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He who cures a disease may be the skill-fullest, but he who prevents it is the safest physician. 

— Thomas Fuller

Worldwide, about 17 million people die from cardiovascular disease (CVD) each year, chiefly 
from ischemic heart disease and stroke.(1) Amongst those, stroke, the most common mani-
festation of cerebrovascular disease, has been the leading cause of serious, long-term dis-
ability in adults worldwide (1990-2010) (2) There are two main types of stroke — ischemic 
and hemorrhagic. Ischemic stroke is more common and caused by an obstruction in the 
cerebral vasculature. The causes of ischemic strokes are heterogeneous, including athero-
sclerosis in the large arteries such as the carotid arteries (see fig 1.), lacunar infarctions and 
cardiogenic embolism. In this thesis, I will focus on carotid atherosclerosis as it is the most 
prominent to identify patients with a high risk of ischemic stroke. Atherosclerotic plaques 
can rupture which will lead to thrombo-embolization into the intracranial circulation or 
to acute occlusion of the carotid artery. Despite major advances in treatment strategies, 

ischemic stroke due to carotid atherosclerotic remains a serious public health problem. Cur-
rent screening and diagnostic methods are insufficient to identify the plaques that have a 
high rupture risk and thus to select the individual before he is confronted with an ischemic 
stroke. One of the strategies to better face the challenges of cerebrovascular disease and 
improve well being of the population and of the individual includes early recognition of the 
vulnerable high-risk atherosclerotic plaque.

Fig 1. Ischemic stroke may occur as a result of atherosclerotic plaques located in the carotid 
artery, that is the blood vessel that carries blood from the heart to the brains. 
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Atherosclerosis

Atherosclerosis is an inflammatory condition of the vessel wall, which is affected by sys-
temic risk factors including hypercholesteremia, hypertension, diabetes and overweight. 
It can affect the entire arterial tree, but is most relevant for cerebrovascular disease and 
events, if present in the carotid arteries. Atherosclerosis has affected humans for at least 
several thousand years and probably much longer. Although it is believed to be a disease of 
modern human beings and related to contemporary lifestyles, the ancient Egyptians were 
already found to suffer from the disease.(3)

Atherosclerotic plaques are characterized by fatty material, cholesterol deposits within the 
inner wall of artery, which cause wall thickening and eventually narrow the arterial lumen, 
the inside diameter of the artery, reducing blood flow or finally leading to a total obstruc-
tion.(4, 5) The traditional view was that arterial narrowing, i.e. stenosis, was the main caus-
ative factor in vascular diseases such as ischemic stroke. Accumulation of atherosclerotic 
plaque in the carotid artery may lead to positive remodeling in which the artery enlarges to 
preserve the luminal area, in particular in early stages. So the degree of luminal narrowing, 
however, is not the only determining factor for ischemic stroke and plaque composition 
and morphology, independent of their hemodynamic effect on the lumen, are related to 
plaque rupture and future cerebrovascular events. Plaque composition and plaque burden 
may therefore be additional parameters in the assessment of ischemic stroke risk.

Vulnerable plaques and intraplaque hemorrhage 
Vulnerable plaques are atherosclerotic plaques that have a high-risk to rupture and, in the 
carotid arteries, they may lead to thromboembolism and complicate to ischemic stroke.
(6-10) Vulnerable plaques are characterized by a large lipid-rich necrotic core (LRNC), in-
traplaque hemorrhage (IPH) or thin or ruptured fibrous cap (11-14). In previous studies, 
a number of vulnerable plaques have been found in arteries with lower grade stenosis.
(15, 16) Although treatment decisions are still based predominantly on degree of stenosis, 
detection and management of the vulnerable plaque may improve risk reduction.(17, 18)

The studies described in this thesis will mainly evaluate the role of carotid IPH. The mecha-
nism leading to IPH has not been unraveled yet. Some researchers suggested that rupture 
of the vasa vasorum or the immature neovessels with “leaky” immature linings may lead to 
the IPH.(19) (see fig 2 and 3) Others postulated that hemorrhage into a plaque is merely a 
complication of the rupture of the fibrous cap.(20) Nevertheless, evidence is accumulat-
ing that carotid IPH is significantly associated with ischemic stroke, possibly by stimulating 
the progression and destabilization of the plaque.(21-29) IPH that follows from immature 
neovessels formation seems to be the main mechanism of necrotic core expansion, oxida-
tion, and inflammation in complex atherosclerosis.(30-32) These processes are considered 
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to cause carotid plaque destabilization.(8, 32) Carotid IPH is present in both symptomatic 
individuals as well as asymptomatic individuals from the general population.(33) In a recent 
meta-analysis amongst 689 individuals, it was shown that the pooled relative risk estimate 
(hazard ratio) for IPH in symptomatic individuals was 5.9 and in asymptomatic individuals 
was 3.5.(29) Prospective studies relating risk factors to IPH are lacking. Within the Rotter-
dam Study, we found in a previous study that age, male sex, smoking and hypertension 
are determinants of IPH in general population.(33) Identifying additional risk factors of IPH 
may contribute in early detection of the vulnerable plaque. The finding that hypertension 
is strongly related with IPH suggests a role for hemodynamic parameters as potential risk 
factors for plaque composition.

Hemodynamic parameters; potential risk 
factors for plaque composition
Blood pressure (BP) is a strong risk factor for cerebrovascular disease. The pulsatile compo-
nent of blood pressure, pulse pressure (PP), is the consequence of intermittent ventricular 
ejection from the heart. In addition, PP is determined by the cushioning capacity of arter-
ies and the timing and intensity of wave reflections.(36)  (fig 4) The former is influenced by 
arterial stiffness.

BP is involved in two distinct functions of large arteries: the conduit function, which, on 
the basis of a pressure gradient, consists of supplying blood flow to peripheral tissues and 
organs; and a cushioning function, which is able to dampen the pressure oscillations that 
result from intermittent ventricular ejection (“Windkessel effect”).(37) 

Fig 2 Cross-section of a carotid plaque with a large necrotic core (block arrow) containing hem-
orrhage (red staining) and thin fibrous cap near the shoulder of the core (arrow in the lumen). 
(Movat’s Pentachrome stain, magnification 10×).(34) 
IPH fig 3: Increased proangiogenic activity results in vasa vasorum proliferation and intimal 
neovascularization. Neovessels are fragile and may rupture or leak resulting in intraplaque hemor-
rhage.(35)
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Arterial stiffness describes the reduced capability of an artery to expand and contract in 
response to pressure changes. Parameters that describe vessel stiffness include compliance 
and distensibility. In a stiff vessel compliance is reduced. The consequence of reduced com-
pliance/distensibility is increased pulse wave velocity (PWV), which is the velocity of the 
pressure pulse along the arterial tree. PWV is calculated by measuring time taken for a pres-
sure pulse to travel between the carotid and femoral artery. Arterial stiffness, as measured 
by carotid-femoral PWV, is an independent predictor of cardiovascular morbidity and mor-
tality in hypertensive patients, type 2 diabetes, end-stage renal disease and in elderly popu-
lations.(38) Given the common risk factors for arterial stiffness and atherosclerosis, studies 
that unravel mechanisms that link both conditions may be important in the prevention of 
cardiovascular events.(39)

MR Imaging of atherosclerosis 
Several imaging modalities are available for imaging of carotid atherosclerosis. Currently, 
carotid ultrasonography is the most widely performed noninvasive test in the evaluation of 
a patient suspected of having carotid arterial disease.(40) However, the modality is highly 
operator dependent and not capable of consistent demonstration of plaque morphology.
(40-42) Another noninvasive imaging technique is magnetic resonance imaging (MRI). MRI 
of the carotid wall has shown to be highly feasible to discriminate between the different 
atherosclerotic plaque features. For instance IPH, was detected with a good sensitivity and 
moderate to good specificity with histology as the gold standard.(22, 43-46) In this thesis, 
we used a 1.5 Tesla MRI scanner, with a bilateral 4 channel surface coil and a standard scan-
ning protocol to visualize carotid atherosclerosis in the general population. Fig 6 shows 
three different plaque components, these are lipid, calcification and intraplaque haemor-
rhage, as can be detected on MRI scanning of the carotid arteries. 

Fig 4. Blood pressure parameters: pulse pressure is the difference between the systolic and 
diastolic blood pressure. Fig 5. Measuring arterial stiffness: pulse wave velocity is calculated as the 
ratio between two pulse waves divided by the travel time.
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Study population

All research is embedded in the Rotterdam Study (RS), a large prospective population-based 
cohort study among people of 55 years and older in Ommoord, a district of Rotterdam, The 
Netherlands. The study started in 1990 and participants have been followed for occurrence 
of cardiovascular diseases and other diseases since (RS-1). The cohort was extended in 2000 
with persons who had become 55 years of age or moved into the study district since the 
start of the study (RS-2), and again in 2006 with persons aged 45 years and older (RS-3). The 
studies described in this thesis are based on participants that took part in all three cohorts 
(RS-1, RS-2 and RS-3). The carotid MRI scanning study was from October 2007 – November 
2012.

Thesis objective 
Rationale of this thesis
Knowledge about factors that influence carotid atherosclerotic plaque composition may 
eventually contribute to stroke prevention. From public health perspective, it is therefore 
important to investigate subclinical atherosclerosis in the general population. However, the 
majority of the investigations on carotid atherosclerotic plaque composition are in selected 
populations, such as symptomatic patients or patients with severe stenosis, while studies 
with unselected populations or that include subjects with less severe stenosis are scarce. 

Fig 6. Carotid MRI scan, axial 
plan. A+B: Lipid core on PDw-
EPI and T2w-EPI sequences, 
respectively (yellow arrow). C: 
Calcification on Phase-contrast 
MRA (blue arrow). D: Intraplaque 
haemorrhage on T1w-GRE 
sequence (red arrow). (*) Lumen 
carotid artery
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Therefore, we aimed to study risk factors for carotid atherosclerotic plaque composition as 
detected on MRI using a population-based approach. New parameters found in the general 
population might be used to improve prevention strategies.

Thesis outline
short description of every chapter 
Chapter 2 focuses on the influence of hemodynamic parameters on plaque composition. 
Recently, hypertension was reported to be associated with presence of IPH.(33) However, of 
the different components of blood pressure, it is unclear which blood pressure parameter, 
systolic blood pressure, diastolic blood pressure, mean arterial pressure, or pulse pressure, 
contributes most to the development of IPH. The objective of the study described in Chap-
ter 2.1 is to investigate which hemodynamic parameter is most associated with presence 
of IPH as detected by MRI in asymptomatic subjects. 

Arterial stiffness and atherosclerosis are both determinants of cerebral vascular disease. Ar-
terial pulse wave velocity (PWV), an established measure of arterial stiffness, was previously 
shown as an independent risk factor for stroke and cardiovascular mortality.(47-50) The re-
lation between PWV and presence of carotid atherosclerotic plaques and in specific the 
influence of arterial stiffness on atherosclerotic plaque composition is largely unknown. By 
examining the roll of arterial wall stiffening in relation to carotid atherosclerosis, we aim to 
gain more insight in the etiology of the vulnerable plaque. In Chapter 2.2 we investigated 
the association between arterial stiffness, as assessed by PWV, and the presence of carotid 
atherosclerotic plaque and its various components in a large population-based cohort, us-
ing both ultrasound and MRI assessment of plaques.

Chapter 3 Ischemic strokes are more often diagnosed in the left hemisphere than in the 
right. It is unknown whether this asymmetrical prevalence relates to differences in carotid 
atherosclerosis. Although atherosclerosis is considered a systemic disease, its distribution 
across the vascular system is known to be not uniform, and it is thought to depend on 
several factors, including vessel geometry.(51, 52) Asymmetry in plaque characteristics 
between the left and right carotid artery has been poorly investigated, in particular with 
respect to vulnerable plaque components. In this chapter, we assessed the prevalence, se-
verity and composition of atherosclerotic carotid plaque and investigated whether these 
characteristics differed between the left and right carotid artery. 

Chapter 4 focuses on the association of carotid plaque characteristics and cardiovascular 
diseases. Atherosclerosis is the primary cause of cardiovascular disease, with stroke and 
ischemic heart disease as its most important manifestations. A systemic predisposition to 
plaque instability, attributable to systemic risk factors, suggests that plaque instability in the 
carotid arteries may be related with both stroke and ischemic heart disease. Until now, in 
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examining carotid plaque composition, the focus has primarily been directed to the risk of 
ischemic diseases in the brains, whilst the risk of ischemic disease in other end organs, such 
as the heart, remains to be elucidated. Carotid plaque characteristics related to ischemic 
stroke may differ from those related to ischemic heart disease. Hence, we examined the 
association between carotid atherosclerotic plaque characteristics, including vulnerable 
components, and history of ischemic stroke and coronary heart disease in a population-
based cohort study. 

Chapter 5 Atherosclerotic plaque burden is related to stroke and coronary heart disease.
(53-55) Direct non-invasive measurements of the burden and composition of subclinical 
atherosclerosis have been proposed as a way to improve cardiovascular disease prevention 
and management. It has been suggested that plaque burden may provide more informa-
tion on the extent of atherosclerosis beyond luminal stenosis.(56, 57) Accurate and reli-
able techniques are being actively pursued, as quantifying carotid plaque burden remains 
a challenging assignment. In a recent study, Van ‘t Klooster et al. presented a MRI-based 
method for carotid lumen and wall volume quantification.(58) In Chapter 5.1 we present 
our initial experience using an MRI-based automated segmentation method for the inner 
and outer wall segmentation of the carotid arteries. In chapter 5.2 we used post-process-
ing software to quantify the sex-specific lumen volume and plaque burden of the carotid 
artery in a region around the bifurcation. The method was evaluated using a population-
based approach. 

IPH is an important marker of plaque destabilization through enhancement of inflamma-
tion and lipid accumulation.(8, 32) How IPH evolves over time remains to be elaborated. 
So far, few studies investigated IPH progression. These studies were predominantly con-
ducted in symptomatic patients. Serial imaging of IPH in both carotid arteries is important 
for understanding the evolvement of subclinical atherosclerotic plaques into rupture-prone 
lesions. Evaluation of changes in IPH in asymptomatic individuals can identify novel risk 
factors for IPH growth and may provide further clues for prevention strategies. Quantifying 
IPH volumes using manual segmentations is a time-invasive process. Automated post-pro-
cessing software is preferred in order to quantify the change of IPH volumes in large data 
sets. Furthermore, automated tools are preferred as they are more robust and reproducible.  
In Chapter 6.1, we introduce a validated semi-automated segmentation approach with 
minimal user interaction to quantify IPH volumes. The aim of Chapter 6.2 is to evaluate the 
visual and quantitative change of IPH after one year follow up in asymptomatic subjects 
and to identify risk factors of IPH growth. For this purpose, we used automated segmenta-
tion to assess IPH volumes as detected on MRI in a nested-case-control approach.
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Abstract

Background: Intraplaque hemorrhage (IPH) is a characteristic of the vulnerable athero-
sclerotic plaque that has been associated with ischemic stroke. Not much is known about 
determinants of IPH. We studied whether blood pressure parameters are associated with 
presence of IPH. 

Materials and methods: Within the framework of a prospective population-based cohort 
study, The Rotterdam Study, the carotid arteries of 1,006 healthy participants ≥45 years and 
with intima-media thickening (≥2.5mm) on ultrasound were imaged with a 1.5-T MRI scan-
ner. IPH was defined as a hyperintense signal on a 3D-T1w-GRE MR sequence. Generalized 
estimation equation analysis, adjusted for age, sex, carotid wall thickness and cardiovascular 
risk factors, was used to assess the association between blood pressure parameters and IPH. 

Results: MR imaging of the carotid arteries revealed presence of IPH in 444 of 1,860 (24%) 
plaques. Systolic blood pressure (SBP) and pulse pressure (PP) were significantly associated 
with IPH after adjustment for age and sex. In multivariate analysis, PP yielded the strongest 
association, with an odds ratio (OR) per SD increase in PP of 1.22 (95% CI 1.07-1.40). The OR 
per SD for SBP was 1.13 (0.99-1.28). Only PP remained significant after additional adjustment 
for other blood pressure components. The combination of smoking and isolated systolic 
hypertension was associated with a 2.5 times increased risk of IPH (1.2-5.2). 

Conclusion: In conclusion, pulse pressure was the strongest determinant of IPH indepen-
dent of cardiovascular risk factors and other blood pressure components. The association 
between pulsatile flow and IPH may provide novel insights in the development of the vul-
nerable plaque. 
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Introduction

Atherosclerotic plaques in the carotid arteries represent an important cause of cerebral 
ischemia. The composition of an atherosclerotic plaque is an important predictor for plaque 
rupture and subsequent thromboembolic events. Intraplaque hemorrhage (IPH) is consid-
ered a high-risk component of the vulnerable plaque through contribution of cholesterol 
to the necrotic core of the plaque and by increasing macrophage infiltration, making the 
plaque more unstable.1-3 Several studies have indicated a strong association of IPH with 
cerebrovascular events.3-5 Furthermore, even in atherosclerotic lesions of asymptomatic 
subjects, IPH was shown to contribute to plaque progression and destabilization.6,7 Magnet-
ic Resonance Imaging (MRI) has emerged as a reliable and accurate tool for discriminating 
plaque components in vivo and for detecting IPH.7, 8 However, only few studies have inves-
tigated determinants of plaque composition in the carotid artery9, 10 and, specifically, stud-
ies relating risk factors to IPH are scarce. We recently reported that sex, age, smoking and 
hypertension are associated with IPH in the general population.11 Hypertension is a highly 
prevalent condition and a major contributor to atherosclerotic cardiovascular disease. How-
ever, the pathophysiology of the contribution of high blood pressure to atherosclerotic 
plaques is still not fully elucidated.  

For a long time, hemodynamic forces have been linked to atherosclerosis formation and 
plaque destabilization.12 Plaque instability is in part determined by local factors, but it 
has been suggested that systemic factors are also important.13 Atherosclerotic plaques 
form at positions of disturbed blood flow and concomitant low and oscillating wall shear  
stress,14 whereas all structures of the arterial wall are influenced by blood pressure fluctua-
tions. 

As a continuation of our previous study,11 the current study was designed to determine the 
association of various blood pressure parameters with the presence of carotid intraplaque 
hemorrhage in a large population-based study. 

Materials and methods

Study population
The study was performed within the framework of the Rotterdam Study, a population-based 
cohort study in The Netherlands, aimed at investigating determinants of various chronic 
diseases among the elderly. The study design and objectives of the Rotterdam Study were 
described elsewhere.15 Briefly, the baseline visit started between 1990 and 1993. All inhabit-
ants of Ommoord, a suburb of Rotterdam, aged 45 years and older were invited to partici-
pate. All participants were subsequently invited every three to four years to the research 
center for follow-up examinations, including carotid ultrasonography. The ultrasonography 
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protocol and reading has been described in detail previously.16 For each individual, carotid 
wall thickening was determined as the maximum near and far wall measurements. 

From October 2007 onwards, carotid MRI scanning was performed in all subjects with a 
maximum intima-media thickness ≥2.5mm on carotid ultrasound. Until October 2009, ul-
trasonography in 1,417 participants of the Rotterdam Study revealed intima-media thick-
ness ≥2.5mm in left, right or both carotid arteries. These subjects were selected for MRI. 
Participants with contra-indications for MRI, prior carotid endarterectomy or poor image 
quality by MRI scan were excluded. As described previously, a total of 1,006 complete MRI 
examinations were performed. This resulted in 1,866 carotid arteries with plaque that were 
available for further analyses.11 Information on blood pressure levels, cardiovascular risk fac-
tors and history of cardiovascular disease was obtained from the visit previous to MRI scan-
ning. The Medical Ethics Committee of Erasmus Medical Center approved the study proto-
col and written informed consent was obtained from all participants. The study procedures 
were in accordance with institutional guidelines.

Blood pressure parameters
Two blood pressure measurements were taken with a random-zero sphygmomanometer 
after 5 minutes of rest with the subject in a sitting position. The mean of the two blood pres-
sure values was used in the analyses. Pulse pressure (PP) was calculated as PP = SBP-DBP; 
mean arterial pressure (MAP) was calculated as MAP = DBP + 1/3 PP.17 To quantify the rela-
tive magnitude of pulse pressure to mean artery pressure, we normalized the pulse pres-
sure to the mean arterial pressure and referred to this value as the fractional pulse pressure 
(FPP) with FPP=PP/MAP.18

Hypertension at baseline was defined as a minimal level of 140/100mmHg (according to 
European Society of Cardiology criteria)19 and/or the use of antihypertensive medication. 
The latter was assessed through automated linkage to pharmacies with computerized re-
cords. Assessment of antihypertensive drug usage included usage of diuretics, beta block-
ers, calcium channel blockers or ACE inhibitors at date of MRI scanning.

