown an association with symptomatology.34 However, this technique has not shown its
usefulness in prediction of microembolization during CAS35,36 and to our knowledge, data
on clinical events related to intravascular imaging characteristics are not yet performed in
patients with carotid artery stenosis.

10

Referring to chapter 5, it should be no surprise that plaque characteristics and their
association with outcome differ between the sexes, as epidemiological CVD data have
indicated several differences in age at onset of disease, symptoms, and survival between
men and women.37-40 However, long-term mortality risk has infrequently been studied by
sex in endarterectomy patients. Additionally, age is often not taken into account, while this
is a major contributor to death risk. In chapter 6, we studied age- and sexspecific mortality
risks in our endarterectomy population (both CEA and femoral/iliac (FEA)). We showed that
long-term mortality after CEA was higher in men than in women; 22% vs. 17% after 5 years
of follow-up. In the older cohort >70 years, men’s risk was 34%, vs. 26% in women. We also
compared these percentages with an age- and sex-matched group from the general
population. Interestingly, mortality risks of female CEA patients did not seem different
compared to this control group. After FEA, the benefit of women as seen after CEA and in
the general population, was absent, leading to similar survival patterns in men and women.
This is in line with results from another Dutch cohort.41 It could be that the observed
differences are due to delay in diagnosis of peripheral arterial disease in women because
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of comorbidities that mask symptoms,42 which may be relatively larger compared to
cerebrovascular disease. Once diagnosed and treated, women may suffer from more
advanced peripheral arterial disease than men, as seems to be the case in our FEA cohort.
The aim of this study was to provide prognostic information with absolute long-term risk
percentages. We observed interesting sex-specific mortality trends that needed further
exploration, because they could be confounded by cardiovascular risk factors and may not
be a true result of sex differences. In subsequent multivariable analysis, male sex was
significantly associated with a 1.6 times higher all-cause mortality risk after CEA compared
to women. In FEA patients, sex still had no significant influence on long-term survival rates.
Next to histological biomarkers measured in the plaque, circulating markers can also be
used to aid in risk stratification. Extracellular vesicles (EVs) are promising sources of
biomarkers. They are constitutively secreted from many different cell types, or upon
activation or apoptosis. Their content reflects function of the cells they are derived from.
Enrichment of proteins and nucleic acids inside EVs indicates that it is a specific and
selective process.43 Extracellular vesicles (EVs) therefore have a potential to act as natural
drug delivery systems.44 In addition, they are increasingly seen as sources of diagnostic and
prognostic biomarkers.45,46 In CVD, circulating EVs derived from cells and plaques have
been shown to play a role in the development and progression of atherosclerosis.47
Not just the number of EVs, but also their protein content has been related to CVD
progression. Specifically CD14, α2 antiplasmin (or Serpin F2), and cystatin C were shown
to be associated with secondary events in the patients with manifest CVD (the SMART
cohort).48 In chapter 9, we also investigated these EV proteins, to study the extent of CVD
in the same cohort. EV-derived CD14 was significantly associated with the number of
affected vascular territories as represented by the total sum of presence of coronary artery
disease, cerebrovascular disease, peripheral arterial disease, and an abdominal aneurysm.
For every increase in (logarithmically transformed) pg/μg CD14, a patient had a 2.4 higher
chance of having 1 additional disease area affected (95% confidence interval, 1.4-4.1). This
was independent of cardiovascular risk factors. Interestingly, it was not strongly associated
with imaging parameters of atherosclerosis, such as carotid intima media thickness. In this
specific patient group with known CVD, measuring EV proteins does not seem directly
diagnostically relevant. Still, this data gives us valuable insights into the incremental
information that these extracellular vesicles apparently contain about disease extent. They
also show that they are potential sources of biomarkers for studying disease development
and processes leading to disease progression. In future research, a cutoff value for EV CD14
could for instance be defined, and applied to diagnostic research (i.e. aimed at detecting
absence or presence of CVD in healthy individuals, or individuals at risk of CVD).