Covariates 
Information on medical history and smoking behavior was collected through home inter-
views and covariates were measured at a study center visit as described previously.11 Smok-
ing status was classified as current, past and never. Body mass index (BMI) [weight (kg)/
height2 (m)] was calculated. Serum total cholesterol and high-density lipoprotein (HDL) 
cholesterol values were measured using standard laboratory techniques. Diabetes mellitus 
was considered to be present when fasting blood glucose exceeded 7.0 mmol/L, when 
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non-fasting glucose exceeded 11.1 mmol/L, or when antidiabetic medication was used. A 
history of cardiovascular disease was defined as a history of coronary heart disease or stroke 
at baseline. 

MRI acquisition and image analysis
All scans were obtained with a 1.5 Tesla scanner with a bilateral phased-array surface coil. 
A standard scanning protocol was used with a total scanning time of about 30 minutes. 
Sequence parameters have been described in detail elsewhere.11 Two-dimensional (2D) 
time-of-flight MR angiography was performed to cover the carotid bifurcation at both sides 
ranging from 15 mm caudal to 30 mm cranial from the point of bifurcation. Presence of IPH 
was determined using the 3D-T1w-GRE MRI sequence. Prior to the evaluation of plaque 
composition, the quality of all sequences in each MRI scan was rated on a five-point scale 
(1 = worst; 5 = best).20 Scans were included in the analyses if the image quality was scored 
≥3 on all MRI sequences. We assessed plaque characteristics in all plaques with a minimum 
carotid wall thickness of ≥ 2.0 mm on MRI.

Data analysis
Data are expressed as mean ± standard deviation for quantitative variables and percent-
ages for discrete variables. All analyses were carried out using SAS version 9.2 (Cary, NC, 
USA). In primary analyses, we assessed the association of single blood pressure parameters, 
as continuous variables, with IPH. To adjust for the correlation between plaques in the two 
carotid arteries of the same participant, we performed Generalized Estimation Equation 
(GEE), with an independent or unstructured working correlation matrix including two lev-
els per participant, namely the left and right carotid artery. To compare the associations 
between different blood pressure parameters and presence of IPH, odds ratios (ORs) with 
corresponding 95% confidence intervals (CIs) were estimated for a 1-standard deviation 
(SD) difference in each component. Adjustments were made for age, sex, carotid wall thick-
ness on MRI, smoking status (current, past and never), BMI, total cholesterol and diabetes. 
Missing values in the covariates (6.1%) were imputed using the Expectation Maximization 
method.21 P-values less than 0.05 were considered statistically significant. 

The close correlation between SBP and PP hinders efforts to distinguish between these 
two components. Therefore, secondary analyses were performed in which the SBP and PP 
were additionally adjusted for the other blood pressure parameters. Probabilities of joint 
influences of SBP and DBP were estimated using the beta-coefficients obtained from the 
GEE model, for 55 year old males. We previously found an interaction between smoking 
and hypertension in relation to risk of IPH. We here evaluate the interaction of smoking with 
types of hypertension reflecting different levels of blood pressure components. The follow-
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ing clinical classification was used: combined systolic/diastolic hypertension (SDH, SBP≥140 
& DBP≥90 mmHg), isolated systolic hypertension (ISH, SBP≥140 & DBP<90 mmHg), and 
isolated diastolic hypertension (IDH, SBP<140 & DBP≥90 mmHg).22 Normal blood pressure 
was defined as SBP<140 and DBP<90 mmHg. The combinations of types of hypertension 
and smoking status were evaluated by adding a product term to the multivariate model, 
using never smoking and normal blood pressure as reference. Finally, to examine whether 
blood pressure components are associated with severity of the outcome, i.e. bilateral IPH, 
we made categorical variables of blood pressure components based on quartiles. Hereby, 
the unilateral and bilateral IPH frequency was counted. Unadjusted analysis was conducted 
using Pearson’s Chi-square test. 

Variable MRI population
(n=1,006) 

Sex (male) , n 524 (52.1%)

Age (years) 70.4 ± 10.2

Smoking - never, n 248 (24.7%)

- past, n 440 (43.7%)

- current, n 318 (31.6%)

BMI unit 27.4 ± 3.8

Total cholesterol (mmol/l) 5.6 ± 1.1

HDL (mmol/L) 1.4 ± 0.4

Diabetes, n 162 (16.1%)

Medical history  - stroke, n 42 (4.2%)

- CHD, n 155 (15.4%)

Hypertension, n 726 (72.2%)

Systolic blood pressure (mmHg) 143 ± 20

Diastolic blood pressure  (mmHg) 80 ± 11

Mean arterial pressure (mmHg) 101.2 ± 12.6

Pulse pressure (mmHg) 63.3 ± 17.3

Fractional pulse pressure 0.6 ± 0.2

Heart rate (beats/min) 70.4 ±13.7

Antihypertensive drug use, n (%) 478 (54.4%)

Carotid plaque on MRI scan
Unilateral plaque, n 146 (14.5%)

Bilateral plaque, n 860 (85.5%)

Table 1. Baseline characteristics of the study population

Categorical variables are presented as numbers (%). Continuous values are expressed as mean±sd.
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Results

Of the 2,012 carotid arteries scanned (n=1,006 subjects), 1,866 contained an atherosclerotic 
plaque >2.0 mm on MRI. 3 participants were excluded as information of blood pressure 
level was unavailable. This resulted in 1,860 carotid arteries for further analyses. Table 1 de-
scribes baseline characteristics of the study population.11 The mean age was 70.4±10.2 years 
and 52.1% was male. In 444 (24%) carotid arteries, IPH was revealed on MRI while 1422 (76%) 
carotid arteries did not have IPH. In comparison with carotid arteries without IPH, plaques 
with IPH had a thicker carotid wall (3.9±1.2 vs. 3.1±0.8 mm) and 5.9% of the plaques caused 
moderate or severe stenosis (>30% stenosis) compared to 0.8% for plaques without IPH. 
Figure 1 shows magnetic resonance images of 3 carotid atherosclerotic plaques with intra-
plaque hemorrhage of subjects with high pulse pressure and low systolic blood pressure.

Table 2 presents ORs per SD increase for each blood pressure parameter adjusted for age 
and sex (model 1) and adjusted for age, sex, carotid wall thickness and cardiovascular risk 
factors (model 2). SBP, PP and FPP were significantly associated with IPH after adjustment for 
age and sex. In multivariable analysis, PP yielded the strongest association with an OR per 
1 SD in PP of 1.22 (1.07-1.40). Although the risk estimate of SBP changed only marginally in 
multivariable analysis, the association lost significance (model 2). No association was found 
of DBP and MAP with IPH. Additional adjustments for antihypertensive drug use, as well as 
exclusion of participants with prevalent coronary heart disease or stroke, did not affect the 
estimates (data not shown).

Figure 1. MRI images of carotid atherosclerotic plaques with IPH; Three subjects with a 
high pulse pressure and a low systolic blood pressure. A. Male (73y) RR 137/61 mmHg, B. 
Female (83y) RR 137/57 mmHg, C. Female (64y) RR 139/61 mmHg. 
Asterisk: lumen of internal carotid artery. Arrow: intraplaque hemorrhage (high signal intensity on 
the T1w-GRE image).
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Table 3 presents associations of SBP and PP with IHP, where these main variables were suc-
cessively adjusted for each other as well as for the other blood pressure components. 
Adding any of the other blood pressure components to the model did not affect the associa-
tion of PP with IPH, whereas the association of SBP with IPH was attenuated after adjustment
for PP. Furthermore, risk estimates for SBP were increased after adjustment for DBP and MAP.

Variable Model 1
OR (95%CI) p-value

Model 2
OR (95%CI) p-value

Systolic blood pressure (per sd) 1.14 (1.01-1.29) 0.04 1.13 (0.99-1.28) 0.07

Diastolic blood pressure (per sd) 0.96 (0.85-1.09) 0.55 0.94 (0.82-1.07) 0.33

Mean arterial pressure (per sd) 1.05 (0.93-1.18) 0.45 1.03 (0.91-1.16) 0.68

Pulse pressure (per sd) 1.23 (1.08-1.40) 0.002 1.22 (1.07-1.40) 0.004

Fractional pulse pressure (per sd) 1.22 (1.06-1.39) 0.004 1.23 (1.07-1.41) 0.003

Table 2. Odds ratio’s of intraplaque hemorrhage associated with blood pressure parameters in 
1,860 carotid atherosclerotic plaques.

Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, carotid wall thickness, smoking, diabetes, total cholesterol, BMI.
OR=Odds ratio. CI=confidence interval. sd=standard deviation. 
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Figure 2. Joint influences of systolic blood pressure and diastolic blood pressure on 
intraplaque hemorrhage risk. 
Probabilities were determined from GEE analysis for male gender with age 55 years. The probabil-
ity of having an IPH increases with each level of SBP; However, at any given value of SBP, the risk is 
higher with lower DBP and thus, wider pulse pressure.
IPH=intraplaque hemorrhage. SBP=systolic blood pressure. DBP=Diastolic blood pressure.
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Next, we evaluated the interaction between types of hypertension and smoking status. 
In subjects with SDH, ISH and IDH, mean±SD MAP and PP were 120.4±8.2 and 66.8±14.6, 
104.2±7.1 and 76.8±13.9, 106.8±2.5 and 41.6±3.1 mmHg, respectively. The odds ratio of 
IPH was 1.9 (0.6-5.4) for the combination of current smoking and SDH, whereas for current 
smoking and ISH the risk of IPH was two and half times increased (OR 2.5, 1.2-5.2) compared 
to the reference category (normal blood pressure, never smoking). Due to low numbers of 
subjects with IDH (n=24), we were not able to evaluate the modifying effect of smoking for 
this type.

Figure 2 shows the joint influence of SBP and DBP on IPH. Probabilities were determined 
from GEE analysis for a male aged 55 years. The probability of IPH increased with increasing 
SBP level. However, at any given value of SBP, the probability of IPH is higher with lower DBP 
and thus, higher pulse pressure.

Finally, we examined the relation between PP and unilateral and bilateral presence of IPH. 
Figure 3 shows that the frequencies of unilateral and bilateral IPH increased with increasing 
quartile of PP (Pearson’s Chi-square test p<0.001). The forth quartile of PP harbors the high-
est percentage of bilateral IPH (16.7%). 

Variable Model 1
OR (95%CI) p-value

Model 2
OR (95%CI) p-value

Systolic blood pressure additionally adjusted for
DBP 1.28 (1.09-1.50) 0.002 1.28 (1.09-1.50) 0.003

PP 0.91 (0.72-1.15) 0.43 0.87 (0.69-1.10) 0.26

MAP 1.51 (1.16-1.99) 0.003 1.54 (1.17-2.03) 0.002

Pulse pressure additionally adjusted for
SBP 1.33 (1.04-1.69) 0.02 1.38 (1.07-1.76) 0.01

DBP 1.23 (1.08-1.41) 0.002 1.23 (1.07-1.41) 0.003

MAP 1.26 (1.09-1.47) 0.003 1.28 (1.09-1.49) 0.002

Table 3. Odds ratio’s of intraplaque hemorrhage associated with systolic blood pressure and 
pulse pressure with adjustment for other blood pressure components in 1,860 carotid atheroscle-
rotic plaques.

Model 1: adjusted for age and sex and other blood pressure parameter.
Model 2: adjusted for age, sex, carotid wall thickness, smoking, diabetes, total cholesterol, BMI and 
other blood pressure parameter.
OR=Odds ratio. CI=confidence interval. DBP=diastolic blood pressure. PP=pulse pressure. 
MAP=mean arterial pressure. SBP=systolic blood pressure.
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Discussion

In a large population-based study, we evaluated the association between various blood 
pressure parameters and the presence of IPH in carotid atherosclerotic plaques of subjects 
from the general population. The pulsatile component of blood pressure, as indicated by 
PP and FPP, was the strongest determinant of IPH independent of carotid wall thickness and 
cardiovascular risk factors. Furthermore, the association of PP with IPH was independent of 
the other blood pressure parameters. These findings add to our previous work showing that 
hypertension is an important risk factor for IPH.11

PP and SBP are highly correlated, because both parameters rise with increases in vascular 
resistance and large-artery stiffness. Our results show that not all subjects with the same 
level of SBP have the same IPH risk. Subjects with lower DBP, and therefore higher PP, have 
a higher probability of IPH. In middle-aged and elderly subjects, an increase in PP with fixed 
SBP occurs solely as a function of declining DBP; and is a consequence of a rise in large-ar-
tery stiffness.23 Statistical models in which PP and SBP parameters were additionally adjust-
ed for each other as well as for the other blood pressure parameters enabled us to compare 
the contribution of both parameters individually. PP remained significantly associated with 
IPH after adjusting for all other blood pressure components, confirming the independent 
association of pulsatile pressure with IPH. Further support favoring PP over SBP in determin-
ing IPH was provided by the increase in association of SBP with IPH after adjustment for 
DBP and MAP, hereby reflecting the remaining influence of pulsatility. On the other hand, 

Figure 3. Prevalence of uni- and bilateral intraplaque hemorrhage per pulse pressure quartile. 
Pearson’s Chi square test p=<0.0001.
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SBP adjusted for PP was not significant. Our findings support the view that in particular the 
pulsatile component of blood pressure plays an important role in the development of IPH. 

In a previous study, we found that current smoking and hypertension combined increased 
the risk of IPH almost three-fold.11 In the current study, we extended the analysis by using 
different subtypes of hypertension, each type characterized by different values of MAP and 
PP. The combination of current smoking and ISH was associated with a 2.5 times increased 
risk of IPH. The strong and significant interaction between smoking and ISH compared to 
the non-significant interaction between smoking and SDH reflects the somewhat stronger 
effect of PP compared to SBP on IPH. However, our findings do not exclude an interaction 
of smoking and SDH in relation to risk of IPH. The smaller risk estimate for the combination 
of smoking and SDH in the current study as compared to the combination of smoking 
and hypertension, as reported by us previously11, may be explained by the fact that SDH 
was based on blood pressure measurements only, we used lower threshold values (140/90 
mmHg vs. 160/100mmHg) and subjects with ISH and IDH where naturally excluded from 
this subgroup. 

Our findings are in agreement with previous studies in which PP has been reported as a 
predictor of acute coronary events and as an independent risk factor for stroke. 23-26 The ran-
domized multicenter clinical trial Systolic Hypertension in the Elderly Program (SHEP) found 
that in patients with isolated systolic hypertension a decrease of the DBP, and concomitant 
increase in PP, increased the risk for stroke, coronary heart disease and cardiovascular dis-
ease.26 This study also showed that the occurrence of both stroke and total mortality was 
related to PP level at baseline independent of mean pressure.25 

Plaque components, such as IPH and lipid with or without a necrotic core are presumed to 
be important determinants of progression and destabilization of the plaque.2, 7 That cyclic 
hemodynamic factors affect atherosclerosis progression and plaque instability is supported 
by several experimental models in which pulsatile strain was shown to affect the endothe-
lium, vascular smooth muscle cells, and the production of elastin, collagen and glycosami-
noglycans, resulting in increased atherosclerotic plaque volume.27-30 However, rupture of 
a plaque occurs when the stresses within the plaque exceed the strength of the plaque. 
Accordingly one would expect a greater contribution of SBP than PP causing rupture of the 
neovessels. However, our findings suggest that the pulsatile mechanical load that acts on 
the arterial wall, irrespectively of the absolute value of blood pressure, is at least as impor-
tant in the development of IPH. 

IPH is believed to develop from the disruption of thin-walled microvessels that are lined 
by discontinuous endothelium without supporting–muscle cells.31 An underlying patho-
physiological mechanism linking PP to IPH could include the involvement of arterial stiff-
ness. Large elastic arteries, such as the aorta and the carotid arteries, work predominantly 
as cushions, but with progressive arterial stiffening, the pulsations are not completely ab-
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sorbed and may extend to the microcirculation32, as was already shown in the brains33 and 
the kidneys34. Likewise, enhanced pulsatile flow in the vasa vasorum of the carotid arteries 
may occur and cause hemorrhage of the neovessels in the plaque. Another possible expla-
nation includes the involvement of enhanced microvessel formation, and hereby increasing 
the risk of IPH. IPH as well as rupture of the fibrous cap are associated with an increased den-
sity of microvessels in the plaque.35 When subjecting the vessel wall, and in specific vascular 
smooth muscle cells in vitro to cyclic strain, it was shown that vascular endothelial growth 
factor (VEGF), which is an indicator of angiogenesis, is upregulated.36 Also nicotine has been 
found to accelerate plaque growth and vascularization, and it has been suggested that 
VEGF has a role in this process.37, 38 That both cyclic strain and nicotine are associated with 
enhanced angiogenesis may explain the interaction we found between smoking and ISH. 
Another theory involves the observations of Takaya et al7 who reported that IPH remained 
detectable in the same plaque even after18 months, and therefore he suggested that ei-
ther IPH does not resolve very rapidly or that IPH recurs in the same plaque repetitively. 
Recurrent rupture of the neovessel wall represents structural failure of a component of the 
diseased vessel.39 The wall continuously interacts with hemodynamic forces,40 and pulsatile 
pressure could possibly be the main mechanical trigger for such failure. 

A major strength of this study is the large sample size and the high response rate. All 1,860 
carotid arteries were from 1,006 individuals from the general population who had early 
signs of atherosclerosis on ultrasound. A limitation of this study is the cross-sectional de-
sign, which restricts our interpretation of the data with respect to cause and consequence. 
Although it is theoretically possible that IPH, or more in general presence of atherosclerosis, 
lead to an elevation in PP, a causal link is more likely to be in the opposite direction. In ad-
dition, blood pressure measurements can be variable, therefore, we tried to minimize this 
phenomenon by using the mean of two blood pressure measurements. Furthermore, effect 
modification by smoking was examined using types of hypertension based on single blood 
pressure measurements, irrespectively of the clinical diagnosis and usage of antihyperten-
sive medication of the subjects. Also, plaques with wall thickness <2.0 mm were excluded 
because MRI differentiation between plaque components was not feasible in these small 
plaques. 

Perspectives
The present study is the first that investigated the association between different blood pres-
sure parameters and IPH in a large population-based study. We found that the pulsatile 
component, as indicated by PP, had the strongest association with IPH. The association was 
independent of traditional cardiovascular risk factors and other blood pressure compo-
nents. We found that the combination of current smoking and ISH strongly increased the 
risk of IPH. Repetitive deformations in the carotid artery induced by pulsatile flow may play 
an important role in atherosclerosis progression and plaque destabilization. The observed 
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association between pulsatile flow and IPH, and additionally the effect modifying effect of 
smoking, provide novel insights in the pathology of the vulnerable plaque. However, fur-
ther investigations are necessary to elucidate the pathophysiological mechanism. 
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Abstract 

Background: The relation between arterial stiffness and atherosclerosis, and specifically the
influence of arterial stiffness on plaque composition is largely unknown. In a population-
based study, we investigated the association between arterial stiffness and the presence and 
composition of carotid atherosclerotic plaques.

Materials and methods: Arterial stiffness was measured in 6,527 participants (67.0±8.6 years) 
using aortic pulse wave velocity (PWV). Presence of carotid atherosclerotic plaques was 
assessed with ultrasound. Subsequently, 1,059 of subjects with carotid plaques (>2.5mm) 
underwent magnetic resonance imaging to assess plaque composition (presence of intra-
plaque hemorrhage, lipid and calcification). Generalized estimation equation analyses, ad-
justed for age, sex, mean arterial pressure, heart rate, carotid wall thickening, pulse pressure 
and traditional cardiovascular risk factors were used to study the association between PWV 
and the presence and composition of carotid atherosclerotic plaques. 

Results: In multivariable analysis, higher PWV was independently related to higher preva-
lence of carotid atherosclerotic plaque on ultrasound (OR for highest quartile of PWV com-
pared to lowest quartile 1.24; 95% confidence interval (1.02-1.51)). Furthermore, higher PWV 
was associated with IPH (age- and sex-adjusted OR per SD increase in PWV: 1.20 (1.04-1.38) 
and calcification 1.18 (1.03-1.35), but not with lipid. After adjustment for cardiovascular risk 
factors, PWV remained significantly associated with IPH (1.20; 1.01-1.43). Additional adjust-
ment for pulse pressure did not materially affect the effect estimate (1.19;1.00-1.42).