Consecutively, this cutoff should be internally and externally validated before it could
eventually be used in the clinic.
As mentioned before, EVs contain a selective collection of proteins. Our finding that the
plasma equivalent of CD14 measured in a subset of SMART patients, showed a much weaker
association with CVD extent, also supports the idea that proteins measured in EVs are a
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more precise reflection of disease processes. We think that this underscores the use of EVs
in the search for new biomarkers.
Carotid endarterectomy (CEA) patients were the main focus of this thesis. CEA has proven
to be beneficial compared to medical treatment in patients with symptomatic high-grade
carotid stenosis and in selected asymptomatic patients.22-25 CAS has evolved since the late
nineties as a less invasive alternative to CEA and has subsequently been subject of several
randomized clinical trials. In general, CAS has not proven superior to CEA. A meta-analysis
of 13 randomized controlled trials involving over 7000 patients (mainly symptomatic),
reported a benefit of CEA for long-term stroke or death (pooled hazard ratio CAS vs CEA
1.21, 95% confidence interval 1.01-1.45). Within 30 days of intervention, CAS was associated
with a lower risk of myocardial infarction (pooled odds ratio CAS vs CEA 0.48, 95%
confidence interval 0.29-0.78).49 However, the definition of myocardial infarction has been
unclear in many trials, or is sometimes only based on enzyme elevations.
In addition to stroke, (stroke-related) death and myocardial infarction as important
complications of carotid revascularization, restenosis is one of its drawbacks. Hence, it is
important to know which patient is at risk to develop restenosis after CEA. We have studied
the association of plaque and patient characteristics with peak systolic velocity (PSV) at
duplex ultrasound (DUS) during follow-up of CEA (chapter 7). Ideally, CT- or MR-angiography
should be used to define (re)stenosis grade but in most centers, DUS is used as first
diagnostic modality, being a non-invasive assessment. DUS can visualize plaque size/length
and regularity, as well as blood flow velocities inside the carotid artery. However, an
internationally accepted definition of restenosis with use of flow velocities on duplex
ultrasound (DUS) does not exist, as DUS is operator- and system-dependent. Consequently,
cutoffs values based on peak systolic velocity widely differ. Therefore, we chose to use peak
systolic velocity as a continuous outcome measure to approach restenosis risk. Determinants
were plaque characteristics (smooth muscle cells, collagen, macrophages, lipid core, plaque
hemorrhage, and vessel density) and patient characteristics (different cardiovascular risk
factors). We analyzed this at two different follow-up moments: 3 months, and mid-term
(median of 2.5 years). At 3 months, a lipid-poor plaque was associated with higher PSVs.
At mid-term follow-up, none of the plaque characteristics were associated with PSV values.
Several clinical factors, such a presence of contralateral stenosis, female sex, and
asymptomatic presentation in women were independently associated with higher PSVs at
mid-term follow-up. This may indicate subgroups at higher risk of restenosis, and
corresponds to an overall smaller benefit of CEA in women, and in asymptomatic patients.50,51
This merits consideration, as this study using DUS has several limitations and we did not
study restenosis as endpoint per se. First, use of CT- or MR-angiography as gold standard
to detect restenosis is necessary. Our results can help to determine which subgroups are
relevant to define in such studies, and can also guide experimental research.

10
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If restenosis occurs with (high risk of) recurrent symptoms, appropriate treatment needs to
be chosen (chapter 8). CAS has been proposed to be safer in patients with a deemed highrisk for CEA (unfavorable anatomy, prior neck surgery such as CEA, or neck irradiation).
These high-risk categories are debaTable, as these patients have mostly been excluded
from trials. The only trial reporting on high-risk patients did not perform a subgroup analysis
of different patient categories.52 Previously it has already been shown that both CAS and
CEA are feasible revascularization procedures in patients with prior neck irradiation.53
Thus, to solve the next clinical dilemma whether CAS is superior to CEA in treatment of
patient with restenosis after CEA, we conducted an individual patient data meta-analysis
in over 1000 patients. The results of this study are described in chapter 8, showing that CAS
is not superior to CEA in treatment of restenosis, regardless of symptom status at inclusion.
Thus it seems that both procedures are feasible, and that probably other factors have to
been taken into account in selection for a certain procedure (such as anatomical features
and physician experience). Because we did not conduct a randomized controlled trial,
strong recommendations regarding most optimal treatment cannot be given. Unfortunately,
a randomized controlled trial for this group will not be feasible because of the low number
of patients involved. Still, patients with restenosis could from now on be included as part
of trials studying treatment in patients with carotid artery stenosis and separate results for
this subgroup should be shown.
Based on current research in the field of atherosclerotic disease, which is partly presented
in this thesis, histological plaque- and circulating markers will expectedly become important
players in tailor-made decision-making in the next two decades. This is in analogy with
cancer, where such biomarkers are already incorporated, and data from atherosclerotic
plaque biobanks such as the Athero-Express are very valuable in identifying them. It is
expected that, guided by these biomarkers, imaging techniques will become the
cornerstone in early disease detection. Also genetics will play a role in selecting the right
patient for the right treatment, or imaging technique. Moreover, effective pharmacological
and/or interventional techniques need to be available to these patients before clinical
application. Further research in the areas described above will hopefully lead to
individualized (sex-specific) diagnostics, treatment, and prognosis of cardiovascular
diseases.
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CHAPTER 11

Atherosclerose, een proces waarbij de slagaders langzaam dichtslibben door ophoping
van onder andere cholesterol en ontstekingscellen, ligt ten grondslag aan hart- en
vaatziekten (HVZ). HVZ zijn een belangrijke oorzaak van sterfte en ziektelast in de bevolking
wereldwijd. De samenstelling van de atherosclerotische plaque (de ophoping die in de
slagaders ontstaat bij atherosclerose) is geassocieerd met klinische verschijnselen zoals
hartinfarcten en beroertes. De Athero-Express biobank is gestart met de achterliggende
gedachte dat lokale markers in de plaque informatie kunnen geven over HVZ in het hele
lichaam, aangezien atherosclerose het gehele vasculaire systeem kan aantasten. Patienten
die een operatie ondergaan waarbij deze plaque wordt verwijderd zijn sinds 2002
geïncludeerd in twee Nederlandse ziekenhuizen (UMC Utrecht en St. Antonius ziekenhuis
Nieuwegein). Dergelijke vaatoperaties vinden plaats in de halsslagaders bij cerebrovasculair
vaatlijden (carotisendarteriëctomie (CEA)) of in de liesslagaders bij perifeer vaatlijden
(femoraal/iliacaalendarteriëctomie (FEA)).
In de Athero-Express biobank worden plaques en bloed opgeslagen, naast het verzamelen
van klinische karakteristieken en follow-up gedurende 3 jaar voor het optreden van nieuwe
klinische verschijnselen. Deze biobank met de atherosclerotische plaque in de hoofdrol,
biedt mogelijkheden om verschillende aspecten van atherosclerose te onderzoeken. In dit
proefschrift worden enkele van deze studies beschreven, die met name gericht zijn op
geslachtsspecifieke progressie van HVZ na CEA.