Conclusions: Higher PWV is associated with presence and composition of carotid athero-
sclerotic plaques, in particular with IPH. These findings provide further clues for understand-
ing the development of vulnerable atherosclerotic plaque. 
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Introduction

Atherosclerosis located in the carotid arterial wall is an important cause of stroke. Carot-
id atherosclerotic plaques can be composed of various components, such as a lipid pool 
(with/without necrosis), calcification and intraplaque hemorrhage (IPH), and are covered 
by a layer of fibrous material (the fibrous cap).1 Plaques that contain a large necrotic core, 
IPH or thin fibrous cap, so-called vulnerable plaques, have been described to increase the 
risk of cardiovascular events.2-4 In the past decade, the relation between carotid IPH and an 
increased risk of acute neurologic events has been demonstrated.2,4-7 This underlines the 
importance to examine factors that may lead to atherosclerosis and in specific affect vulner-
able plaque development. 

Aortic pulse wave velocity (PWV), an established measure of arterial stiffness, was previously 
shown as an independent risk factor for stroke and cardiovascular mortality.8-11 Although 
arterial stiffness and atherosclerosis share some common determinants, such as increasing 
age, sex and hypertension,12 it is unknown whether a gradual stiffening of the arterial wall 
may accelerate development of vulnerable plaque components, such as IPH. In a previous 
study, we showed that a single, cross-sectional measurement of the pulsatile component of 
blood pressure was associated with IPH.13 Arterial stiffness is the principal cause of increas-
ing systolic blood pressure and pulsatility of flow, and therefore, PWV may reflect the cumu-
lative damage on the arterial wall. Several studies have investigated the relation between 
arterial stiffness and aortic or coronary calcifications.14-16 However, the relationship between 
arterial stiffness and carotid plaque components -either calcification or vulnerable plaque 
components- has received less attention. By examining the roll of vascular wall properties 
in the context of atherosclerosis formation, we aim to gain more insight in the etiology of 
the vulnerable plaque. 

Magnetic resonance imaging (MRI) has emerged as a non-invasive imaging modality that 
enables accurate identification of the main components of the atherosclerotic plaque.17,18 

The objective of this study was to investigate the association between arterial stiffness, 
as assessed by PWV, and the presence and various components of carotid atherosclerotic 
plaque in a large population-based cohort, using both ultrasound and MRI assessment of 
plaques. 

Materials and methods

Study population 
The Rotterdam Study I (RS-I) is a prospective population-based cohort study among 7,983
participants aged ≥55 years which started in 1990-1993 and aimed at investigating deter-
minants of various chronic diseases. In 2000-2001, the Rotterdam Study was expanded (RS-
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II) with 3,011 participants who had become ≥55 years of age or had moved into the study
district. In 2006, a further extension of the cohort was initiated (RS-III) in which 3,932 subjects 
were included, aged ≥45 years, fulfilling the same inclusion criteria as the original cohort. All 
participants are invited every three to four years to the research center for follow-up examina-
tions, including carotid ultrasonography. Arterial stiffness measurements by means of PWV 
were conducted in 1997-2001 (RS-I and RS-II) and in 2006-2007 (RS-III). Since 2007, carotid 
MRI scanning has been performed in the Rotterdam Study. All participants with carotid wall
thickening on a previous ultrasound examination were invited for carotid MRI scanning. The
Medical Ethics Committee of Erasmus Medical Center approved the study protocol and writ-
ten informed consent was obtained from all participants. The study procedures were in ac-
cordance with institutional guidelines.

Pulse wave velocity
Aortic PWV was measured with subjects in supine position. Measurements of PWV were per-
formed during the morning or afternoon (no specific time) and the subjects were non-fasting. 
The PWV was assessed with an automatic device (Complior Artech Medical, Pantin, France)19 
that measures the time delay between the rapid upstroke of the feet of simultaneously re-
corded pulse waves in the carotid artery and the femoral artery. The distance between the
recording sites in the carotid and the femoral artery was measured with a measurement tape
over the surface of the body. The PWV was calculated as the ratio between distance and the
foot-to-foot time delay, and was expressed in meters per second. Mean arterial pressure (MAP)
and heart rate (HR) were recorded simultaneously as described previously.11 

Ultrasound measurements
Ultrasonography of the common carotid artery, carotid bifurcation and internal carotid artery 
of the left and right carotid arteries was performed using a 7.5-MHz linear-array transducer 
(ATL Ultra-Mark IV). The ultrasonography protocol and reading has been described in detail
previously.20 For each individual, carotid wall thickening was determined as the maximum
near and far wall measurements. Carotid wall thickening was reported as present if intima-
media wall thickness (IMT) ≥2.5mm was observed in at least one of the carotid arteries.

Magnetic resonance imaging
Carotid MRI scanning was performed on a 1.5 Tesla scanner with a bilateral phased-array sur-
face coil. Two-dimensional (2D) time-of-flight MR angiography was performed to cover the
carotid bifurcation at both sides ranging from 15 mm caudal to 30 mm cranial from the point
of bifurcation. High-resolution images were obtained using a 30 minutes standardized pro-
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tocol that included four 2D axial sequences, (a) PDw Fast Spin Echo (FSE) Black-blood (BB) 
sequence with fat suppression; (b) PDw-FSE-BB sequence with an increased in-plane resolu-
tion; (c) a PDw-EPI sequence; (d) T2w-EPI sequence, and two 3D sequences (I) 3D-T1w-GRE 
sequence parallel to the common carotid artery, and (II) 3D phased-contrast MR-Angiography. 
Sequence parameters have been described in detail elsewhere.21 The quality of all MRI se-
quences was rated on a fi e-point scale (1=worst; 5=best).18 Scans were included in the analy-
ses if the image quality was scored ≥3 on all MRI sequences. All carotid arteries were reviewed
for presence of atherosclerotic plaques (≥2.0 mm on MRI) and we subsequently assessed each
plaque for the presence of IPH, calcification and lipid as p eviously described.21

Covariates 
Information on covariates was collected through home interviews or was measured at the 
study center visit as described previously.22 Based on weight and height, the body mass index 
(BMI) was calculated. Blood pressure was measured using a random-zero sphygmomanom-
eter at the study center visit and pulse pressure was calculated as the difference between the 
systolic and diastolic blood pressure. Serum total cholesterol and high-density lipoprotein 
(HDL) cholesterol values were measured using standard laboratory techniques. Smoking sta-
tus was classified as current, past and never. Diabetes mellitus was considered to be present 
when fasting blood glucose exceeded 7.0 mmol/L, when non-fasting glucose exceeded 11.0 
mmol/L, or when antidiabetic medication was used. Hypertension was defined as the use
of antihypertensive medication or a blood pressure of 140/90 mmHg or above.23 Antihyper-
tensive drugs included diuretics, betablocking agents, calcium blockers and ACE inhibitors.
History of myocardial infarction or stroke was assessed until date of inclusion as previously
described.24 

Population for analysis
PWV measurements were available in 6,915 the of Rotterdam Study participants, which is 
60% of the eligible subjects (n=11,740) in this cohort. Missing information on PWV measure-
ments was almost entirely due to logistic reasons, in particular malfunctioning equipment 
or unavailability of technicians. Among persons with PWV measurements, ultrasonography 
of the carotid arteries was available for 6,527 subjects (94%). Of these, 2,517 subjects had 
an atherosclerotic plaque ≥2·5mm in at least one of the carotid arteries. At the time of the 
present study, of these subjects, 1,439 had been invited for MRI of the carotid arteries. Of 
these, 380 subjects were not scanned because of claustrophobia, contraindications for MRI, 
refused to participate, or were excluded because of a scan with insufficient image quality. In 
the 1,059 subjects with an interpretable MRI scan, 1,979 carotid arteries had an atheroscle-
rotic plaque (>2.0 mm on MRI) and were used for further analyses.
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Statistical analysis
Data are expressed as mean±standard deviation (SD) for quantitative variables and percent-
ages for discrete variables. We used logistic regression models to assess the association be-
tween PWV and carotid wall thickening on ultrasound. PWV was analyzed both in quartiles 
of its distribution (categorical) and per SD increase (continuous) in these models. For the 
analyses with PWV in quartiles of its distribution, the first quartile, indicating the lowest arte-
rial stiffness, was used as the reference category. The model was first adjusted for age and 
sex (model 1) and additionally for MAP, HR, antihypertensive medication (model 2), pulse 
pressure (model 3) and cardiovascular risk factors (BMI, total cholesterol, HDL, smoking, dia-
betes and prevalent cardiovascular diseases (model 4). 

To study the association of PWV with different atherosclerotic plaque components on MRI, 
ORs were estimated per SD increase in PWV. To adjust for the correlation between plaques 
in the two carotid arteries of the same participant, we performed Generalized Estimation 
Equation (GEE) with an unstructured working correlation matrix including two levels per 
participant, namely the left and right carotid artery. All analyses were initially adjusted for 
age at PWV measurement, sex, time interval between PWV and MRI scan (model 1), MAP, 

(I) (II) (III)
Variable No plaque on US

IMT <2.5mm
(n=4,010)

Plaque on US 
IMT≥2.5mm
(n=2,517)

P* MRI population
(n=1,059)

P**

Age (years) 66.5 ± 9.0 67.7 ± 7.8 <0.001 66.2 ± 6.6 <0.001

Women 2451 (61.1) 1246 (49.5) <0.001 495 (46.7) 0.1

Body mass index, (kg/m2) 27.6 ± 3.8 27.7 ± 3.7 0.4 27.2 ± 3.5 <0.001

Total cholesterol (mmol/l) 5.6 ± 0.9 5.6 ± 1.0 0.5 5.6 ± 1.0 0.06

HDL-cholesterol (mmol/l) 1.5 ± 0.4 1.4 ± 0.4 <0.001 1.4 ± 0.4 0.3

Systolic blood pressure 146.4 ± 20.2 149.5 ± 20.8 <0.001 146.9 ± 20.1 <0.001

Diastolic blood pressure 81.8 ± 10.2 80.2 ± 10.7 <0.001 79.9 ± 10.9 0.02

Current smokers 899 (22.4) 764 (30.4) <0.001 320 (30.2) 0.4

Past smokers 1453 (36.2) 1065 (42.3) <0.001 471 (44.5) 0.1

Diabetes mellitus 538 (13.4) 455 (18.1) <0.001 150 (14.2) <0.001

Hypertension 3047 (76.0) 2093 (83.2) <0.001 832 (78.6) 0.001

Antihypertensive medication 1620 (40.4) 1203 (47.8) <0.001 456 (43.1) 0.07

History of myocardial infarction 304 (7.6) 310 (12.3) <0.001 110 (10.4) 0.2

History of stroke 99 (2.5) 98 (3.9) 0.001 32 (3.0) 0.05

Mean arterial pressure (mmHg) 105.0 ± 13.3 106.6 ±12.7 <0.001 104.7 ± 12.4 <0.001

Heart rate (bpm) 73.0 ± 14.3 72.7 ± 14.1 0.1 71.5 ± 14.2 0.001

Aortic pulse wave velocity (m/s) 12.5 ± 3.0 13.1 ± 3.1 <0.001 12.6 ± 2.7 <0.001

Table 1. Baseline characteristics of the study population 

Values are means ±standard deviation for continuous variables and percentages for dichotomous 
variables. US=ultrasound, IMT=intima-media thickness, HDL=high-density lipoprotein.
*age-adjusted p-values for difference between group I and II. ** age-adjusted p-values for differ-
ence between group II and III.
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HR, antihypertensive medication and carotid wall thickness (model 2), and subsequently 
also for pulse pressure (model 3). In models 4 and 5, we additionally added cardiovascular 
risk factors to the models without pulse pressure (model 2) and with pulse pressure (model 
3), respectively.

Because of the population composition, participants with PWV measurements conducted 
in 1997-2001 (RS-I and RS-II) had a longer time interval between PWV measurement and 
MRI compared to persons with PWV measurements in 2006-2007 (RS-III) (mean interval 
10.9±0.2 years and 0.8±2.3 years, respectively). To study the effect of this time interval, we 
additionally analyzed the association between PWV and plaque composition stratified for 
time interval and tested for effect modification. All analyses were carried out using SPSS 
Statistical Package version 20.0 (Chicago, IL, USA). Missing values in the covariates were 
imputed using the Expectation Maximization method.25 

Results

Amongst the 6,527 subjects (67.0±8.6 years) that underwent carotid ultrasonography, 2,527 
(39.6%) subjects had one or more carotid plaques of ≥2.5 mm. Table 1 shows population 
characteristics of participants with ultrasound carotid plaques compared to those without 
plaques. Comparison of both groups showed that subjects with atherosclerotic plaque had 
a higher prevalence of various cardiovascular risk factors, including lower HDL-cholesterol, 
higher systolic blood pressure, lower diastolic blood pressure, higher prevalence of smok-
ing, diabetes mellitus, hypertension, antihypertensive medication use, history of myocardial 
infarction and stroke (P<0.001). Of all persons with carotid plaque on ultrasound, to date, for 
1,059 subjects carotid MRI scanning was available (Table 1). Although the MRI population 
was significantly younger, had lower BMI, systolic and diastolic blood pressure, lower preva-
lence of diabetes mellitus, and hypertension compared to subjects with carotid plaque ≥2.5 
mm on US, the differences of the absolute values were small. 

Table 2 shows the association between PWV and presence of plaque on ultrasound. In all 
models, higher quartiles of PWV were significantly associated to presence of plaque, when 
compared to the lowest quartile of PWV. Associations attenuated when additionally adjusted 
for pulse pressure (model 3), but remained significant for the second, third and fourth quartile 
of PWV compared to the first quartile, with respective ORs (95%CI) of 1.18 (1.01-1.37), 1.41
(1.19-1.66) and 1.27 (1.05-1.54). Subsequently, we investigated whether PWV was linearly relat-
ed with the presence of plaque, but the linear trend for the association between PWV (per SD 
increase) and presence of plaques was not significant in the full model (OR of 1.06 (0.99-1.14)).

Table 3 describes the MRI plaque characteristics in 1,979 carotid arteries with wall thick-
ening on MRI. Median (interquartile range) of carotid wall thickness on MRI and degree 
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of stenosis was 3.0 (2.6-3.6) mm and 4.3 (0-
20.6)%, respectively. MRI revealed presence 
of IPH in 520 (26.3%), lipid in 552 (27.9%) 
and calcification in 1,444 (73%) of carotid 
plaques.

Table 4 shows the association of PWV (per 
SD increase) with presence of the various 
MRI-defined plaque components. PWV 
was significantly associated with presence 
of IPH (age-, sex- and interval-adjusted OR 
per SD increase in PWV 1.20 (1.04-1.38)) 
(model 1). Additional adjustments for MAP, 
HR, antihypertensive medication, carotid 
wall thickness (model 2) and pulse pressure 
(model 3) only slightly attenuated this asso-
ciation. In the fully adjusted model (model 
5), each SD increase in PWV increased the 
likelihood of IPH by approximately 20% (OR 
1.19, 95%CI 1.00-1.42, P=0.05). The OR for 
the association between PWV and lipid was 
1.13 (0.97-1.31), but lacked statistical signif-
icance. The association between PWV and 
calcification was inconclusive; although in 
model 1 the association was significant OR 
1.18, 95%CI 1.03-1.35, p=0.02), in multivari-
able analyses the effect size decreased, and 
was no longer significant (OR 1.10 95%CI 
0.93-1.31, p=0.2).

The analyses stratified for time interval 
between PWV and MRI showed no effect 
modification by time interval (supplemen-
tary table I). In both strata, the association 
between PWV and IPH was similar. Only for 
calcification, the effect estimate between 
PWV and presence of calcification was 
larger in the stratum with short time in-
terval compared to long time interval (OR 
1.59 versus 1.10; p-interaction = 0.8). (suppl 
table I).  
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DISCUSSION

In this large, population based cohort, we provide evidence that arterial stiffness is asso-
ciated with presence and composition of carotid atherosclerotic plaques in the general 
population. By measuring aortic PWV, we found that arterial stiffness was independent-
ly associated with presence of plaques in the carotid arteries. Furthermore, among in-
dividuals with a plaque in the carotid arteries, arterial stiffness was an important deter-
minant of IPH, independent of plaque size, pulse pressure and other cardiovascular risk  
factors. Associations between arterial stiffness and lipid or calcification were less pro-
nounced. 

Table 3. Plaque characteristics on MRI (n=1,979 carotid arteries)

Values are presented as median (interquartile range) for continuous variables and percentages for 
dichotomous variables. 

Plaque characteristics on MRI (n=1,979 carotid arteries)
Carotid wall thickening on MRI (mm) 3.0 (2.6-3.6)

Degree of stenosis (%) 4.3 (0-20.6)

Presence of IPH 520 (26.3)

Presence of lipid 552 (27.9)

Presence of calcificatio 1444 (73.0)

Model Intraplaque haemorrhage
OR     (95%CI)       P

Lipid 
OR     (95%CI)      P

Calcification
OR     (95%CI)      P

Model 1 1.20   (1.04-1.38)   0.01 1.06   (0.92-1.21)   0.4 1.18   (1.03-1.35)   0.02

Model 2 1.22   (1.03-1.45)   0.03 1.10   (0.95-1.28)   0.2 1.14   (0.97-1.35)   0.1

Model 3 1.21   (1.01-1.44)   0.03 1.12   (0.96-1.30)   0.2 1.12   (0.95-1.32)   0.2

Model 4 1.20   (1.01-1.43)   0.04 1.11   (0.96-1.29)   0.2 1.13   (0.95-1.33)   0.2

Model 5 1.19   (1.00-1.42)   0.05 1.13   (0.97-1.31)   0.1 1.10   (0.93-1.31)   0.3

Table 4. Association between pulse wave velocity (per increase in standard deviation) and various 
plaque components (n=1,979 carotid plaques).

Model 1: adjusted for age, sex and time interval between PWV and MRI measurement.

Model 2: adjusted as in model 1 + mean arterial pressure, heart rate, antihypertensive medication 
and carotid wall thickness

Model 3: adjusted as in model 2 + pulse pressure,.

Model 4: adjusted as in model 2 + body mass index, total cholesterol, HDL-cholesterol, smoking, 
diabetes, history of myocardial infarction or stroke. 

Model 5: adjusted as in model 3 + body mass index, total cholesterol, HDL-cholesterol, smoking, 
diabetes, history of myocardial infarction or stroke. 

OR=Odds ratio, CI=confidence interval, PWV = pulse wave velocity, MRI=magnetic resonance 
imaging.
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Our finding that PWV is associated with presence of carotid atherosclerosis is in agreement 
with the Atherosclerosis Risk in Communities (ARIC) Study. In over 10,000 subjects, reduced 
arterial elasticity was significantly associated with carotid intima-media thickness (IMT) in 
the 90th percentile.26 Also within the Rotterdam Study, it was previously shown that mean 
PWV was higher in subjects with moderate and severe carotid plaque score as compared 
to those without plaque.27 However, our study extended this previous study population 
with on average younger subjects of additional cohort extensions (RS-II and RS-III) and we 
restricted definition of carotid atherosclerosis to IMT of ≥2.5 mm. Carotid intimal thicken-
ing represents one of the earliest manifestations of subclinical atherosclerosis. It has been 
suggested that lower degrees of IMT an adaptive response to local hemodynamic changes 
may be reflected rather than atherosclerotic thickening, which is represented beyond a 
certain level.28 According to the Cardiovascular Health Study, 0.9 mm was considered as 
the threshold for the association with an increased risk of myocardial infarction and stroke 
in participants older than 65 years.29 Our definition of plaque (IMT ≥2.5 mm) might thus be 
regarded as a more advanced manifestation of atherosclerosis. This is supported by earlier 
works in which, in 564 healthy subjects, arterial stiffness independently correlated with ca-
rotid atherosclerotic plaques, but not with diffuse common carotid intimal thickening at the 
plaque free sites.30

Additionally, we found arterial stiffness to be differently associated with different plaque 
components, suggesting involvement of vascular wall properties in the formation of the 
various plaque components. Studies investigating the relation between arterial stiffness 
and plaque composition are scarce. Moreover, ultrasonography, the most commonly used 
imaging modality for carotid plaque evaluation, is limited to a differentiation between 
echogenic and echolucent plaques.15,31,32 The use of MRI for the assessment of plaque com-
position has now been widely accepted, and MRI has the ability to reliably assess presence 
of IPH, lipid and calcification.17,18 One study that investigated arterial stiffness, measured as 
carotid distensibility, and plaque composition as detected with MRI found no association 
between carotid distensibility and plaque composition.32 A difference between that study 
and ours is that local distensibility was measured instead of the global parameter pulse 
wave velocity. 