Plaques die geassocieerd zijn met klinische verschijnselen bevatten vaak een vetrijke kern
met veel ontstekingscellen (o.a. macrofagen), bloedingen, en zijn bedekt door een dunne
bindweefsellaag. In de halsslagaders kunnen deze plaques openbreken, waardoor kleine
stolsels gevormd worden. Deze stolsels kunnen naar de hersenen schieten en daar acuut
zuurstoftekort (ischemie) geven in de vorm van een TIA of een beroerte. Deze plaques
worden dan ook ‘kwetsbaar’ of ‘instabiel’ genoemd. Bij atherosclerose in de benen zijn de
symptomen vaak chronischer, maar ook hier kunnen soms stolsels vanuit een plaque naar
beneden schieten en leiden tot acuut zuurstoftekort in onderbeen of voet. De samenstelling
van de plaques in de beenslagaders is stabieler dan die in halsslagaders, en komt daarmee
overeen met het type symptomen.
In hoofdstuk 2 wordt beschreven hoe een kwetsbare plaque in de carotis kan stabiliseren.
Zo is bekend dat de plaque na een beroerte stabieler wordt, in tegenstelling tot na een
TIA. In beide groepen is de plaque instabieler vergeleken met die van patiënten die
asymptomatisch waren voorafgaand aan de operatie. Ook het gebruik van medicatie zoals
statines is geassocieerd met het stabiliseren van de plaque. Dit is in lijn met resultaten uit
grote trials die laten zien dat statines bijdragen aan het verlagen van het risico op het
krijgen van HVZ.
Verder hebben we de interessante bevinding gedaan dat het voorkomen van instabiele
plaquekenmerken gedurende de afgelopen 10 jaar is verminderd (hoofdstuk 4). Dit gaat
samen met een afname in risicofactoren voor HVZ zoals roken en cholesterol, en een
toename in het gebruik van statines. Toch was de bevinding van plaque-stabilisatie over
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tijd onafhankelijk van deze factoren. Het zou kunnen dat de pathogenese van HVZ aan het
veranderen is, echter het is nog onbekend wat daaraan ten grondslag ligt. Mogelijk is het
principe van de kwetsbare plaque veranderd en kijken we niet meer naar de juiste
kenmerken, of zijn factoren die bijdragen aan HVZ die los staan van de plaque (zoals het
risico op embolieën uit het hart) belangrijker geworden. Hopelijk kunnen we hier in de
toekomst achterkomen om vervolgens in te kunnen grijpen op de factoren die zorgen voor
een hoog risico op HVZ.
Weefselkenmerken die onder de microscoop worden bestudeerd (histologische
kenmerken) zoals bij de Athero-Express studie in de plaque gebeurt, moeten
reproduceerbaar gemeten kunnen worden om betrouwbare conclusies te trekken uit
dergelijke onderzoeken. In hoofdstuk 3 wordt een kwaliteitscheck beschreven van eerder
door ons gebruikte scoringsmethoden van plaquekenmerken.7 Deze semi-kwantitatieve
en computer-geassisteerde methoden toonden matig tot goede resultaten met betrekking
tot reproduceerbaarheid. Tevens rapporteren we een nieuwe methode om
plaquekenmerken te kwantificeren. Deze nieuwe aanpak maakt gebruik van digitale
coupes, waarop een bepaalde cel geautomatiseerd gekwantificeerd kan worden. Deze
methode liet superieure resultaten zien voor kleuringen van gladde spiercellen en
macrofagen ten opzichte van de eerdere scoringsprocedures. Een voordeel hiervan is
verder dat de totale plaque kan worden geanalyseerd in plaats van een gedeelte, en dat
grote hoeveelheden coupes tegelijkertijd kunnen worden doorgemeten. In de klinische
diagnostiek wordt geautomatiseerde kwantificatie ook al gebruikt, zoals voor het
vaststellen van Her2neu receptor status bij borstkanker. Er kan dan ook worden verwacht
dat dergelijke methoden verder zullen worden ontwikkeld en steeds meer zullen worden
gebruikt in wetenschappelijk onderzoek en in diagnostiek waarbij gebruik wordt gemaakt
van histologie.

11

Een van de plaquekenmerken die we nader bestudeerd hebben in hoofdstuk 5 is
plaquebloeding. Zoals eerder genoemd, is dit een kenmerk van een kwetsbare plaque. Er
wordt gedacht dat kleine bloedvaatjes (microvaatjes) die vanaf de buitenkant van het
bloedvat de plaque ingroeien bij zuurstoftekort, de bron zijn van plaquebloedingen. De
verbindingen tussen de endotheelcellen die de microvaatjes van binnen bekleden, zijn niet
stevig of zelfs afwezig. Hierdoor kunnen deze vaatjes mogelijk gaan lekken, onder andere
rode bloedcellen. Het celmembraan van de rode bloedcellen bevat veel cholesterol en
ijzer, dat weer een aantrekkingskracht heeft op ontstekingscellen. Zo wordt de vetrijke kern
met dode cellen in de plaque groter en wordt de plaque instabieler. Het is inderdaad
gebleken dat plaquebloedingen gerelateerd zijn aan nieuwe klinische verschijnselen van
HVZ in het hele lichaam na een vaatoperatie.15 Echter, zoals in hoofdstuk 5 vermeld, geldt
dit alleen bij mannen, niet bij vrouwen. Dit suggereert dat ziekteprogressie van patiënten
met ernstige atherosclerose verschillend verloopt bij mannen en vrouwen. Helaas is de
observationele opzet van de Athero-Express niet geschikt om oorzakelijke verbanden aan
te tonen, waardoor verder onderzoek nodig is om dit verschil tussen de sexes te verklaren.
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Dit kan bijvoorbeeld verwacht worden van studies die gebruik maken van genetische data,
of van experimentele onderzoeken.
Verder tonen we in hoofdstuk 5 dat plaquebloedingen minder vaak voorkomen bij vrouwen.
Dit geldt ook voor andere instabiele plaquekenmerken bij patiënten met een vernauwing
van de halsslagader. Mogelijk ligt dit verschil aan de kwaliteit van de microvaatjes; deze
zou slechter kunnen zijn bij mannen en daardoor zorgen voor meer lekkage. Eiwitten die
betrokken zijn bij de vorming van nieuwe vaatjes (neoangiogenese) en de doorgankelijkheid
ervan, zoals onder andere vascular endothelial growth factor, zijn interessante ingangen
om verder onderzoek naar te doen. Een toekomstige behandeling zou gericht kunnen zijn
op het repareren van lekkende bloedvaatjes in de plaque via zulke eiwitten, indien deze
hier een oorzakelijke rol in spelen.
Plaquebloedingen kunnen non-invasief worden vastgelegd m.b.v. MRI, en ook op
beeldvorming hangt de aanwezigheid hiervan samen met huidige en toekomstige
symptomen van HVZ. Het kan dan ook verwacht worden dat non-invasieve beeldvorming
een grote rol kan gaan spelen in het identificeren van hoog-risico patiënten, voordat zij
klachten krijgen van HVZ. Tevens zou behandeling beter gericht kunnen worden op de
juiste patiënt. Het is nu nog zo dat de keuze voor het verrichten van een CEA alleen afhangt
van symptomen en mate van vernauwing, terwijl plaquekenmerken ook belangrijk lijken te
zijn bij het inschatten van het risico op beroerte en daarmee het nut van operatie. Voordat
MRI voor dit doel kan worden toegepast, zijn eerst gestandaardiseerde protocollen voor
beeldvorming en histologische scoring nodig. Verder zouden combinaties van verschillende
beeldvormende technieken en ook invasieve beeldvorming bij een selectie patiënten van
belang kunnen zijn om behandelkeuzes te maken waarbij plaquekenmerken worden
meegenomen.
Verwijzend naar de bevindingen uit hoofdstuk 5, zou het geen verrassing moeten zijn dat
plaquekenmerken en hun associatie met prognose verschillen tussen mannen en vrouwen.