The most interesting finding of our present study is that arterial stiffness is associated with 
the presence of IPH in the general population. This is important as IPH is considered as a risk 
indicator for plaque instability.4-7 Several mechanisms may explain the association between 
arterial stiffness and IPH. Arterial stiffening may lead to early pulse wave reflection causing 
an increase in central systolic blood pressure, a decrease in diastolic blood pressure, and 
a subsequent increase in pulse pressure.11 We have previously shown that out of several 
blood pressure components, pulse pressure was the strongest determinant of IPH13. When 
we controlled our current analyses for pulse pressure in model 3, associations attenuated 
somewhat, but we found PWV to be still associated with both plaque presence and with 
IPH. This indicates that PWV is associated with IPH independent of pulse pressure. Yet, we 
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should note that there is a complex relation between pulse pressure and arterial stiffness. 
There is some evidence33 that this relationship may be bidirectional and may be amplified 
by atherosclerosis: on one hand the presence of atherosclerotic changes may impair the 
elastic properties of the wall, while on the other hand a reduced large artery compliance 
enhances wave reflection and augmentation of the pulsatile component of blood pres-
sure, leading to the progression of atherosclerotic changes. Therefore, pulse pressure can be 
considered both a cause and consequence of arterial stiffness.34 In this sense, adjustment 
for pulse pressure may have been an overadjustment and our models that included pulse 
pressure may have somewhat underestimated the association of PWV with plaque pres-
ence and plaque components.35 Therefore, for all analyses we provide a full model with and 
without the addition of pulse pressure (model 4 and 5).

The functions of the arterial system are to deliver blood to the periphery and to transform 
the left ventricular ejection into a continuous flow.36 High pulsatility as consequence of 
a less distensible aorta may be transferred down to arterioles37 and possibly, also to the 
microcirculation. Subsequently, it can be hypothesized that higher flow pulsations due to 
arterial stiffness may extend more deeply into the fragile neovasculature within the vulner-
able plaque, causing IPH. This hypothesis is consistent with several studies that showed a 
relation between reduced compliance in large arteries and pathologic conditions that are 
related with flow disturbances in the microcirculation.38-41 In a cross-sectional population 
study, increased brachial-ankle PWV affected the microcirculation in brains and kidneys in 
a way leading to respectively cerebral asymptomatic lacunar infarction40 and renal albu-
minuria.41 In another population study that included 443 healthy subjects, PWV was signifi-
cantly associated with silent cerebral microbleeds on brain MRI.38 Also, one study reported 
a relation between arterial stiffness and microangiopathy in a diabetes type 1 population.39 

On a local level, another aspect that needs to be considered is the fluid dynamics, which 
can underlie the connection between arterial stiffness and atherosclerotic plaque. Al-
though flow in the common carotid artery has a laminar profile, this can evolve to velocity 
profile skewing at the carotid bifurcation, leading to regions in which the wall shear stress 
is low.42 Atherosclerotic plaques tend to occur preferentially in these low wall shear stress 
sites.43 These plaques can lead to stiffer walls, which in its turn may influence the plaque 
composition, and especially IPH as discussed before. Subsequently, the wall stiffening may 
also lead to alterations in the local wall shear stress. Although the connection between wall 
shear stress and IPH may be indirect, computational fluid dynamic models could be used to 
address this complex relationship. 

Our finding that PWV was relatively weaker associated with lipid than with presence of 
calcification is supported by a previous study that investigated the carotid arteries of 561 
healthy volunteers on ultrasound.31 PWV was shown to be independently associated with 
echogenic, but not with echolucent plaques. Echogenic plaques are presumed to have 
higher contents of fibrous tissue and calcification.44 Changes in the ratio of collagen to 
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elastin rather than deposition of lipid have been known to affect the elastic behavior and 
function of the arterial wall.45,46 It has been suggested that degeneration of elastin renders 
the arterial wall to be more susceptible to calcification15 and thus leads to less distensi-
bility. Nevertheless, we did not find a pronounced association between arterial stiffness 
and plaque calcification, although this would have been expected from the biomechani-
cal perspective that calcification leads to vessel stiffening. One explanation may be that 
PWV reflects global arterial stiffness and not necessarily vessel stiffness on the calcified site. 
Also, it is known that carotid calcification load only moderately correlates with aortic cal-
cification.47 Previous studies found inconsistent associations between arterial stiffness and 
plaque calcification.32,48 A previous cross-sectional study within the Rotterdam Study found 
an independent association of arterial stiffness, measured as carotid-femoral PWV and ca-
rotid distensibility coefficient, with carotid calcification.49 In contrast to our study, calcifi-
cation was measured using computed tomography (CT) and quantified according to the 
Agatston score. Whereas with MRI we can only distinguish between presence or absence of 
calcification, with CT and the Agatston score more detailed and quantitative information is 
captured about the amount of calcification. Furthermore, PWV was measured on average 
4.7 years prior to the CT, but up to 10.9 years before the MRI scanning. Although we found 
no significant effect modification of the time interval between PWV measurement and MRI, 
the lack of a pronounced association between PWV and calcification in the present study 
may have been influenced by the relatively long interval in part of our population, as the 
association with calcification tended to be weaker with increasing distance between mea-
surements. 

This study is limited by several methodological aspects which need to be discussed. Firstly, 
identification of plaque characteristics within very small plaques (<2 mm) was not feasible 
due to constraints in spatial resolution of MRI. This may have resulted in an underreporting 
of the prevalence of the different plaque components. 

Secondly, we cannot completely exclude a possible link between arterial stiffness and lipid 
plaques, because application of contrast enhanced MRI, which improves identification of 
lipid, was not possible in this population-based setting. 

Third, we did not measure arterial stiffness and plaque calcification on the same location, 
which may have reduced the association of arterial stiffness with this plaque component.

In conclusion, our study shows that pulse wave velocity is associated with presence of ath-
erosclerotic plaques and with plaque composition, in particular IPH. These findings provide 
further clues for understanding the development of vulnerable atherosclerotic plaque.
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Abstract

Background: Ischemic stroke is more often diagnosed in the left hemisphere than in the 
right. It is unknown whether this asymmetrical prevalence relates to differences in carotid 
atherosclerosis. We compared atherosclerotic plaque prevalence, severity and composition 
between left and right carotid arteries.

Materials and methods: In a population-based cohort, carotid MRI scanning was per-
formed in 1414 stroke-free participants (≥45 years). Using a multisequence MR protocol, we 
assessed the prevalence, stenosis and thickness of the plaque and its predominant com-
ponent, i.e. lipid core, intraplaque haemorrhage (IPH), calcification, or fibrous tissue in each 
carotid artery. Differences between left and right side were tested using paired t tests, Mc-
Nemar’s test and Generalized Estimating Equation analyses.

Results: The majority (85%) of the participants had bilateral carotid plaques. Unilateral 
plaques were twice more prevalent on the left than on the right side (67% vs. 33%, P<0.001). 
Plaque thickness was also greater on the left (3.1±1.2 vs. 2.9±1.3 mm; P<0.001); degree of 
stenosis did not differ. IPH and fibrous tissue were more prevalent on the left (9.1 vs. 5.9%; 
P<0.001 and 45.0 vs. 38.5%; P<0.001), while calcification occurred more often on the right 
(37.4 vs. 31.6% at the left; P<0.001). Lipid was equally distributed. 

Conclusions: Carotid atherosclerotic plaque size and composition are not symmetrically 
distributed. Predominance of IPH in left-sided carotid plaques suggests a greater vulnerabil-
ity as opposed to right-sided plaques, which are more calcified and therefore considered 
more stable. 
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Introduction

Atherosclerotic disease in the carotid arteries is a major cause of ischemic cerebrovascular 
events.1 In patient-based series, a significantly higher proportion of ischemic events is di-
agnosed in the left hemisphere than in the right.2-4 Infarctions in the left hemisphere are 
more likely to be recognized, because most people have a dominant left hemisphere for 
language processing, while infarctions in the right hemisphere may be accompanied by a 
more easily overlooked cognitive deficit or apraxia.3-5 Yet, an alternative hypothesis for the 
higher incidence of events in the left hemisphere may be related to a higher prevalence, 
severity or vulnerability of atherosclerotic disease in the left carotid artery. 

Although atherosclerosis is considered a systemic disease, its distribution across the vascu-
lar system is not uniform, and it is thought to depend on several factors, including vessel 
geometry.6,7 Furthermore, it is feasible that not only plaque severity, but also plaque com-
position vary according to location.8 Some plaque components, such as intraplaque hemor-
rhage (IPH), are presumed to enhance vulnerability of the plaque, whilst calcification may 
promote plaque stability.9 Asymmetry in plaque characteristics between the left and right 
carotid artery has been poorly investigated, in particular with respect to vulnerable plaque 
components. Most studies that focused on plaque asymmetry were conducted within clini-
cal or patient-based settings and are therefore often subject to selection bias. A population-
based study with asymptomatic individuals is therefore the best setting to study the natural 
history of plaques.

In this study, we assessed in 1414 stroke-free individuals with magnetic resonance imaging 
(MRI) the prevalence, severity and composition of atherosclerotic carotid plaque and in-
vestigated whether these characteristics differed between the left and right carotid artery. 

Materials and methods

Study population
The Rotterdam Study is a prospective population-based cohort study in subjects aged ≥45 
years, as detailed elsewhere.10 All study participants routinely undergo carotid ultrasonog-
raphy to assess carotid intima-media thickness (measured as maximum distance between 
the near and far wall).11 Of 10073 participants with carotid ultrasound, 3795 participants 
(38%) had wall thickness ≥2.5 mm in at least one carotid. Participants who passed away, 
moved out of the study area or were physically disabled (n=701) or had known MRI contra-
indications (n=428) could not be invited. In total, 2666 participants were invited for carotid 
MRI scanning. Subsequently, 684 participants did not undergo MRI scanning, because of 
claustrophobia (n=57), physical restrictions (n=191), contraindications (n=115), refusal to 
participate (n=272), no show or lost to follow-up (n=49). The remaining 1982 participants 
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(74% of those initially invited) underwent MRI of both carotids. Scans were excluded if im-
age quality was bad (n=95), if no plaques ≥2mm were observed on both sides (n=41) or 
if scanning was incomplete due to claustrophobia (n=106). We furthermore excluded 87 
participants with a history of transient ischemic attack or stroke. For 238 scans, analyses 
were not completed at the time of this study. This resulted in 1414 complete carotid MRI 
scans. The Medical Ethics Committee approved the study and all participants gave written 
informed consent. 

MRI acquisition 
Scans were obtained with a 1.5-Tesla scanner (GE Healthcare, Milwaukee, WI, USA) with a 
bilateral phased-array surface coil (Machnet, Eelde, the Netherlands). 2D time-of-flight MR 
angiography covered the carotid bifurcation on both sides, ranging from 15 mm caudally 
to 30 mm cranially from the bifurcation. All exams were found to have sufficient coverage 
bilaterally. A standard scanning protocol was used and included: proton density-weighted 
(PDw)-fast spin echo (FSE)-black blood (BB) sequence; PDw-echo planar imaging (EPI) se-
quence; T2w-EPI sequence, 3D-T1w-gradient echo (GRE) sequence and 3D phased-contrast 
MR angiography.12 Total scanning time was approximately 30 minutes.

Image review
Image quality was assessed and found sufficient in 95% of scans.13 In both carotids, PDw-
FSE images were used to measure maximum carotid wall thickness, minimal luminal diam-
eter and the distal luminal diameter.14 Luminal stenosis was then calculated according to 
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria.15 Plaques 
were visually reviewed for prevalence of three different plaque components; calcification, 
intraplaque haemorrhage, and lipid core. Intraplaque hemorrhage was defined as a hyper-
intense region in the atherosclerotic plaque on the 3D-T1w-GRE sequence. Calcification 
was defined as a hypointense region on all sequences, but mainly on the magnitude im-
ages of the 3D-PC-MRA sequence. Lipid was defined as a region not classified as intraplaque 
haemorrhage or calcification on PDw-FSE, PDw-EPI and T2w-EPI images, and with a relative 
signal-intensity drop in the plaque on the T2w-EPI sequence.13,16,17 Prevalence of multiple 
components was permissible within one plaque. Furthermore, one of these components 
was also selected as the most predominant component, which we defined as a single main 
component that covered the largest proportion of the plaque based on visual assessment. 
Hereby, fibrous tissue was added as an additional option if other components were absent 
or only minimally present.16,17 Plaques were reviewed for plaque characteristics with a stan-
dardized evaluation protocol by one of two trained observers (MS and QvdB), blinded to 
all participant characteristics, overseen by a Radiologist (AvdL) with 12 years of experience. 
In cases of doubt or disagreement, the judgment by the expert was considered definite. 
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Inter-rater agreement for predominant and prevalent component (n=60 carotid arteries) 
was excellent (κ 0.88-0.94)12

Cardiovascular risk factors
Information on cardiovascular risk factors was obtained from the closest research center visit 
prior to the MRI scanning and measured as described previously.12 Hypertension was defined 
as the use of antihypertensive medication or blood pressure of ≥140/90 mmHg. Serum total 
cholesterol was measured using standard laboratory techniques. Smoking status was classi-
fied as ever or never. Diabetes mellitus was considered present when fasting blood glucose
exceeded 7.0 mmol/L, when non-fasting glucose exceeded 11.0 mmol/L, or when antidiabet-
ic medication was used. A history of cardiovascular disease was defined as a history of myo-
cardial infarction until date of MRI.18 

Statistical analysis
Differences in prevalence, stenosis, thickness and composition of atherosclerotic plaques be-
tween the left and right carotid arteries were tested using paired t-tests for continuous vari-
ables and McNemar’s test for categorical variables. A value of zero was substituted for plaque 
thickness and degree of stenosis if atherosclerotic plaque was absent on one side. To adjust for 
confounders and take into account within-subject correlations between the two carotid arter-
ies, we used Generalized Estimation Equation analyses. These analyses were modeled with an 
unstructured working correlation matrix that included two levels per participant, i.e. left and 
right carotid artery. We studied effect modification by age, by entering an interaction term in 
the model. Odds ratios (ORs) and corresponding 95% confidence intervals (CIs) adjusted for age, 
sex and carotid wall thickness were estimated per predominant component. All analyses were 
carried out using the Statistical Package for Social Sciences (SPSS) version 20.0 (Chicago, IL, USA).

Results

Carotid atherosclerotic plaque characteristics on MRI were available for 1414 asymptomatic 
participants (table 1), with mean age of 72.0±9.6 years and 749 men (53%). Overall, 1196 
subjects (85%) had plaque in both carotid arteries. Among the 218 subjects with unilat-
eral plaque, left-sided plaques were twice as prevalent as right-sided plaques (145 vs. 73, 
P<0.001). This did not differ across men and women (72 left-sided vs. 31 right-sided in men; 
P<0.001 and 73 vs. 42 in women; P<0.001). However, individuals with unilateral left-sided 
plaques were significantly younger than participants with unilateral right-sided plaques 
(68.3±10.0 vs. 71.2±10.4 years; P 0.04).
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Asymmetry of plaque severity and plaque composition is presented in table 2. Whereas 
overall carotid wall thickness was slightly greater on the left than on the right (3.1±1.2 mm 
vs. 2.9±1.3 mm, P<0.001), the degree of luminal stenosis did not differ. Also, the degree of 
clinically relevant stenosis did not differ between sides: 64 (4.5%) participants had stenosis 
>50% on the left side vs. 72 (5.1%) on the right side (p=0.4). Lipid and IPH were both more 
frequent in left carotid artery plaque than on the right (lipid 27.6% vs. 23.4%; P 0.006 and IPH 
23.1% vs. 19.7%; P 0.01), while calcification was equal on both sides. 

When we assigned just a single component as the most predominant component, we 
found IPH and fibrous tissue both to be more often predominant on the left than on the 
right (9.1 vs. 5.9%; P<0.001 and 45.0 vs. 38.5%; P<0.001; Table 2). In contrast, calcification was 
the predominant component more on the right than on the left (37.4 vs. 31.6%; P<0.001). 
Lipid was distributed equally. Similar trends were found for men and women (Table 2). There 
was no interaction between plaque characteristics and age (data not shown). An example 
of asymmetry in predominant plaque components is presented in figure 1.

Figure 2 shows the odds ratios for the predominance of a specific plaque component on 
the left side, adjusted for age, sex and maximal wall thickness. The right side was used as 
the reference. The OR for IPH or fibrous tissue on the left side was 1.5 [95%CI 1.1-1.9] and 1.1 
[95%CI 1.1-1.4] respectively, and was 0.7 for calcification [0.6-0.8]. 

A

B
*

* *

*

R L

Figure 1. Axial magnetic resonance images of a participant with left-sided intraplaque hem-
orrhage and right-sided calcification. The carotid arterial lumen is marked with an asterisk. A. 
T1w-gradient echo sequence: black arrowhead indicates hyperintense signal corresponding with 
intraplaque hemorrhage. B. Phased-contrast magnetic resonance angiography: white arrow indi-
cates hypointense signal corresponding with calcification.
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Discussion

Within a large cohort of stroke-free individuals, we demonstrated that plaque prevalence, 
severity and composition are not equally distributed among the left and right carotid ar-
teries. Although most individuals had bilateral carotid disease, unilateral plaque was more 
usually located on the left, and left-sided plaques were also thicker than the contralateral 
side. Whereas IPH and lipid were most prevalent in left-sided plaques, these plaques were 
predominantly composed of IPH and fibrous tissue. In contrast, right-sided plaques were 
predominantly composed of calcification, which is considered more stable and therefore 
less likely to result in thromboembolic complications. These findings suggest that athero-
sclerotic plaques on the left are more vulnerable than on the right.

IPH=intraplaque hemorrhage. SD=standard deviation. Note that percentages of prevalent 
components do not add up to 100%, because multiple components per plaque could be 
present. Percentages of predominant component, expressed as proportion of the 1414 ca-
rotid arteries, do not add up to 100%, because a proportion of carotid arteries did not have 
an atherosclerotic plaque.

Figure 2. Overall odds ratio’s for the 
predominance of a specific plaque 
component in the left carotid 
artery. The right carotid artery was 
used as the reference.
*P-value <0.05 estimated adjusted
for age, sex and carotid wall thick-
ness.

Variable All (n=1414) Men (n=749) Women (n=665) P-value 

Age, years±SD 72.0±9.6 71.4±9.4 72.8±9.7 0.008

Hypertension, n (%) 1057 (74.8) 570 (76.1) 487 (73.2) 0.05

Total cholesterol mmol/L±SD 5.7±1.0 5.4±1.0 5.9±1.0 <0.001

Ever smoking, n (%) 1047 (74.0) 637 (85.0) 410 (61.7) <0.001

Diabetes mellitus, n (%) 200 (14.1) 124 (16.6) 76 (11.4) 0.005

Statin use (%) 375 (26.5) 229 (30.6) 146 (22.0) <0.001

History of cardiovascular disease, n (%) 128 (9.1) 91 (12.1) 37 (5.6) <0.001

Categorical variables are presented as numbers (%). Continuous variables are presented as 
mean±SD. P-values indicate age-adjusted difference between men and women.

Table 1. Baseline characteristics of the population
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Important strengths of this study are its pop-
ulation-based design and the large number 
of stroke-free individuals who underwent 
carotid plaque characterization with MRI. 
Yet, not all participants with atherosclerotic 
plaque on carotid ultrasound underwent 
carotid MRI scanning, due to both logistical 
and participant-related reasons. Although 
this may have led to selection bias, we ex-
pect this to be non-differential. Restrict-
ing our study to a stroke-free population 
allowed us to generalize our findings to 
asymptomatic individuals. Because of this in-
clusion criterion, persons with highly vulner-
able plaques may have had symptoms and 
been excluded from the study. Due to the 
preponderance of left-sided strokes among 
symptomatic persons, it is thus feasible that 
we may have underestimated left-sided vul-
nerable plaques. 

Although MRI is currently regarded as the 
most reliable method for in vivo assess-
ment of plaque composition, small plaques 
(<2.0 mm) could not be characterized due 
to constraints in spatial resolution of MRI. 
Furthermore, we could not apply contrast-
enhanced sequences because we are in-
vestigating healthy subjects. Hence, distin-
guishing lipid from fibrous tissue was more 
difficult,19 possibly resulting in an underesti-
mation of the presence of lipid or an over-
estimation of fibrous tissue, although we 
do not expect a predilection for a particular 
side. A further limitation is that fibrous tissue 
was defined per exclusionem of other com-
ponents, which may have led to underesti-
mation of this component. Image reviewing 
was performed by two observers, who were 
not blinded to the side of the carotid artery. 
We should therefore consider potential ob-
server bias, though the observers were at Pl
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time of rating unaware of potential left-right differences, and inter-rater reliability was very 
high.