Andere aspecten van HVZ zijn namelijk ook verschillend tussen de sexes; zoals leeftijd
waarop de ziekte begint (later bij vrouwen), het type symptomen (aspecifieker bij vrouwen),
en overleving (vrouwen overlijden vaker aan HVZ dan mannen). Toch is het risico op
overlijden op de lange termijn na endarteriëctomie weinig onderzocht bij mannen en
vrouwen apart. Verder wordt vaak geen rekening gehouden met leeftijd als belangrijke
factor voor sterfterisico. In hoofdstuk 6 laten we dan ook de resultaten zien van leeftijd- en
geslachtsspecifieke lange termijn overleving na endarteriëctomie (zowel na CEA als FEA).
De mortaliteit na CEA is hoger in mannen dan in vrouwen: 22% versus 17% sterfterisico na
5 jaar follow-up. In het cohort boven de 70 jaar, was het risico 34% respectievelijk 26%. Deze
percentages zijn ook vergeleken met een controlepopulatie die op leeftijd en geslacht
gematcht is met het patiëntcohort. Opvallend was dat het sterfterisico bij vrouwelijke CEA
patiënten niet verschillend leek van die in de controlepopulatie. Na FEA was het voordeel
van vrouwen ten opzichte van mannen (en ten opzichte van de controlepopulatie) afwezig,
wat leidde tot gelijke overlevingstrends bij mannen en vrouwen in deze groep. Dit is in
overeenkomst met resultaten uit een eerdere Nederlandse studie. Het zou kunnen dat de
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geobserveerde verschillen komen door een vertraging in het stellen van de diagnose van
perifeer vaatlijden bij vrouwen doordat zij vaker andere ziekten hebben die de symptomen
maskeren. Zodoende leiden vrouwen aan een ernstiger vorm van perifeer vaatlijden dan
mannen op het moment dat de ziekte ontdekt wordt. Deze mogelijke verklaring wordt
ondersteund door het aantal vrouwen met de ernstigste vorm van vernauwing in de
liesslagaders in onze studie, die groter was dan het aantal mannen dat hieraan leed. Deze
verlate diagnose zou bij cerebrovasculaire aandoeningen mogelijk relatief minder vaak
voorkomen, omdat dit zich veelal acuter presenteert. Naast het geven van prognostische
informatie over absolute sterftekans na de beschreven vaatoperaties, vonden we dus ook
interessante overlevingstrends op basis van geslacht. Na het corrigeren voor cardiovasculaire
risicofactoren, bleven deze trends overeind; na CEA hadden mannen een 1.7 keer zo hoge
kans om te overlijden dan vrouwen, terwijl er na FEA geen verschillen waren tussen de
sexes.
Naast histologische markers die in de plaque gemeten kunnen worden, kunnen we ook
informatie over het risico op HVZ uit in het bloed circulerende stoffen halen. Dergelijke
markers noemen we ook wel biomarkers. Extracellulaire vesikels, blaasjes die worden
uitgescheiden door allerlei cellen na celactivatie of geprogrammeerde celdood, zijn
veelbelovende bronnen van biomarkers. De inhoud van deze blaasjes is een afspiegeling
van het type cel waar ze vandaan komen, en de verrijking van bepaalde eiwitten en DNA in
de blaasjes toont aan dat de uitscheiding ervan een selectief proces is. De extracellulaire
blaasjes hebben dan ook de potentie om op een natuurlijke manier medicijnen op de juiste
plaats af te leveren. Bovendien is aangetoond dat de circulerende eiwitblaasjes een rol
spelen bij de ontwikkeling en progressie van atherosclerose: niet alleen het aantal blaasjes,
maar ook de inhoud ervan. De specifieke eiwitten CD14, α2 antiplasmin (ofwel Serpin F2),
en cystatin C zijn gerelateerd aan het optreden van secundaire klinische verschijnselen bij
patiënten met bekend vaatlijden. In hoofdstuk 9 zijn dezelfde eiwitten bestudeerd in relatie
tot de uitgebreidheid van HVZ in het lichaam. CD14 afkomstig uit de blaasjes was significant
geasssocieerd met het aantal gebieden in het lichaam dat aangetast was door vaatlijden
(namelijk de kransslagaders, cerebrovasculair, perifeer, en een verwijding (/aneursyma) van
de aorta). Hoewel deze bevinding onafhankelijk was van risicofactoren, heeft deze bevinding
nog geen directe klinische relevantie. In de toekomst zou men de eiwitinhoud van de blaasjes
mogelijk kunnen gebruiken in diagnostiek, om HVZ vast te kunnen stellen bij gezonde
mensen of bij mensen met risicofactoren. Voor nu geeft het al wel aan dat deze extracellulaire
blaasjes blijkbaar extra informatie geven over ziektelast bovenop risicofactoren en bevestigt
daarmee dat ze een potentieel waardevolle bron van biomarkers zijn.

11

Het onderzoek in dit proefschrift heeft zich vooral gefocust op patiënten die een
carotisendarteriëctomie (CEA) hebben ondergaan. CEA is een bewezen effectieve
behandeling (ten opzichte van behandeling met alleen medicatie) bij patiënten met een
symptomatische hooggradige vernauwing van de halsslagaders. Bij deze groep is de kans
op complicaties van de ingreep lager dan wanneer van operatie afgezien zou worden.
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Bij een selectieve groep asymptomatische patiënten kan ook voor interventie gekozen
worden mits het complicatierisico laag is. Het plaatsen van een stent in de halsslager (CAS)
is ontwikkeld sinds de jaren 90 als minder invasief alternatief voor CEA. De vergelijking
tussen CAS en CEA is daarna belangrijk onderwerp geweest van vele gerandomiseerde
klinische trials, die uitwezen dat CAS in het algemeen niet bewezen beter is dan CEA. In
een meta-analyse van 13 gerandomiseerde trials met in totaal meer dan 7000 (vooral
symptomatische) patiënten, werd een voordeel gevonden van CEA ten opzichte van CAS
met betrekking tot het optreden van beroerte of sterfte op de lange termijn (gepoolde
hazard ratio CAS versus CEA van 1.2; ofwel bij CAS was er 1.2x zoveel kans op deze
complicatie t.o.v. CEA, met een 95% betrouwbaarheidsinterval van 1.01-1.45). Aan de
andere kant was CAS wel geassocieerd met een lager risico op hartinfarct op korte termijn
(tot 30 dagen na de ingreep): gepoolde odds ratio CAS vs CEA 0.48, 95%
betrouwbaarheidsinterval 0.29-0.78, Echter, de definitie van hartinfarct wordt in deze studies
vaak niet genoemd of alleen gesteld op basis van verhoogde hartenzymen. Naast reeds
genoemde complicaties, is het opnieuw dichtslibben van de halsslagaders (restenose), een
belangrijk nadeel van interventie. Vandaar dat het belangrijk is om vast te stellen welke
patiënten een hoog risico lopen om een restenose te ontwikkelen na CEA.
In hoofdstuk 7 is het verband tussen verscheidene plaque- en patientkenmerken in relatie
tot stroomsnelheid van het bloed in de halsslagader na operatie onderzocht. De
stroomsnelheden zijn gemeten d.m.v. duplexonderzoek (een combinatie van echografie
en Doppler) en zijn een indicatie voor de mate van (re)stenose. De afkapwaarde van een
stroomsnelheid die hoort bij een bepaalde vernauwing is alleen per ziekenhuis en niet
internationaal vastgelegd, omdat er grote variatie bestaat tussen verschillende klinieken.
Om problemen met misclassificatie te voorkomen en te zorgen voor betere
generaliseerbaarheid, is in onze studie dan ook gekozen voor een continue stroomsnelheid
als uitkomst in de analyse in plaats van restenose als binaire uitkomst. Daarbij is gekeken
naar 2 follow-up momenten: 3 maanden (korte termijn) en 2.5 jaar (middellange termijn).