The higher prevalence of subjects with left-sided unilateral plaques and the significantly 
younger age of these subjects support a predisposition of atherosclerotic plaques in the left 
carotid artery. We found a slight but significant difference in wall thickness between the left 
and right carotid artery. This finding is consistent with a previous study that found a thicker 
intima-media thickness in the left common carotid artery than in the right using B-mode 
ultrasonography.20 A greater wall thickness may indicate more plaque growth.

In asymptomatic subjects with mild stenosis, plaque growth might be accompanied by 
outward remodelling of the plaque.21 This may explain why we did not find a difference in 
(clinically relevant) luminal stenosis between both sides. Yet, it is important to realize that 
a substantial proportion of strokes are caused by stenosis22,23, probably due to variations in 
plaque composition rather than lumen narrowing.1

Regarding plaque composition, we found that IPH occurred predominantly and more often 
on the left side. IPH is considered an important indicator of vulnerable plaques.1 Vulnerable 
plaques, and in particular IPHs, are gaining importance because they may lead to plaque 
rupture and subsequent ischemic stroke.24-26 Whereas left-sided plaques have a more vul-
nerable phenotype, right-sided plaques were predominantly composed of calcification. 
Calcifications have been suggested to increase plaque stability, because they are associated 
with lower risks of cerebrovascular complications27-29, and therefore considered as a more 
favorable phenotype of carotid atherosclerosis. Atherosclerotic plaques can remain stable 
for many years without surface rupture and subsequent cerebrovascular complications.26 

 In studies that compared carotid atherosclerotic plaques in symptomatic and asymp-
tomatic subjects, calcified plaques were less likely to be symptomatic than non-calcified 
plaques and asymptomatic patients had a higher calcification content than symptomatic 
patients.27-29

We found more predominant fibrous tissue and prevalent lipid on the left, which may also 
reflect higher vulnerability, although their contributions to plaque instability are less con-
clusive than IPH. Enlargement of the lipid pool may result in development of a necrotic 
core, initiating a cascade with fibrous cap erosion or rupture.1 However, the role of lipid and 
fibrous tissue in plaque instability, in health subjects, has not been determined. 

Few studies have compared plaque components between the left and right carotid arteries 
and usually only distinguish between calcified and non-calcified plaques.30,31 In fifty pairs 
of carotid arteries from cadaveric donors, plaque calcification, quantified using electron 
beam computed tomography, was found to be similarly distributed between both carotid 
arteries.31 Whereas the authors used cumulative volume of calcification for comparison,  
we assessed the prevalent and predominant component. It should be noted that abso-
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lute volumes do not reflect the proportion of specific components within a plaque. We 
overcame this by defining a predominant plaque component, which can be more easily 
assessed. 

Whereas sex differences regarding the severity of atherosclerosis are widely known, stud-
ies that assess gender differences in plaque composition are scarce. In a recent MRI study 
amongst 96 patients with mild stenosis, vulnerable plaque characteristics, such as a thin or 
ruptured fibrous cap and IPH, were significantly higher in men than in women.32 We also 
found asymmetry in plaque composition across sexes, although IPH was more prevalent on 
the left in women and more predominant on the left in men.  

Differences in plaque thickness and composition between both carotid arteries may be 
explained by geometrical factors, such as bifurcation angle, the configuration of the left 
carotid artery to the aortic arch or because of the direct connection of the left carotid artery 
to the aortic arch as opposed to the right carotid artery that arises from the brachiocephalic 
artery. Vessel anatomy in turn influences the hemodynamic forces and as such the left ca-
rotid artery may be exposed to higher arterial pressures.6,33 Flow models have shown that 
atherosclerotic plaques preferentially develop in areas with low wall shear stress, such as at 
bifurcations or inner curves.34 Wall shear stress and stress inside the vessel wall may affect 
plaque formation and composition by causing alterations in wall structure and metabo-
lism.34-36 The role of these local factors has been scarcely investigated in vivo. However, we 
believe that studying their contributions may help understand the variation between left 
and right carotid atherosclerosis and should be considered in future studies.

This study was initiated because of the reported high incidence of left-sided strokes,2-4 which 
has been explained by the fact that left-sided strokes cause more apparent symptoms. Al-
though we found an asymmetry in plaque prevalence and composition between the left 
and right carotid artery, these side-differences seem to be too small to explain the higher 
incidence of left-sided strokes. Nevertheless, it is important to identify local or systemic fac-
tors underlying these asymmetrical differences in plaque composition, and to gain insight 
into the factors that lead to development of side-specific vulnerable plaque characteristics. 
Understanding these pathways could improve risk prediction of stroke, and contribute to 
the prevention of stroke in primary care.
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Abstract

We present a method for carotid vessel wall volume quantification from Magnetic Reso-
nance Imaging (MRI). 

The method combines lumen and outer wall segmentation based on deformable model 
fitting with a learning-based segmentation correction step. After selecting two initialization 
points, the vessel wall volume in a region around the bifurcation is automatically deter-
mined. The method was trained on 8 datasets (16 carotids) from a population-based study 
in the elderly for which one observer manually annotated both the lumen and outer wall. 
Evaluation was done on a separate set of 19 datasets (38 carotids) from the same study for 
which two observers made annotations. Wall volume and normalized wall index measure-
ments resulting from the manual annotations were compared to the automatic measure-
ments. 

Our experiments show that the automatic method performs comparably to the manual 
measurements. 

All image data and annotations used in this study together with the measurements are 
made available through the website http://ergocar.bigr.nl.
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Introduction

The prevalence of cardiovascular diseases (CVDs) is rising and heart disease is the leading 
cause of death in the western world, claiming approximately one out of every five lives 
(Roger et al 2011). Atherosclerosis, a disease of the vessel wall, is the primary cause of CVD. 
Atherosclerotic wall thickening in the carotid arteries can cause a narrowing or total oc-
clusion of the lumen. Atherosclerotic plaque that does not cause occlusion may still lead 
to clinical events because of rupture and development of thromboembolism, which may 
subsequently lead to cerebral ischemia (Glagov et al 1987). Consequently, much research is 
aimed at finding parameters that describe the plaque, and which can be used for improv-
ing risk stratification and for monitoring the progression of atherosclerotic disease. One of 
those parameters is the size of the plaque and its relation to the size of the vessel.

Magnetic resonance imaging (MRI) is an important means to monitor and quantify the state 
of the vessel wall and lumen. Several studies have shown the possibility to visualize the ves-
sel lumen and outer wall on MRI (Dehnavi et al 2007, Takaya et al 2006, Varghese et al 2005, 
Zhang et al 2003, Kang et al 2000, Yuan et al 1998). Annotation of both the lumen border 
and the outer vessel wall is a laborious task. Therefore, several researchers have proposed 
automatic wall segmentation methods (Yuan et al 1999, Van ’t Klooster et al 2012). Although 
calculating the volume of the vessel wall is straightforward once a segmentation is per-
formed, a comparison between automatic and manual wall volume measurements has, to 
the best of our knowledge, not yet been done.

In this paper, we present an automatic method to measure carotid wall volume from MR 
images. The contribution is fivefold.

(i)  Theautomatic method combines a deformable model approach (Van’tKloosteretal2012) 
with a learning-based postprocessing step in which systematic segmentation errors 
of the deformable model fitting are corrected. The idea behind this segmentation 
correction was developed by Wang et al (2011). However, the method described in 
Wang et al (2011) was designed for the brain structure segmentation, we modified it 
such that it can handle vessel-shaped structures. 

(ii)  An intensity inhomogeneity correction method is designed to compensate for the 
nonuniform sensitivity pattern of the RF surface coils. 

(iii)  A training set of eight subjects with manual annotations is used to exhaustively opti-
mize a number of algorithm parameters. 

(iv)  The final algorithm is evaluated on a different set of 19 subjects, and the automatic 
results are compared with manual vessel wall volume measurements and inter-ob-
server variability. 
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(v)  All image data used in this study together with the manual and automatic measure-
ments are made available through the website http://ergocar.bigr.nl.  The remainder 
of this paper is organized as follows. First, section 2 explains the deformable 

model fitting and learning-based segmentation correction (LBSC), and the wall volume 
quantification. Section 3 describes the image data and the preprocessing steps. Section 4 
describes the experiments that were conducted to optimize the parameters of the method 
and evaluate the wall volume quantification. The results of the experiments are given in sec-
tion 5. Discussion and conclusion are given in sections 6 and 7, respectively.

Materials and methods

Deformable model fitting
The method described by Van ’t Klooster et al (2012) was used to create an initial segmenta-
tion of the lumen and outer wall. This method requires an MR angiography (MRA) image 
and a black blood (BB) image. The MRA image is used to obtain a robust initial segmen-

Figure 1. Graphical summary of the deformable model fitting method. An MRA segmentation 
based on wavefront propagation (1) is used to initialize a NURBS surface (2), which is fitted to the 
lumen boundary by searching for a maximum gradient magnitude (4) along an intensity profile 
(3). The resulting segmentation is used as an initialization in the BB image (6) where it is optimized 
(7,8) in the same manner as done in the MRA image.
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tation of the carotid lumen. This segmentation is copied to the BB image and based on 
this initialization, the lumen and outer wall are segmented. The MRA and BB images are 
assumed to be co- registered (see section 3.3). The only required user input consists of 
two initialization points. Based on these, the method fully automatically fits a deformable 
surface model of the lumen and the outer wall to the image data. Below, a brief description 
of this method is given which is summarized in figure 1. For further details, we refer to Van 
’t Klooster et al (2012).

The method starts with a two-point initialization: one in the common carotid artery (CCA) 
and one in the internal carotid artery (ICA). These two points are used to initialize a wave-
front propagation (De Koning et al 2003) in the MRA image which results in an approximate 
centerline with an associated lumen diameter estimate (green curve in frame 1 of figure 1) 
at each centerline position. This centerline together with the diameters is used to initialize 
a NURBS surface (De Koning et al 2003) (blue surface lines in frame 2). The method then 
performs an optimization step in which the boundaries of the NURBS surface are more 
precisely fitted to the lumen boundaries in the MRA image by searching for the maximum 
gradient magnitude in an intensity profile with a specified length (dLMRA) perpendicular to 
the lumen surface (frame 3 shows the location of a profile, frame 4 shows the correspond-
ing intensities along the profile and frame 5 shows an update of the initial contour). Only 
those edges are selected which have a high value (bright) inside the model and a low value 
(dark) outside the model. This optimization step is performed for a given number of itera-
tions (nLMRA ).

The lumen NURBS surface found in the MRA image is used to initialize the lumen segmen-
tation in the BB image (frame 6). Here, the same optimization of the surface fitted to the 
lumen boundary is performed as in the MRA image (frames 7 and 8), using again a specified 
length (dLBB) of the intensity profile and a number of iteration steps (nLBB). The edge direc-
tion in this step is set from dark inside the model to bright outside the model.

The estimated lumen surface is expanded and used to initialize the search for the outer 
wall. This is done in the same manner as for the BB lumen segmentation, by searching for 
the maximum gradient magnitude in an intensity profile with a specified length (dWBB) for 
a number of iterations (nWBB). For this segmentation step, the edge direction is set from 
bright inside the model to dark outside the model.

Learning-based correction of systematic errors
Using a deformable model to acquire an automatic segmentation limits the precision of the 
final segmentation to the flexibility of the used (NURBS) model. In the areas where there is 
a sudden change in the shape of the vessel, this may lead to errors. Also, the deformable 
model approach described in the previous section was originally designed and optimized 
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for one particular set of images. To compensate for the limitation of the deformable model 
and to adjust for the differences in image characteristics when using a different scanner, 
surface coil and/or different MR acquisition parameter settings, we propose to use a post-
processing step in which the segmentation is tailored to a new set of images. The idea 
behind this method was developed by Wang et al (2011). We will refer to this method as the 
LBSC method. As the LBSC method was designed for the brain structure segmentation, we 
modified it to be able to handle vessel structures. We will refer to this modified method as 
the learning-based vessel segmentation correction (LBVSC) method.

The LBSC method uses a ground-truth segmentation (in our case manual annotations) to 
train a classifier that modifies a binary segmentation made by a host segmentation method 
(in our case the result from the deformable model fitting described in section 2.1). The LBSC 
method classifies all voxels in a region of interest (ROI), which is created by dilating the host 
segmentation. For each voxel, a feature vector is computed, consisting of

• all image values in a 5×5×5 neighborhood of the voxel in the MR image (125 features),
• all values in a 5×5×5 neighborhood of the voxel in the host segmentation (125 features),
• x-, y- and z-coordinates of the voxel relative to the center of mass of the host segmenta-

tion (three features) and
• product of the neighborhood and coordinate features (3 × (125 + 125) features).

This leads to a total of 1003 features. The LBSC method trains a classifier on the difference 
between the host segmentation and the manual annotation. It thus learns to correct the 
errors made by the host segmentation. AdaBoost is chosen as a classifier, which combines 
many weak classifiers (regression stumps) into a single strong classifier (Freund and Schap-
ire 1997). The AdaBoost classifier has previously been shown to be successful in the context 
of medical image segmentation (Tu et al 2007, Morra et al 2008).

For our application, a number of modifications are proposed: we use the signed distance to 
the host segmentation’s border and the z-index as spatial features. Since the carotid artery 
is roughly perpendicular to the transversal plane, the latter feature is an approximation of 
the position along the centerline. For elongated structures like vessels, these two spatial 
features seem more appropriate than the distance to the center of mass. In addition to 
these spatial features, we used the intensity of the BB image and its gradient magnitude. 
Instead of using a 5×5×5 neighborhood, we used a 7×7×3 neighborhood. The effect of this 
neighborhood size ( f Lx × f Ly × f Lz and fWx × fWy × fWz for the lumen and outer wall feature 
neighborhood, respectively) on the segmentation accuracy was determined experimental-
ly (see section 4.2.2). Thus, the two spatial features of the LBVSC method are the following.

• Signed distance to the boundary host segmentation (one feature).
• Relative z-index (one feature).
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The 441 appearance features are the 7×7×3 neighborhood voxels of

• the host segmentation (i.e. 0 or 1) (147 features)
• the BB image (147 features)
• the gradient magnitude of the BB image (147 features).

Similar to the LBSC method, we also used the product of the spatial and appearance fea-
tures as additional features (2 × (147 + 147 + 147)) = 882, leading to a total of 2 + 441 + 882 
= 1325 features.

Since most errors in the host segmentation are near the boundary of the segmentation, our 
LBVSC method only classifies the voxels within an ROI around this boundary. This region 
is defined by a morphological dilation minus an erosion of the binary host segmentation 
using a spherical kernel with radii rLdilation and rLerosion for the lumen and rWdilation and 
rWerosion for the outer wall segmentation. The binary host segmentation of the outer wall 
includes the lumen area.

When the classifier is trained on the difference between the host segmentation and the 
manual annotation (as in the original LBSC method), only the voxels that are not correctly 
segmented in the host segmentation obtain a negative label. If the host segmentation has 
a large overlap with the manual annotation, this leads to many positive samples and only a 
few negative samples. To prevent these unequal class sizes, we trained the AdaBoost clas-
sifier directly on the label from the manual annotation, which leads to a better balance 
between the classes. To make the classification tractable, only half of the randomly selected 
voxels within the ROI are used as samples.

While the output of the deformable model fitting described in section 2.1 is smooth, the 
output of the LBVSC method may have holes or isolated voxels. Therefore, a morphological 
closing with a kernel radius of two voxels is applied to the output of the LBVSC method and 
isolated voxels are removed using a connected component analysis.

Vessel wall volume quantification
The vessel wall volume Vwall is quantified in a region of 25 mm in the transversal direction 
centered at the bifurcation. The bifurcation point is manually annotated and defined as the 
first transversal plane on which two separate lumens (one of the ICA and one of the external 
carotid artery (ECA)) are visible. In cases where part of the evaluation region falls outside the 
scan range, the evaluation region is restricted by the image boundaries.

The application of the LBVSC method results in a binary mask for the lumen and the outer 
wall. The difference of these two masks is defined as the vessel wall. The vessel wall volume 
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is computed by voxel counting and multiplying the result with the volume of one voxel.

Besides the volume, Vwall, a clinically used parameter to quantify the vessel wall is the nor-
malized wall index (NWI) which is defined as follows:

where Vlumen is the volume of the vessel lumen. Bigger plaques thus lead to a higher NWI.

Data specific preprocessing

Data description
The image data of this study are taken from a prospective, population-based study among 
subjects aged 45 years and older. This study has been described in detail elsewhere (Hof-
man et al 2011). All participants having a maximum intima–media thickness of more than 
2.5 mm (determined using ultrasound (Van den Bouwhuijsen et al 2012)) in at least one 
carotid artery were invited for a carotid MRI exam. In total, 1072 participants were scanned.

MRI of the carotid arteries was performed on a 1.5 T MR scanner (Signa Excite, GE Health-
care, Milwalkee, USA) with a bilateral phased-array surface coil. To reduce motion artifacts, 
subjects were stabilized in a custom-designed head holder. The total scanning time was 
about 30 min in which, among others, the following sequences were acquired (see Van den 
Bouwhuijsen et al (2012) for acquisition details):

• Proton density weighted fast spin echo BB.
• Phase contrast (PC) sequence which consists of an image showing flow in any direction,

a magnitude image (PCMag) and three images for the flow in the x-, y- and z-directions.
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The PC is used as the MRA image for the deformable model fitting (see section 2.1) and the 
PCMag image is used to register the PC image to the BB image (see section 3.3). Figure 2 
shows an example slice of each of these MR sequences.

Inhomogeneity correction
The bilateral phased-array surface coils cause severe intensity inhomogeneity within the 
neck. The sensitivity near the skin is much higher than in the middle of the neck. Figure 3(c) 
shows a typical example of the intensity profile across the neck in a BB image. Many popular 
intensity inhomogeneity correction methods have strong assumptions on the distribution 
of the modeled bias field. For example, N3 (Sled et al 1998) and N4 (Tustison et al 2010) as-
sume the distribution of the bias field intensities to be log-normal. Other methods like the 
one proposed by Brinkmann et al (1998) and Cohen et al (2000) assume a slowly varying bias 
field. These methods do not result in a satisfactory correction of the intensity inhomogene-
ities in the case of phased-array surface coils. The method proposed by Salvado et al (2006), 
called local entropy minimization with a bicubic spline model (LEMS), was designed to deal 
with inhomogeneities caused by phased-array surface coils.

The original LEMS method was designed for 2D images. To ensure a smooth bias field across 
slices, we extended the method to 3D with the following modifications.

LEMS tries to identify the voxels that do not have any signal as they cannot be used to 
estimate the bias field. We estimated the background voxels using the whole 3D image. 
Furthermore, the 2D slice-based estimation of the bias field is smoothed in the slice direc-
tion using Gaussian blurring with a σ of three slices.
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This way, a spatially smooth bias field is obtained as can be seen in figure 4.

Because the LEMS method uses a multiplicative bias field model, the correction is per-
formed by dividing the original image by the estimated bias field. This can lead to very large 
intensity values in the corrected image in regions where the estimated bias field has small 
values. The registration between the BB and MRA images (see section 3.3) is hampered by 
a few extremely high intensity values within the image; therefore, the highest 1% of the 
intensities of the corrected image are clamped. Figures 3(a) and (b) show an example of 
the BB image before and after inhomogeneity correction, respectively, and the effect of the 
correction on the intensity profile can be seen in figure 3(c).

Registration
As stated in section 3.1, the complete MRI exam takes approximately 30 min. Although the 
position of the head of the subjects is stabilized using a head holder, they still have the 
ability to move their body, which can cause twisting of the neck. Moreover, cardiac and 
breathing motion can also lead to the displacement of the arteries in the neck. This motion 
leads to small misregistrations between the different sequences. The lumen and vessel wall 
segmentation method described in section 2.1 requires a registered BB and MRA image. We 
perform an intensity-based registration method to align the images. The PC image contains 
very little anatomical information as can be seen in figure 2(b) and is therefore not very well 
suited for an intensity-based registration. The PCMag image (shown in figure 2(c)) which is 
simultaneously acquired with the PC image contains much more anatomical information. 
Therefore, the PCMag image was registered to the BB image and the resulting deformation 
was applied to the PC image.
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The registration first performs a rigid registration step to compensate for global displace-
ments. Because the BB image and the PCMag image contain different anatomical regions, 
a mask was used for both the fixed and the moving images to indicate the regions where 
there should be overlapping information. The rigid registration was followed by a B-spline 
registration (Rueckert et al 1999) using mutual information as a similarity metric (The ́venaz
and Unser 2000). For the optimization, we used an adaptive stochastic gradient descent 
optimizer (Klein et al 2009). The registration was performed in a multi-resolution framework 
with three resolution levels and was achieved using the ITK-based (Ibanez et al 2005) regis-
tration toolbox elastix (Klein et al 2010).
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Experiments

For the experiments, 27 subjects were randomly selected from the full database. This evalu-
ation set was split in a training set of eight subjects and a test set of 19 subjects. The training 
set was used to optimize the parameters of the deformable model fitting (dLMRA, nLMRA, 
dLBB, nLBB, dWBB andnWBB)andtheLBVSCmethod(rLdilation,rLerosion,rWdilation,rWerosi
on, fLx×fLy×fLz and fWx × fWy × fWz). The test set was used to evaluate the vessel wall vol-
ume and NWI quantification.

Manual annotations
On the complete set of 27 subjects, the lumen and outer wall of both the left and the right 
carotid arteries were annotated manually by observer 1 (ob1). On the test set, observer 2 
(ob2) performed the same annotations. The manual annotation started with an accurate 
definition of the centerline after which longitudinal contours along this centerline were 
drawn in a curved planar reformatted image for both the lumen and the outer wall. These 
longitudinal contours were used to create cross-sectional contours perpendicular to the 
centerline. The cross-sectional contours were then adjusted to fit the lumen and the outer 
wall. More details on the annotation process can be found in Hameeteman et al (2011). 
The manual annotations were converted into binary masks for calculating the Dice (Dice 
1945) overlap coefficient and using the masks in the LBVSC step. The mask generation was 
achieved by fitting a surface through the contour points using variational interpolation 
(Heckel et al 2011) and voxelizing this closed surface. The mask of the outer wall contains 
everything within the outer wall including the lumen.

The manual annotations of the ICA do not incorporate the external part in the bifurcation 
region. Because the automatic method does not differentiate between ICA and ECA in the 
bifurcation region, the automatic segmentation may cover a larger part of the lumen area 
within the bifurcation region. This larger automatic segmentation is not wrong, but would 
result in errors during the evaluation because the manual ground truth does not contain 
the ECA. To make sure that this does not influence the evaluation results, the ECA region of 
the bifurcation was masked out and no evaluation was done in that region.

Parameter optimization
4.2.1. Surface distance. Since there is no ground-truth definition in the MRA sequence, the 
values of profile length dLMRA and the number of iterations nLMRA were chosen such that 
the resulting segmentation visually provided a good initialization for the BB lumen segmen-
tation.
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For the parameter optimization of the deformable model fitting in the BB image, a distance 
measure was computed between the NURBS surface and the manual contours. First, the 
surface was intersected with the MPR plane (perpendicular to the centerline) in which the 
contours were drawn. This created a contour for the automatic segmentation. Then, the 
symmetric average Euclidean distance between the manual and automatic contours was 
calculated. This distance was calculated for all manual contours and the average was com-
puted for each carotid artery. The average over all carotid artery segmentations in the train-
ing set (denoted by δLsurface and δWsurface for the lumen and outer wall segmentation, 
respectively) was used as an optimization objective.

The dLBB, nLBB, dWBB and nWBB parameters were selected by an exhaustive search, mini-
mizing δLsurface and δWsurface. First, the lumen parameters were optimized and then 
the outer wall parameters. The value of dLBB was optimized between 5 and 25 mm in 
steps of 2 mm. The number of iterations nLBB was optimized over the following set: 
{5,10,15,25,50,75,100,150}. The outer wall parameter dWBB was optimized between 5 and 
15 mm in steps of 2 mm and nWBB over the following set: {0,1,2,3,5,7,10,25,50,75}. Each 
combination of profile length and number of iterations was tested, leading to 88 lumen 
experiments and 60 outer wall experiments.

Learning-based vessel segmentation correction. 
The influence of the neighborhood size of the features, fLx × fLy × fLz and fWx × fWy × fWz, on 
the resulting segmentation was determined for the following values: 3×3×3, 5×5×3, 5×5×5, 
7×7×3, 7×7×5, 7×7×7, 9×9×3, 9×9×5, 9×9×7, 9×9×9. For each of these feature neighbor-
hoods, the optimal combination of rLdilation and rLerosion, and rWdilation and rWerosion 
was determined. These LBVSC parameters were optimized with respect to the Dice overlap 
of the resulting segmentation with the manual segmentation. For each combination of 
neighborhood size dilation and erosion radius, a new classifier was trained. As the training 
of each classifier took several hours, performing cross validation on the training set would 
take too much time. Therefore, each classifier was trained on the complete training set and 
the evaluation of the resulting segmentation was also performed on the complete training 
set. This may lead to an overestimation of the performance of the LBVSC method. This is 
of minor importance since these experiments are only meant to optimize the dilation and 
erosion parameters, and the true performance will be evaluated on the test set (see section 
5.3). The dilation and erosion radii were varied over the interval [0, 9] mm in steps of 1 mm. 
The AdaBoost classifier was trained using 400 iterations.
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Evaluation on the test set
The algorithm was evaluated on the 38 carotids of the 19 datasets in the test set. We evalu-
ated the final segmentation of the lumen and the outer wall by calculating the Dice coef-
ficient for each. This evaluation was performed both without the segmentation correction 
step, and applying the original LBVC method and our modification, the LBVSC method. The 
significance of the difference caused by applying the segmentation correction methods 
was tested using a paired t-test.

The vessel wall volumes and NWI from the manual annotations were computed in the same 
way as for the automatic segmentation (see section 2.3). This was done for both observers 
that annotated the test set.

The manual and automatic wall volumes were compared by calculating the average differ-
ence between the two volumes, the average difference of the NWI and the standard devia-
tion of these two difference measures. Also, the Pearson and intra-class correlation (Shrout 
and Fleiss 1979) coefficient were calculated.

In these evaluations on the test set, both observers were compared to each other and to 
the automatic method.

The influence of the number of training sets for the LBVSC method was determined by 
increasing this number from 10 until 18 in steps of 2. Because for the eight datasets in the 
training set no manual segmentations of the second observer were available, we only used 
the manual annotations of the first observer for the evaluation. For each training set size (10, 
12, 14, 16 and 18 datasets), ten different random selections of the 38 datasets were made 
and the results of these ten experiments were averaged. Just as in the other evaluations on 
the test set, we calculated the Dice coefficient between the automatic segmentation of the 
lumen and the outer wall.

Results

Parameter optimization
5.1.1. Deformable model fitting. The PC MRA images used in this study have a lower contrast 
compared to the TOF images used in Van ’t Klooster et al (2012). In particular in the bifurca-
tion area, the optimization of the MRA lumen surface generated a small or ‘half- moon’-
shaped vessel surface leading to a bad initialization for the BB lumen segmentation. To 
handle this problem, we drastically reduced the number of iterations, nLMRA, to 1 and kept 
the profile length dLMRA to the minimum of five voxels. This gives the NURBS surface less 
freedom to adjust and results in a more circular cross-section of the segmented lumen.
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Tables 1 and 2 show the results of the optimization experiments for the lumen and outer 
wall parameters, respectively. The red cell (in bold) indicates the optimal value, i.e. the mini-
mal average surface distance δLsurface and δWsurface. We did not perform any experi-
ments using a profile length of less than 5 mm as this would require the estimation of a 
gradient on less than three voxels.

Learning-based vessel segmentation correction. 
Figure 5 shows for each neighborhood size the maximum Dice overlap (obtained with op-
timum settings of the erosion and dilation parameters, which may be different for each 
neighborhood size). As can be seen from figure 5, the influence of the feature neighbor-
hood size on the segmentation accuracy is relatively small for both lumen and outer wall. 
As the computational costs increase significantly with a growing feature neighborhood, we 
chose a neighborhood size of 7×7×3, which is computationally feasible and accounts for 
the anisotropic voxel size.

Tables 3 and 4 show the Dice overlap values for the 7×7×3 feature neighborhood size for 
different combinations of dilation and erosion radii, rLdilation, rLerosion, and rWdilation and 
rWerosion for the lumen and outer wall, respectively. The maximum Dice coefficients are 
shown in bold font. The values for a dilation and erosion with zero radius show the Dice 
overlap without applying the LBVSC method. The tables for the other feature neighborhood 
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sizes can be found on the website http://ergocar.bigr.nl. In tables 3 and 4, the value for zero 
dilation and erosion is the smallest. On the training set, the LBVSC method improved the 
segmentation result of the deformable model fitting: with any setting of rLdilation, rLerosion, 
rWdilation and rWerosion, the results were better than rLdilation = rLerosion = 0 or rWdilation 
= rWerosion = 0.

Optimal parameters
Table 5 summarizes the optimal method parameters for both the lumen and the outer wall 
segmentation.
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Evaluation on the test set
The average Dice similarity coefficients for the lumen and outer wall are listed in table 6. The 
average Dice overlap between the automatic segmentation and both observers is compa-
rable to the Dice between the two observers. The overlap with the first observer is higher, 
which is expected as the automatic method was trained using the segmentations of this 
observer. The LBSC method only improved the outer wall segmentation of the observer 
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on which it was trained. There was no significant difference for the lumen segmentation. 
The LBVSC method significantly increased the average lumen overlap for ob1, whereas it 
remained the same for ob2. For the outer wall, the LBVSC method has a positive effect on 
the Dice overlap with respect to both observers.

The difference in effect of the LBVSC method between the training (tables 3 and 4) and test 
set (table 6) is explained by the fact that in the former, the training set was used to both 
train the classifier of the LBVSC method and measure the effect of the LBVSC method on the 
Dice overlap of the resulting segmentation (see also section 4.2.2).

Figure 6 gives a visual impression of the effect of the LBVSC method on the outer wall 
segmentation. The LBVSC method (the dashed red contour) here clearly improved the seg-
mentation of the deformable model fitting method (smallest blue solid contour): it is closer 
to the manual annotation (solid green contour).
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In figure 7, the scatter plots of the volume and NWI measurements by ob1, ob2 and the 
automatic method are shown. The two large markers in the volume measurements indi-
cate two outliers where ob1 and ob2 disagree. Figure 8 gives an example slice of these 
outliers. The contours shown in figure 8 are the manual annotations of the outer wall for 
both observers. It is obvious from these segmentations that in this dataset, it is very hard to 
determine the location of the outer vessel wall and both observers made a different choice 
on what to include in the vessel wall. In the subsequent analysis, we removed these outliers.

Table 7 gives the average vessel wall volume and NWI measurements of both observers and 
the automatic method without applying the segmentation correction and with the LBSC 
and LBVSC methods. As can be seen, the automatic segmentation slightly overestimated 
the vessel wall volume when compared to ob1 and underestimated the volume when com-
pared to ob2. Ob2 on average made larger volume measurements than ob1. The average 
vessel wall volume of the automatic method is between the volumes estimated by ob1 and 
ob2, but was on average closer to ob1 on which it was trained. The p-values of the differ-
ences between the automatic method with and without the LBVSC method are 0.0005 and 
0.1 for Vwall and NWI, respectively.

Table 8 shows the differences, Pearson and intra-class correlations of the volume and NWI 
measurements. The average difference in the wall volume measurements of the automatic 
method with respect to both observers is smaller than the average difference between the 
observers. Although the Pearson correlation coefficient of the volume measurements be-
tween the observers and the automatic method is not as good as the correlation between 
the two observers, the intra-class correlation with both observers is better than (ob1) or 
almost the same as (ob2) between the two observers.

Looking at the clinically used NWI, the average difference between the measurements of 
automatic method and both observers is again smaller than the average difference be-
tween the two observers. Also, the correlation coefficients between the automatic method 
and both observers are better than or almost the same as the correlations between the 
measurements of the two observers.

Table 9 shows the Dice overlap between the manual segmentation of the first observer and 
the automatic method for different size of the training set. The table shows that increasing 
the size of the training set leads to a small increase in overlap.
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Discussion

The inter-observer measurements presented in this study show that the systematic differ-
ence between the outer vessel wall annotations of the two observers can be considerable 
(see the scatter plots in figure 7). As we do not have manual annotations of the second 
observer on the training set, it is impossible to train the automatic method on both observ-
ers, or generate a new reference standard based on the combined annotations of these two 
observers without compromising the size of the test set. However, the annotation protocol 
for both observers was the same and the variation between the two observers can also be 
expected in clinical practice. The method described in this paper was designed in order to 
analyze the MRI data acquired in the context of a population study. This population study 
uses a 1.5 T MRI scanner and a BB sequence which may not be the best possible sequence 
for imaging the vessel wall. Despite these limitations, the described automatic method per-
forms comparable to the observers. In future research, it would be interesting to study the 
effect of different acquisition settings (1.5 T versus 3 T, different MR sequences, the use of a 
head stabilizer) on the vessel wall quantification. The evaluation described in this study was 
performed on 19 subjects. For the future, we plan a quantification of the vessel wall volume 
and normalized wall index on all 1072 subjects that participated in this study. Manual mea-
surements on this number of subjects become infeasible. The deformable model fitting 
method enforces a NURBS model on the lumen and wall boundary, and uses a single image 
feature (the maximum gradient magnitude) to fit the model. For the lumen border, this is 
an adequate image feature. The gradient of the outer wall is less strong, which makes the 
application of this image feature less successful. The LBVSC method is not limited to the use 
of a single image feature, but instead uses many features to classify the outer wall voxels. 
This explains the difference in effect of the LBVSC method on the lumen and outer wall 
segmentation.

As long as there is a training set on which the LBVSC can be trained, the method described 
in this paper can easily be adapted to other images, acquired on a higher field MR scanner 
or using different protocols. If there is a training set consisting of a ground-truth definition 
of multiple observers, these could be combined using existing methods like consensus 
reading or STAPLE (Warfield et al 2004), but they can also be used to train multiple classifiers 
and combine these classifiers into a single stronger classifier using methods described in 
Tax et al (2000).
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Conclusion

In conclusion, we presented a method that can automatically quantify the wall volume and 
normalized wall index of the carotid artery in a region around the bifurcation. The method 
consists of a deformable model fitting step and a learning-based correction of systematic 
errors. Intensity inhomogeneities in the MR images were reduced using a 3D-extended 
version of the LEMS method. The parameters of both the deformable model fitting and the 
LBVSC method have been optimized by extensive experiments using the manual annota-
tions of a single observer on a training set. The evaluation was performed with respect to 
annotations of two observers on a separate test set. Our experiments justify the conclusion 
that the automatic method performs comparably to the manual annotations in terms of 
wall volume and normalized wall index measurements and can therefore be used to re-
place the manual measurements.

All image data, annotations and results from this study are made available through the 
website http://ergocar.bigr.nl. We challenge every one to improve our automatic vessel wall 
volume and normalize wall index measurements on these datasets and publish their results.
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Abstract

Background: Intra-plaque hemorrhage (IPH) is associated with plaque instability. There-
fore, the presence and volume of IPH in carotid arteries may be relevant in predicting the 
progres- sion of atherosclerotic disease and the occurrence of clini- cal events. The aim of 
our work was to develop and eval- uate a method for semi-automatic IPH segmentation in 
T1- weighted (T1w)-magnetic resonance imaging (MRI). 

Materials and methods: IPH segmentation is performed by a regional level set method 
that models the intensity of the IPH and the background in T1w-MRI to be smoothly vary- 
ing. The method only requires minimal user interaction, i.e., one or more mouse clicks inside 
the hemorrhage serve as initialization. The parameters of the method are optimized us-
ing a leave-one-out strategy by maximizing the Dice simi- larity coefficient (DSC) between 
manual and semi-automatic segmentations. We evaluated the IPH segmentation method 
on 22 carotid arteries; 10 of which were annotated by two observers and 12 were scanned 
twice within a 2 week period. 

Results: We obtained a DSC of 0.52 between the manual and level set segmentations on 
all 22 carotids. The inter-observer DSC on 10 arteries is 0.57, which is comparable to the 
DSC between the method and the manual segmentation (0.55). The correlation between 
the IPH volumes extracted from the level set segmentation and the manual segmentation 
is 0.88, which is close to the inter-observer volume correlation of 0.92. The reproducibility 
after rescanning 12 carotids yield an IPH vol- ume correlation of 0.97. The robustness with 
respect to the initialization by manually clicking two sets of seed points in these 12 carotid 
artery pairs yields a volume correlation of 0.99. 

Conclusion: Semi-automatic segmentation and quantification of IPHs are feasible with an 
accuracy in the range of the inter- observer variability. The method has excellent reproduc-
ibil- ity with respect to rescanning and manual initialization. 
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Introduction

Atherosclerosis is one of the main underlying causes of cardiovascular events such as isch-
emic stroke, and a major cause of mortality and morbidity [8]. Atherosclerosis progresses 
with age and often remains asymptomatic prior to clinical events [8]. Many studies inves-
tigated the relation between plaque growth and various other factors, such as vessel ge-
ometry and plaque composition [6, 15, 17]. Recently, intraplaque hemorrhage (IPH) was 
found to be associated with the increase in size of the necrotic core and lesion instability in 
coronary plaques [11] and therefore, IPH is considered as a high risk component of the vul-
nerable plaques [14]. IPH was also reported to be related to (recurrent) neurological events 
during follow-up [1]. Takaya et al. [16] found that the presence of IPH in carotid athero-
sclerotic plaques accelerated plaque progression over an 18-month period. The association 
between the size of IPH and plaque progression has not been investigated previously. MRI 
can be used for visualizing IPH [20]. It has been shown that high resolution MR has excel-
lent capabilities for differentiating IPH from other carotid plaque tissues [3,4]. To study the 
association between IPH size and plaque progression, an MRI study was designed as part of 
a population-based study [9]. Purpose of our work was to develop a method for the precise 
and robust quantification of IPH volume from MRI data and evaluate it on those data.

Manual quantification of IPH (or other plaque characteristics) is a tedious procedure, prone 
to inter- and intra-observer variability. Therefore, there is a large interest in automated pro-
cedures for plaque assessment. Pattern recognition and machine learning methods play an 
important role in (semi-) automatic segmentation of plaque components [10, 13, 19]. Hof-
man et al. [10] quantified the relative area of all detected atherosclerotic plaque components, 
including IPH, using supervised classification techniques. Their method needs manual anno-
tation of the inner and outer vessel wall to obtain a mask of the plaque and thus requires a 
significant amount of user interaction. Liu et al. [13] seg- mented plaque components based 
on morphology enhanced probability maps from in vivo magnetic resonance imaging (MRI),
but IPH is not included in their work. Van Engelen et al. [19] segmented the plaque composi-
tion in ex vivo MRI using a machine learning method. Similar to the work by Hofman et al. [10]
and Liu et al. [13], this method requires manual annotation of the inner and outer vessel wall.
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In this paper, we present a semi-automatic approach to quantify the carotid IPH volume 
using manually selected seed points. The seed points are used to initialize a piecewise- 

smooth regional level set method that segments the IPH. Our main contributions are (1) we 
demonstrate the feasibility of precise IPH segmentation without vessel wall annotation and 
(2) we perform an extensive validation study to investigate the accuracy, and inter-scan re-
producibility and robustness of the proposed semi-automatic IPH segmentation approach.

Materials and methods

Materials
Data description The data in this work are obtained from a prospective cohort study to in-
vestigate the prevalence, incidence, and risk factors of chronic diseases in an asymptomatic 
group of elderly aged 45 years and older [9]. In this study, 1,006 participants with a vessel 
wall thickness larger than 2.5mm at plaque locations (determined by 2D ultra- sound) un-
derwent MR imaging of the carotid arteries [18]. The study procedures and consent forms 
were reviewed and approved by The Medical Ethics Committee of Erasmus MC, University 
Medical Center Rotterdam.

From this data set, we randomly selected 52 T1-weighted (T1w) MRI images (see Fig. 1) 
of 40 carotid arteries from 27 subjects among the participants who contain IPH. The 52 
images were further divided into subsets, denoted by A, B, C1, and C2, based on the avail-
ability of manual reference data and re-scan data. Set A consists of 18 carotid arteries from 
12 subjects with a consensus annotation by two observers. This set is used for parameter 
optimization. Ten data sets (set B) from six subjects have intra-/inter-observer annotations, 
and for 12 carotid arteries, we have images at two time points (C1 and C2), with <2weeks 
between the acquisitions. The accuracy of the proposed method was evaluated using sets 
B and C1 (22 data sets). The reproducibility and robustness of the method were evaluated 
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on the 12 carotid arteries (24 image data sets) from 10 subjects for which two images are 
available (C1 and C2) and for which two observers provided seed points. An overview of the 
data used in this paper is shown in Fig. 1.