Het bleek dat een vetarme plaque geassocieerd was met hogere stroomsnelheden na 3
maanden follow-up (en niet meer na middellange follow-up). Vrouwelijk geslacht, de
aanwezigheid van een vernauwing in de andere halsslagader, en asymptomatische
presentatie (bij vrouwen) bleken na middellange follow-up gerelateerd aan hogere
stroomsnelheden van het bloed. Deze subgroepen zouden dus mogelijk een hoger risico
hebben op restenose. De bevindingen sluiten aan bij het minder gunstige behandeleffect
van CEA bij vrouwen, en vooral wanneer zij asymptomatisch zijn. We moeten echter
voorzichtig zijn met het trekken van conclusies, aangezien restenose zelf niet het eindpunt
van de studie was en het meten met duplex limitaties heeft. Voor toekomstige studies zou
restenose vastgesteld moeten worden met angiografie middels CT of MR. Onze studie
draagt wel bij aan kennis over mogelijke processen die leiden tot restenose en kan helpen
om richting te geven aan toekomstig onderzoek, bijvoorbeeld om relevante subgroepen
te kunnen maken.
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Indien een restenose optreedt met (een hoog risico op) symptomen, is het zaak om de
juiste behandeling te kiezen (hoofdstuk 8). CAS is voorgesteld als veiliger alternatief bij
patiënten die beoordeeld worden als hoog-risico groepen voor CEA (zoals nadelige
anatomie, eerder operaties in de hals, of een bestraalde hals). Deze hoog-risico groepen
zijn echter onderwerp van discussie, aangezien ze vaak uitgesloten zijn van trials. De enige
trial die deze patiënten wel includeerde liet geen subgroup analyse zien van de verschillende
patiëntcategorieën. In hoofdstuk 8 worden de bevindingen getoond van een meta-analyse
met individuele data van meer dan 1000 patiënten die behandeld waren met CAS of CEA
voor een restenose na eerdere CEA. In deze meta-analyse bleek CAS niet beter te zijn dan
CEA, onafhankelijk van symptomen bij inclusie. Hiermee lijkt het dat beide procedures
verdedigbaar zijn, en dat er mogelijk ook gekeken moet worden naar andere factoren voor
een adequate patiëntselectie (zoals anatomie). Met een gerandomiseerde trial kunnen hier
pas goede aanbevelingen over gedaan worden, maar gezien het lage aantal patiënten dat
een restenose heeft na CEA én behandeld moet worden, lijkt dit niet haalbaar.
Gebaseerd op huidig onderzoek op het gebied van atherosclerotische ziekten, welke deels
gepresenteerd zijn in dit proefschrift, zullen markers uit plaque en bloed in de komende
20 jaar waarschijnlijk een belangrijke rol gaan spelen bij het maken van individuele
behandelkeuzes. Net zoals bij kanker, waar bepaalde biomarkers al toegepast worden in
de kliniek. Biobanken zoals de Athero-Express zijn een waardevolle manier om dergelijke
markers te ontdekken. Het kan verwacht worden dat beeldvorming een belangrijke
hoeksteen wordt bij het vroeg vaststellen van hart- en vaatziekten, gesteund door informatie
uit biomarkers. Ook zullen genetica vermoedelijk een rol gaan spelen om de juiste patiënt
voor de juiste behandeling (of beeldvormend onderzoek) te selecteren. Uiteindelijk zal ook
de beschikbaarheid van een effectieve behandeling met medicijnen dan wel een interventie
nodig zijn om de geidentificeerde hoog-risico patiënt vervolgens te behandelen. Verder
onderzoek op bovenstaande gebieden zal hopelijk leiden tot een geindividualiseerde
(geslachtsspecifieke) diagnostiek, behandeling, en prognose van hart- en vaatziekten.
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