All scans were obtained with a 1.5-T scanner (GE Signa Excite II; GE Healthcare, Milwaukee, 
WI, USA) with a bi- lateral phased-array surface coil. The MRI acquisition parameters for the 
T1w MRI scans are as follows: a 3D Gradient Recalled Echo sequence, scanned in the coronal 
plane, parallel to the common carotid artery, repetition time / echo time: 15.7 / 1.8 ms, field 
of view (FOV): 18 × 18 cm2, matrix size: 192 × 180 in the coronal plane. The slice thick- ness 
is 1.0 mm and the flip angle is 40˚. The stenosis is measured manually using the NASCET 
(North American Symptomatic Carotid Endarterectomy Trial) criteria [2] and ranges from 0 
to 90 % (23% on average). All scans were reviewed by two independent physicians, both 
with 2 years experience in reading MRI, under supervision of a neuroradiologist with more 
than 8 years of experience in MRI plaque analysis.

Reference standard The IPHs were manually annotated in axial slices using in-house devel-
oped software. Observers were able to zoom in and out and delineate the border by draw-
ing contours around the IPHs per slice. For Set A, two readers, R1 and R2, annotated the IPH 
border in consensus, yielding annotation OA consencus 1. For Set B, reader R performed 
the annotation two times, resulting in two annotations labeled as OB

11
 and OB

12
 , which 

enables the assessment of the intra-observer variability. The time interval between the two 
annotations is over 2 months. Reader R2 performed the annotation once, resulting in one 
annotation labeled as O2B to allow the assessments of the inter-observer variability. Reader 
R1 also annotated sets C1 and C2 twice. The manual contours were used to create a partial 
volume image by calculating the fraction of the voxel inside the contour (a polygon) for 
every voxel in each slice. In the partial volume image, the intensity value ranges between 0 
and 1, indicating the fraction of each voxel occupied by the IPH (Fig. 2). The manual method 
takes around 10 min per carotid artery.

Methods
The IPH segmentation is performed by a piecewise regional level set initialized by seed 
points. A region of interest is automatically generated around the seed points. The size 
of the region is defined by a box whose size is 15 voxels larger in all directions than the 
smallest bounding box that encloses all seed points. Figure 3 shows a slice through the 3D 
volume, the projected seed points, and the automatically cropped image.

For the semi-automatic IPH segmentation, we require a method that can deal with: (1) 
varying size of IPHs, (2) intensity variation within the IPH due to variations in plaque com-
position, and (3) intra-scan intensity variations. Based on these requirements, we chose a 
piecewise-smooth regional level set for this purpose [12]. The level set’s energy function is
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where φ (x) is a signed distance map which is negative inside the segmentation surface S, 
positive outside, and zero at the border. H1 (φ (x)) is the Heaviside function representing the 
current segmentation during the iteration process which has the value 0 inside the surface 
S and 1 outside, and H2 (φ (x)) is equal to 1− H1(φ(x)). Kσ (y−x) is a Gaussian function that 
controls the size of a spherical region in which the intensity inhomogeneity is ignored, a 
larger (smaller) scale σ assumes a homogenous intensity in a larger (smaller) local region 
and thus a less (more) severe intensity inhomogeneity. The term fi (x) (i = 1, 2) denotes 
the estimated mean intensity as a function of image location. We use a local estimate fi(x) 
instead of a global constant to estimate the mean intensity in the fore- and background, 
in order to take intensity inho- mogeneity into account. Li et al. used a standard gradient 
descent method to minimize Eq. 1, which upon convergence yields the final segmentation 
φ(x) = 0. In each iteration, we need to update fi (x), i = 1, 2 according to

where ∗ denotes the convolution operation. A curvature term, weighted by v, is included to 
enforce the smoothness of the surface [5].

The method was implemented in itk (www.itk.org) and runs on a Linux workstation with 16 pro-
cessors (AMD 6172, 12 cores, 2.1 GHz). The processing time is around 1 min per seed points. None 
of the processing steps uses a parallel implementation.
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Results

Experiments are designed to determine both inter- and intra- observer variability and to 
determine the difference between the semi-automatic method and the observers. First, 
inter- and intra-observer variabilities are assessed. Subsequently, for the semi-automatic 
method, parameter settings for IPH segmentation are optimized on training set A. Then, the 
segmentation results are compared with the manual reference standard. This value is fur-
ther compared with the inter- /intra-variability. Finally, the robustness and inter-scan repro-
ducibility of the method are investigated. The mean and standard deviation of the volume 
in all the dataset for different annotations are listed in Tables 1, 2.

Table 1 The results after parameter training, where the second row lists the average DSC on 
the training set, i.e. all subjects excluding the subject in the column. The sixth and seventh 
rows show the DSC of the subject in the current column (test set) using these optimal pa-
rameter values. An entry listing the ’–’ sign indicates that the corresponding carotid artery 
does not have any IPHs. A DSC of ’0’ means that the semi-automatic segmentation method 
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shrinks to a size of zero volume. DSCL (DSCR): DSC between the maunal and the semi-
automatic segmentation for the left (right) carotid artery.

Inter- and intra-observer variability
The inter-observer Dice similarity coefficient (DSC) [7] is defined as the average of the two 
DSC’s between the first observer’s and the second observer’s annotations and is found to 
be 0.57. The intra-observer DSC is defined as the DSC between the two annotations of the 
first observer and is equal to 0.62. Figure 4 shows the scatter plot of volume quantifications 
from these annotations. The intra-observer correlation of volume is 0.92, while the average 
correlation of the inter- observer correlation of volume is 0.95.

Parameter optimization
The semi-automatic segmentation method includes a number of parameters: the param-
eter λ1 and λ2 determines the weights of the internal and external intensity dissimilarity; v 
determines the weight of the curvature which controls the smoothness of the segmenta-
tion, and σ is the scale of the Gaussian function which controls the size of the region. The 
optimal value for these parameters was determined in a leave- one-out fashion on data set 
A. Since only the relative value of the internal and external weights, λ1 and λ2, and curvature 
weight v matters, we fixed λ2 to be 1 and optimized the values for λ1 and v, as well as the 
parameter σ . The curvature weight v was trained from 0.004 to 0.010 in 7 steps. The internal 
weight λ1 was varied from 0.9 to 1.8 with a step size of 0.1. The Gaussian kernel scale σ was 
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varied between 0.1 and 1 in two steps. We set the number of iterations to 200. The initial 
size of the segmentation is a sphere with a radius of 1mm around the seed points. The 
leave-one-subject-out training results are shown in Table 3. The overall optimal values for 
IPH segmentation using the piecewise-smooth regional level set are

λ1 =1,v=0.007andσ =0.1mm.

Accuracy
Three IPH segmentation results on the test sets (B and C1 ) are shown in Fig. 5. We compared 
the automatically quan- tified volume to the average volume from three annotations in set 
B (10 images) and the only annotation in set C1 (12 images); both are depicted by triangles 
in Fig. 6. We obtained a DSC of 0.53 with regard to the average manual volume in set B and 
the first observer in set C1. The Pearson correlation coefficient between the manual and 
semi-automatic volumes is 0.88. Figure 6a also shows the scatter plot of the semi- auto-
matic volume and the three annotations in set B. The difference between the annotations 
increases with volume.

We compared our semi-automatic segmentation results for data sets B to the inter- and 
intra-observer variability. The average DSC between the semi-automatic method and the 
average of three annotations is 0.55, which is close to the inter-observer variability of 0.57. 
Figure 6 shows the scatter plot between the manual segmentation and the semi- automatic 
volumes, the Pearson correlation coefficient is 0.88.

Inter-scan reproducibility and robustness
Reproducibility and robustness of the method with regard to rescanning and seed point 
selection were assessed by apply- ing the method to the carotid arteries in sets C1 and C2. 
The Pearson correlation coefficient between the 12 pairs of vol- umes obtained by applying 
the semi-automatic (manual) seg- mentation to both timepoints with the semi-automatic 
seg- mentation for images acquired at two time points is 0.97, which is considerably higher 
than that between the manual annotation of two time points (0.71). The Bland and Altman 
plot in Fig. 7 shows that the absolute difference between the two volumes increases with 
the average size of the IPH. We performed a Wilcoxon’s signed rank test between the 12 
pairs of volumes obtained with the semi-automatic segmen- tation (manual segmentation) 
acquired at two different time points, the p value is 0.38 (0.04) at a confidence level of 95 
%, indicating a good (poor) reproducibility of the imaging techniques and semi-automatic 
(manual) segmentation methods. The mean absolute
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difference between the 
volumes of the first and 
second scan obtained 
from the semi-automatic 
segmentation is 30.7µl, 
whereas the mean abso-
lute difference between 
the volumes of the first 
and the follow-up scans 
obtained from the manu-
al segmentation is 81.0 µl, 
shown in Table 3. Figure 
8 shows the scatter plot 
of the 12 pairs of manual 
volumes and the Bland 
and Altman plot.

We also studied the ro-
bustness of the method 
with respect to manual 
seed point selection on 
sets C1 and C2. Two ob-
servers independently se-
lected two series of seed 
points with a time interval 
of more than 1 month. The 
Pearson correlation coef-
ficient between volumes 
from two semi-automatic 
segmentations is 0.99, as 
seen in Fig. 9a. We also performed a paired t test between the 24 pairs of semi-automatic 
volumes acquired with two different initial seeds, the p value is 0.12 at a confidence level of 
95 %, indicating a good robustness of this method with respect to the manual initialization. 
The average DSC between two semi-automatic segmentations is 0.88, and the mean ab-
solute difference between the volumes obtained with two semi-automatic segmentations 
with two different sets of seed points is 8.1 µl, shown in Table 3.
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Discussion

We presented a semi-automatic IPH segmentation and quantification method that does 
neither require manual annotation of the inner or outer vessel wall nor preprocessing 
to correct for intensity inhomogeneities. The method segments IPHs using a piecewise-
smooth regional level set initialized by a set of manually clicked seed points. We trained 
the parameters of this segmentation using a leaving-one-out strategy on 18 images. The 
method is evaluated for accuracy on 34 images and for robustness and inter-scan reproduc-
ibility on 24 images.

We obtained a volume correlation of 0.88 between the semi-automatic segmentation and 
the manual segmentation in 10 data sets, which is slightly less than the inter-observer cor-
relation. A robustness study with respect to the selection of seed points yielded a high vol-
ume correlation between the volumes obtained using two different seed points, which is 
better than the intra-observer correlation (0.92). The inter- scan reproducibility experiments 
showed that the segmented volumes of the semi-automatic method have a much higher 
reproducibility than those of the observers.

This study demonstrates that the manual annotation of IPH is subject to large observer vari-
ability. Therefore, the semi- automatic results can at best also have a moderate agreement 
with the manual reference standard. However, the robustness and inter-scan reproducibility 
of the semi-automatic method are better than the manual observations. This suggests that 
semi-automatic IPH volume quantification is to be preferred in clinical studies. We found 
three existing alternatives [10,13,19] for IPH segmentation whose accuracy was evaluated 
by different metrics: area correlation [13], relative area difference and correlation [10], and 
classification statistics (AUC, PPV, NPV, sensitivity and specificity) [19]. Even though it is dif-
ficult to compare our method with the others due to the differences in evaluation met-
rics and data selection, we can state the following differences with previous studies: (1) 
the methods by [10, 13, 19] all need a manual segmentation of the inner and outer vessel 
wall to define a region of inter- est. In contrast, our method needs a few seed points as 
user inputs, which largely reduces the user interaction. (2) We per- formed a 3D segmenta-
tion, while Liu et al. [13] and Hofman et al. [10] performed a 2D segmentation. (3) All three 
meth- ods [10, 13, 19] used a voxel-wise classification method to segment each plaque 
component, while we directly segment only the IPH using a levelset approach. The latter 
is expected to achieve subvoxel accuracy. Additionally, our study is the only one addresses 
reproducibility with respect to rescan- ning, which is essential for the application of the 
method in longitudinal studies.

This work has some limitations. We did not evaluate the robustness of the method with 
respect to scanner type. However, as there is a parameter training part involved, we expect 
that similar results can be obtained on different scanners, provided that a similar parameter 
training experiment with representative data from that scanner is performed.
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We presented a semi-automatic IPH segmentation method, which gives IPH volume quan-
tifications with an accuracy similar to manual annotation. In the robustness study as well as 
the reproducibility study, the quantifications obtained with the semi-automatic method are 
shown to be more robust and reproducible than those obtained from manual annotations. 
We thus demonstrated the feasibility of semi-automatic quantification of IPH volumes.
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Introduction

Atherosclerotic plaques located in the carotid arteries are an important cause of cerebrovas-
cular events. Although atherosclerosis usually becomes symptomatic in later life, preclinical 
atherosclerosis begins in childhood and adolescence and progresses silently. Despite ad-
vances in treatment strategies targeting atherosclerosis or carotid atherosclerotic plaques, 
the incidence of cerebrovascular events remains dramatically high. Available screening 
and diagnostic methods are limited to symptomatology and degree of stenosis to iden-
tify the high-risk individual. Additional parameters are needed to improve risk prediction. 
Recent advances in the prevention of cerebrovascular events include the recognition of 
the vulnerable atherosclerotic plaque which can rupture, with subsequent embolisation of 
thrombus and/or plaque debris in the intracranial circulation. The vulnerable rupture prone 
plaque is characterized by a thin fibrous cap, presence of a necrotic core or an intraplaque 
hemorrhage (IPH).(1) In patients-based studies, cumulative evidence has indicated a strong 
relation of IPH to ischemic stroke and cardiovascular events.(2-6) Furthermore, even in as-
ymptomatic individuals IPH has shown to contribute to plaque progression and destabili-
zation.(7, 8) Although the underlying pathophysiology of IPH is still largely unknown, IPH 
is believed to follow from rupture or leakage of the plaque neovasculature.(6, 9) Magnetic 
resonance imaging (MRI) scanning of the carotid arteries is highly feasible to discriminate 
between the different atherosclerotic plaque components and can accurately detect IPH in 
atherosclerotic plaques of the carotid artery.(1, 10-12)

This thesis had several objectives. The first objective was to identify biomechanical param-
eters for carotid atherosclerosis and more specifically for carotid intraplaque hemorrhage. 
Secondly, we aimed to increase understanding of the role of biomechanical parameters in 
the pathophysiology of cardiovascular disease. The third objective was to develop auto-
mated segmentation methods in order to be able to reliably quantify plaque burden and 
changes in IPH. Finally, within a large population of asymptomatic individuals, we investi-
gated determinants of increased carotid plaque burden and IPH progression.

In this part of the thesis, I will describe the main findings of our studies and their interpreta-
tion. Furthermore, we will discuss some methodological considerations and we will give 
suggestions for future research.
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Review and interpretation of main findings

Hemodynamic parameters determining plaque composition
Hypertension is a highly prevalent condition and a major contributor to atherosclerotic 
cardiovascular disease. However, the pathophysiology of the contribution of high blood 
pressure to atherosclerotic plaques is still not fully elucidated. In chapter 2.1 we evaluated 
the association between various blood pressure parameters and the presence of IPH in 
carotid atherosclerotic plaques of individuals from the general population. Amongst differ-
ent blood pressure parameters, the pulsatile component of blood pressure, as indicated by 
pulse pressure was the strongest determinant of IPH independent of carotid wall thickness 
and cardiovascular risk factors and independent of the other blood pressure parameters. 

Several experimental models support association between cyclic hemodynamic factors 
and atherosclerosis progression and plaque instability. Pulsatile strain affects the endotheli-
um, vascular smooth muscle cells, the production of elastin, collagen, glycosaminoglycans, 
and results in increased atherosclerotic plaque volume.(13-16) Rupture of an atherosclerotic 
plaque may be expected when the stress acting on the vessel wall exceeds its strength. Ac-
cordingly one would expect a greater contribution of the systolic blood pressure than pulse 
pressure causing rupture of the neovessels. However, our findings suggest that the pulsatile 
mechanical load that acts on the arterial wall, irrespectively of the absolute value of blood 
pressure, is at least as important in the development of IPH.

IPH is believed to develop from the disruption of thin-walled intraplaque microvessels that 
are lined by discontinuous endothelium without supporting-muscle cells.(17) An underlying 
pathophysiological mechanism linking pulse pressure to IPH could include the involvement 
of arterial stiffness. Large elastic arteries, such as the aorta and the carotid arteries, work pre-
dominantly as cushions, but with progressive arterial stiffening, the pulsations are not com-
pletely absorbed and may extend to the microcirculation,(18) as was previously shown in the 
brains(19) and the kidneys.(20) Likewise, enhanced pulsatile flow in the vasa vasorum of the 
carotid arteries may occur and cause hemorrhage of the neovessels in the plaque.

Furthermore, a possible role for arterial stiffness could be expected as we found that not all 
subjects with the same level of systolic blood pressure have the same IPH risk. Subjects with 
lower diastolic blood pressure, and therefore higher pulse pressure, have a higher prob-
ability of IPH. In middle-aged and elderly subjects, an increase in pulse pressure with fixed 
systolic blood pressure occurs solely as a function of declining diastolic blood pressure and 
is a consequence of a rise in large-artery stiffness.(21) In an additional study, we therefore 
investigated the relation of arterial stiffness to IPH using a direct measurement of arterial 
stiffness, namely pulse wave velocity.

In chapter 2.2, we investigated the association between arterial stiffness, as assessed by 
pulse wave velocity, and the presence and various components of the carotid atherosclerot-
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ic plaque. The findings of this study provide evidence that arterial stiffness is associated with 
presence and composition of carotid atherosclerotic plaques in the general population. By 
measuring arterial pulse wave velocity, we found that arterial stiffness was independently 
associated with presence of plaques in the carotid arteries. Furthermore, among individuals 
with a plaque in the carotid arteries, arterial stiffness was an important determinant of IPH, 
independent of plaque size, pulse pressure, and other cardiovascular risk factors. 

Stiffening of the arterial tree may lead to early pulse wave reflection, and as consequence 
an increase in central systolic blood pressure, a decrease in diastolic blood pressure, and 
an increase in pulse pressure.(22) Hence, the pulse wave velocity reflects the cumulative 
damage on the arterial wall. Although we also found that pulse wave velocity is associated 
with IPH independent of pulse pressure, we should note that there is a complex relation be-
tween pulse pressure and arterial stiffness. There is some evidence (23) that this relationship 
may be bidirectional and may be amplified by atherosclerosis: on one hand, the presence of 
atherosclerotic changes may impair the elastic properties of the wall, whereas on the other 
hand, a reduced large artery compliance enhances wave reflection and augmentation of 
the pulsatile component of blood pressure, leading to the progression of atherosclerotic 
changes. Therefore, pulse pressure can be considered both a cause and consequence of 
arterial stiffness.(24) Shared underlying pathological mechanisms however, may also be a 
possible risk factor for the associations we found between pulse pressure and arterial stiff-
ness with intraplaque hemorrhage. Further investigations on hemodynamic risk factors pro-
vide further clues for understanding the development of vulnerable atherosclerotic plaque

Asymmetry in carotid atherosclerotic plaque prevalence 
and composition in the left and right carotid artery
Although atherosclerosis is considered a systemic disease, its distribution across the vascu-
lar system is not uniform. Hemodynamic and geometrical factors are likely to influence the 
atherosclerotic plaque severity.(25, 26) Not only plaque severity, but also plaque composi-
tion may vary according to location.(27) Some plaque components, such as intraplaque 
hemorrhage (IPH), are presumed to enhance vulnerability of the plaque, whilst for exam-
ple calcification may promote plaque stability.(28) Asymmetry in plaque characteristics 
between the left and right carotid artery has been poorly investigated, in particular with 
respect to vulnerable plaque components. In Chapter 3, the prevalence, severity and com-
position of atherosclerotic carotid plaque and investigated whether these characteristics 
differed between the left and right carotid artery. 

Our findings demonstrated that plaque prevalence, severity and composition are not 
equally distributed among the left and right carotid arteries. Although most individuals had 
bilateral carotid disease, unilateral plaque were usually located on the left, and left-sided 
plaques were also thicker than the contralateral side. Whereas IPH and lipid were mostly 
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observed in left-sided plaques, these plaques were predominantly composed of IPH and 
fibrous tissue. These findings suggest that atherosclerotic plaques on the left are more vul-
nerable than on the right. In contrast, right-sided plaques were predominantly composed 
of calcification, which is considered more stable and therefore less likely to result in throm-
boembolic complications. 

Differences in plaque thickness and composition between the left and right carotid arter-
ies might be explained by hemodynamic or geometrical factors such as wall shear stress, 
bifurcation angle, or because of the direct connection of the left carotid artery to the aortic 
arch, leading to increased exposure in arterial pressures.(25, 29) These local factors received 
less attention in the past. However, we believe that understanding their contributions may 
explain the variation between left and right carotid atherosclerosis. Also, due to these side 
differences, it is recommended that future studies do not focus on one carotid artery only. 

In patient-based series, a significantly higher proportion of ischemic events is diagnosed in 
the left hemisphere than in the right.(30-32) It has been hypothesized that infarctions in the 
left hemisphere are more likely to be recognized, because most people have a dominant 
left hemisphere for language processing, while infarctions in the right hemisphere may be 
accompanied by a more easily overlooked cognitive deficit or apraxia.(31-33) Yet, an alter-
native hypothesis for the higher incidence of events in the left hemisphere may be related 
to a higher prevalence, severity or vulnerability of atherosclerotic disease in the left carotid 
artery. We now propose an alternative explanation, namely that it is partially related to the 
more vulnerable phenotype of left-sided carotid atherosclerotic plaques as opposed to the 
more calcified, and therefore stable, right-sided plaques. However, for the current study, 
we did not have data available to determine whether left-sided atherosclerotic plaques are 
indeed associated with a higher risk of stroke. Prospective population-based studies are 
needed to investigate a potential temporal relationship between carotid plaque composi-
tions and symptomatic and silent brain infarctions on MRI.

Carotid atherosclerosis in relation to past 
coronary heart disease and stroke
The systemic nature of atherosclerosis suggests that changes in one vessel bed may re-
flect alterations in another vessel bed, with subsequent risk of events. The carotid artery is 
highly accessible for imaging, because of its superficial location, the large size and relative 
immobility. Imaging of the carotid arteries could therefore provide information on general-
ized vascular health. Numerous studies already consider carotid intima media thickness as 
a measure of general atherosclerosis.(34, 35) In another study, carotid irregularity of plaque-
surface was found to be associated with ischemic diseases in different vascular beds.(36) 
The authors postulated that systemic risk factors might lead to a systemic vulnerabilty to 
rupture of atherosclerotic plaques. Such a predisposition to plaque instability attributable 
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to systemic risk factors would suggest that plaque composition and instability in the carotid 
arteries are a marker of plaque instability in other vessel beds. Therefore, it is useful to ex-
amine the association between non-invasive measures of atherosclerosis in various vascular 
beds with both coronary heart disease and cerebrovascular disease.(37)

We examined the association between carotid atherosclerotic plaque characteristics, in-
cluding vulnerable components, and history of ischemic stroke and coronary heart disease. 
In Chapter 4, we found different atherosclerotic plaque characteristics related to coronary 
heart disease as compared to stroke. Whereas plaque thickness and stenosis were associ-
ated with a history of coronary heart disease and stroke, IPH was associated with history of 
stroke only. These associations were primarily present in men and less so in women. Path-
ways underlying cardiovascular events in different locations could be triggered by different 
plaque characteristics, and these might differ by sex.

The relation between carotid intima-media thickness as measured with B-mode ultrasound 
and cardiovascular disease has been well established and IMT serves as a marker of gen-
eralized atherosclerosis.(34, 35, 38) Most imaging studies used ultrasound measurements, 
because these measurements are relatively simple and noninvasive, but the resolution is 
of limited value for characterization of plaque composition.(39) By using MR imaging, we 
found that carotid wall thickness and stenosis are more associated with a history of CHD 
than any of the vulnerable carotid plaque components. 

Our findings did not support the hypothesis that presence of IPH observed in one vessel 
bed might reflect a systemic susceptibility for vulnerable plaques in other vessel beds.(40, 
41). Some previous studies suggested a relation between carotid IPH and CHD,(42-44). A 
possible explanation is that some of the previous studies used carotid tissue specimens 
derived after carotid endarterectomy or autopsy, in which it is difficult to distinguish be-
tween intraplaque hemorrhage and intraluminal thrombi after the tissue preparation. In 
addition, in some studies a composite endpoint of cerebral and cardiovascular disease was 
used or stratification for sex was not performed. (40, 41) This may have resulted in a dilution 
of the association between IPH with stroke and an overestimation of the association with 
coronary heart disease.

We focused on the independent risks of stroke and coronary heart disease separately in-
stead of restricting the study to one end organ or using composite end points. For this 
extent, we used prevalent cardiovascular events in which symptoms of ischemia or treat-
ment of the disease were clinically confirmed. Although we expect plaque characteristics 
to determine the outcome, the cross-sectional design of the study does not allow conclu-
sions regarding the temporal relation between carotid plaque characteristics and clinical 
event. The main limitation of this study is that we used prevalent cardiovascular events as 
surrogate end point in order to explore the relation between carotid plaque composition 
and clinical event. As a consequence, fatal events, in which advanced atherosclerosis is ex-
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pected, were not considered in the present study. This may have led to an underestimation 
of the association between vulnerable plaque characteristics and clinical events. Therefore, 
prospective studies that investigate the relation between carotid plaque characteristics and 
incident coronary heart disease and incident stroke in the general population are required. 

Plaque burden and lumen volume: 
quantification and possible risk factors
Direct non-invasive measurements of the burden and composition of preclinical athero-
sclerosis have been proposed as a way to improve cardiovascular disease prevention and 
management. It has been suggested that plaque burden may provide more information on 
the extent of atherosclerosis beyond luminal stenosis.(45, 46) In Chapter 5.1, we describe a 
novel method for volumetric assessment of carotid plaque burden and lumen volumes. The 
method combines lumen and outer wall segmentation based on deformable model fitting 
with a learning-based segmentation correction step. The method was first trained on a set 
of 16 manually segmented inner and outer walls. We found that the automatic method  
performs comparably to the manual annotations in terms of wall volume and normalized 
wall index measurements and can therefore be used to replace the manual measurements.
(47)

Using this automated method, we evaluated age and sex distributions of plaque burden 
and lumen volume in the general population and investigated relations of cardiovascular 
risk factors. Chapter 5.2 describes the sex-related differences in plaque burden and lumen 
volumes. We found that women have a larger plaque burden and smaller lumen volume 
than men. Also in women, age, HDL-levels and systolic blood pressure were independently 
associated with plaque burden and lumen volume. In men, cholesterol levels and statin use 
were significantly associated with plaque burden and lumen volume, whilst smoking and 
DM related only to lumen volume. Hence, the control of modifiable risk factors can prove 
beneficial in lowering plaque burden. Prospective longitudinal studies should investigate 
whether these cardiovascular risk factors are also associated with plaque progression.

Amongst three plaque components, intraplaque hemorrhage was found to be an addition-
al risk factor for plaque burden. Furthermore, within the highest quartile of plaque burden, 
IPH was strongly associated with stenosis independent of age, sex, plaque burden and com-
position. Although it was suggested that the increased cardiovascular risk of IPH is due to 
plaque destabilization with thromboembolic complications,(48, 49) we now show that IPH 
also strongly affects lumen narrowing independent of plaque size. This finding is supported 
by Takaya et al. who found that lesions with intraplaque hemorrhage (IPH) at baseline had 
a greater increase in wall volume and reduction in lumen volume compared with arteries 
without IPH.(9)



Chapter  7 General discussion

184

Plaque burden reflects the effect of expansive remodeling, and takes into account the in-
fluence of mechanical flow and metabolic response of the vessel wall.(46) Glagov et al. 
proposed that luminal narrowing occurred after plaque burden exceeded the ability of the 
artery to outwardly remodel.(50)  Previous studies using different imaging modalities like 
ultrasound or CT have demonstrated the potential to use plaque burden measurements as 
a direct measure of the extent and severity of atherosclerotic disease.(51). Plaque measure-
ments in these studies have varied between estimation of the intima medial thickness and 
luminal stenosis on ultrasound to measurement of calcified plaque burden on CT.(45, 52, 
53) Nevertheless, studies investigating the association of cardiovascular risk factors in rela-
tion to plaque burden measurements using MRI remain scarce, mainly because of the lim-
ited tissue contrast between the outer vessel wall and the surrounding soft tissues, hence 
limiting the accuracy of outer wall contouring. Although still challenging, success in this 
field of research may have an enormous impact on the diagnosis and management of car-
diovascular disease.

Change in intraplaque hemorrhage over time
Manual quantification of IPH volume is a laborious procedure and may easily result in seg-
mentation errors when measuring inter- and intra-observer variability. Therefore, there is a 
large interest in automated procedures for plaque assessment. In Chapter 6.1 we presented 
a semi-automatic IPH segmentation and quantification method that does neither require 
manual annotation of the inner or outer vessel wall nor preprocessing to correct for intensi-
ty inhomogeneity’s. The method segments the IPH using a piecewise smooth regional level 
set initialized by a set of manually clicked seed points. The inter-scan reproducibility experi-
ments showed that the segmented volumes of the semi-automatic method have a much 
higher reproducibility than those of the observers. In this study we demonstrated that the 
manual annotation of IPH is subject to large observer variability. Therefore the semi-au-
tomatic results can at best also have a moderate agreement with the manual reference 
standard. However, the robustness and inter-scan reproducibility of the semi-automatic 
method is better than the manual observations. 

In Chapter 6.2 we aimed to evaluate the visual and quantitative change of IPH after one year 
follow up in asymptomatic subjects and to identify risk factors of IPH growth. In a nested-
case-control study, we used automated segmentation to assess IPH volumes as detected 
on MRI. Serial imaging of IPH after one year follow up revealed in the majority of cases 
(96%) persistence of high signal on T1w-sequence. This finding is consistent with a previous 
study conducted in symptomatic individuals and 18 months follow up. In all individuals, 
IPH at baseline was found to be present at follow up. In the present study, we also assessed 
IPH change both qualitatively and quantitatively. Using visual assessment of IPH, we found 
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that the largest proportion of haemorrhages exhibited no visual change in size. However, 
we also report the novel finding that IPH may also regress or disappear. Pathophysiological 
pathways that may explain the course of IPH need to be investigated. Knowledge about 
development of IPH is predominantly derived from histologic studies. One study suggested 
repetitive rupture of the fragile neovasculature or continuous leakage of the microvessels.
(9) It was also postulated that intraluminal blood invades the plaque through fibrous cap 
rupture.(49) A possible explanation for the persistence in high signal on MRI may be related 
with insufficient clearage of the hemorrhage. Serial MRI of the carotid arteries might allow 
for early identification of patients with IPH who are at highest risk of accelerated plaque 
growth.

Methodological considerations

The methodological considerations relevant to the above described studies have been dis-
cussed in the individual chapters. In this paragraph a more detailed discussion is presented 
on the study population, study design, the MRI scanning protocol and the automated seg-
mentation tools.

The Study Population

A population-based approach
The term cohort refers to a group of individuals who share a common feature upon inclu-
sion and who are followed in time. The described studies were conducted in the context 
of the Rotterdam Study, an ongoing prospective population based cohort study investigat-
ing chronic diseases in the elderly.(54) Within this population-based cohort, we identified 
a group of individuals who would be feasible to follow for carotid MRI scanning. First, all 
Rotterdam Study participants underwent carotid ultrasound. Participants who had carotid 
plaque thickness ≥2.5 mm were invited for MRI. The carotid ultrasound measurement is 
comparable with a prescreening test for preclinical carotid atherosclerosis. In most studies 
we also excluded individuals with a history of stroke. The benefits of this study design are 
that we started off with an unselected population, so it could resemble and be generaliz-
able to the general population. Selection based on pre-MRI ultrasound ensured that only 
participants with plaque underwent MRI, to keep time and costs feasible. 
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Asymptomatic versus clinical population
The majority of previous studies on carotid atherosclerosis in vivo were either conducted in 
symptomatic or asymptomatic individuals. Both approaches can provide meaningful and ac-
curate data, but distinct restrictions can be encountered or advantages gained from each 
method. Although the symptomatic subjects are those most at risk, the disadvantage is that 
the outcome has little impact on the disease burden in society, because a considerable num-
ber of cases of disease occur in people at low or moderate risk. Atherosclerosis develops over 
decades and has a prolonged asymptomatic phase, during which it is possible to modify the 
course of disease.(55) Therefore, investigating subclinical atherosclerosis in apparently healthy 
individuals is in part important to tackle the condition in its early stages when interventions 
may be more effective. Therefore, within most studies described in this thesis, we focused on 
identifying risk factors of subclinical atherosclerosis, in particular of the vulnerable plaque, in 
a stroke-free population. There are only a few other population-studies that used MR imaging 
to investigate carotid plaque composition.(56-58) Amongst those, the Atherosclerosis Risk in 
Communities (ARIC) study has the largest cohort of asymptomatic subjects, of who 60% were 
selected based on carotid wall thickening on ultrasound.(56) The study included 2066 partici-
pants of 65 years and older who underwent carotid plaque characterization using a 1.5T MRI 
scanner. In another study, a total of 946 participants of 45 years and older were evaluated in 
the Multi-Ethnic Study of Atherosclerosis (MESA) using MR imaging.(57) In this study, partici-
pants were randomly selected from the top 15th percentile of carotid maximum intima-media 
thickness of 6814 cardiovascular asymptomatic study participants. Recently, the Progression 
and Early detection of Subclinical Atherosclerosis (PESA) study was initiated, in which 18FDG 
PET/MRI of the carotid arteries will be performed in order to characterize plaque composi-
tion and progression.(58) This Spanish prospective longitudinal cohort targets 4000 healthy
participants between 40-54 years. Longitudinal population-studies may increase knowledge
about carotid atherosclerotic plaque progression and may help to establish a more personal-
ized management of medical care.

MR eligibility based on presence of advanced 
subclinical atherosclerosis 
We restricted definition of carotid atherosclerosis to an intima–media thickness of ≥2.5 
mm. Carotid intimal thickening represents one of the earliest manifestations of subclinical 
atherosclerosis. It has been suggested that with lower degrees of intima–media thickness 
an adaptive response to local hemodynamic changes may be reflected rather than ath-
erosclerotic thickening, which is represented beyond a certain level.(59) According to the 
Cardiovascular Health Study, 0.9 mm was considered as the threshold for the association 
with an increased risk of myocardial infarction and stroke in participants aged >65 years.
(60) Our definition of plaque (intima– media thickness ≥2.5 mm) might thus be regarded as 
a more advanced manifestation of atherosclerosis. Within the Rotterdam Study, we found 
approximately 40% of the subjects to meet this criterion. 
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Cross-sectional study design

The studies included in this thesis were all conducted within The Rotterdam Study, a pro-
spective population-based cohort study. In a cohort study, a population is observed in time 
for the incidence of diseases. However, the studies described in this thesis were all cross-
sectional in design. A cross-sectional study collects all data at the same point in time, uses 
a single measurement of exposure and outcome variable and does not take into account 
the effect of time.

In the studies on pulse pressure and pulse wave velocity and the association with athero-
sclerotic plaque components (chapter 2.1 and 2.2), the cross-sectional design restricted 
our interpretation of the data with respect to cause and consequence. Although it is theo-
retically possible that plaque composition, or more in general presence of atherosclerosis, 
leads to changes in hemodynamic factors such as pulse pressure and pulse wave velocity, 
a causal link is more likely to be in the opposite direction. For the study on differences in 
plaque composition between the left and right carotid artery (chapter 3), the cross-section-
al design is most appropriate to test the hypothesis that left-sided plaques are more com-
mon and vulnerable than right-sided plaques. However, the cross-sectional design limited 
us to draw conclusions whether this asymmetrical distribution partly determines the higher 
clinical prevalence of left hemispheric stroke. Longitudinal studies are therefore indicated.

In the study on the association between plaque composition and history of stroke and 
coronary heart disease (chapter 4), the research question is causal and time order is impor-
tant to be able to make inferences on causality. Although this study intended to explore 
whether risk differences exist for ischemic diseases in the brain and the heart, the strong 
positive findings suggest that plaque composition may be an important feature for risk 
stratification. Our final goal is examining the predictive value of carotid plaque composition 
for the risk of stroke and coronary heart disease, which should be examined in a prospective 
cohort study design. 

Magnetic resonance imaging acquisition protocol 
In this thesis, we used a standardized multisequence MR imaging protocol, which was pre-
viously validated in histologic studies with tissue specimens from endarterectomy patients.
(39) The signal intensities on the different MR sequences reflect a different biochemical 
environment of protons hereby assisting in the differentiation of plaque components. We 
focused on recognizing the intraplaque hemorrhage, lipid core and calcification, which can 
be identified on the base of their signal intensity on the T1-weighted, T2-weigthed, and 
phase-contrast sequences, respectively. For the purpose of plaque characterization and 
wall segmentation, MRI can provide excellent contrast between the vessel wall and ad-
jacent lumen, and, at the same time, produce tissue information that describes the vessel 
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wall.(10, 61) These advantages would be beneficial when identifying the unstable lesion 
and can be used in serial imaging studies that investigate factors related with the change 
of the plaque.

Detection of lipid, with or without a necrotic core, is an important aspect of the MRI data ac-
quisition. The majority of atherosclerotic plaques consist of lipid or fibrous tissue. Cholester-
ol and cholesteryl esters, which have a short T2, form the essence of the lipid deposits.(62) 
Previous studies that investigated plaque specimens ex vivo showed that T2-weighted se-
quences improved the identification of lipid and allowed differentiation of lipid from fibrous 
tissue.(1, 63) It is important to note that, in vivo, multiple sequences with different contrast 
weightings are required to characterize these atherosclerotic plaque components accu-
rately. The most reliable approach to detect lipid tissue is the comparison of T1w-sequence 
after contrast media injection to the T1w-sequence before injection. The non-enhancing 
parts of the plaque correspond to lipid tissue.(64) In our studies, we were limited to incor-
porate contrast-enhanced sequences in our study protocol because we were investigating 
healthy subjects. Such a protocol should also be applied in a medical setting because of the 
invasiveness and possible adverse reactions to contrast agents. Therefore, the prevalence of 
lipid may be underestimated which is indicated by the higher prevalence of lipid in another 
population study.(57) 

Although MRI is currently regarded as the most reliable method for in vivo assessment 
of plaque composition, small plaques (<2.0 mm) could not be characterized due to con-
straints in spatial resolution of MRI. Most imaging of the carotid wall is performed using a 
1.5-Tesla MRI protocol with an in-plane spatial resolution of approximately 0.5 × 0.5 mm2,
which is too large to be able to accurately visualize different plaque components in early 
atherosclerosis.(65) Although it is possible to increase the resolution to smaller voxel sizes, 
however, this will be compensated by a relatively long acquisition time.(66)

Automated segmentation
To increase knowledge about the carotid atherosclerotic plaque and its different plaque 
components and to detect novel risk factors for plaque burden and composition, more 
large, multicenter population-based studies or clinical trials are needed. As current MR im-
aging provide excellent means already to characterize plaque morphology,(10-12, 61, 67) it 
is time to move the field forward by implementing quantitative assessment and improving 
reproducibility of segmentation techniques. Automated methods facilitate inner wall and 
outer wall segmentation on axial MR images of the carotid artery and hereby provide a 
means of measuring the total volume of the artery segment.(68) Unlike luminal stenosis, 
plaque volume might be used as a direct measure of the size and severity of atheroscle-
rotic disease.(69-71) With the excellent contrast produced between the lumen and vessel 
wall, we aimed to automatically segment the inner wall boundaries of the carotid artery. 
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Automated segmentation of the outer wall is more difficult, because of the lower contrast 
with surrounding tissue. Evaluating the artery both in axial slices and on the longitudinal 
reformats may improve the detection of the borders of the vessel wall and enable a better 
continuation of the transversal contours in the consecutive slices.

In the present thesis we evaluated the use of non-invasive MRI-based automated segmen-
tation using a population-based approach. In Chapter 5.1, we introduce a custom-designed 
tool to determine plaque burden and lumen volume automatically and evaluated the per-
formance by comparing the cross-sectional areas of the carotid plaques segmented manu-
ally with the automatically measured areas. In Chapter 6.1 we introduce a semiautomated 
segmentation method for the quantification of the IPH volumes. For both methods, we 
found the automated method to perform comparably to the manual annotations. However, 
it is important to note that segmentations in general cannot get better than the quality of 
the manual segmentations as automatic method is trained by the manual segmentations 
which are considered the “golden standard”. In this thesis, either two experienced observ-
ers manually segmented the regions of interest twice or a consensus data set was used as 
the golden standard. Differences during manual segmentation are a consequence of the 
variety in window level settings. The window level settings determine the size of the image 
contrast between the wall of the artery or component and the adjacent tissue. In contrast 
to visual assessment, automated methods use a statistical algorithm to overcome this issue 
and are therefore much better in a way that they will always produce the same output and 
are more robust or reproducible.

The next step is to perform serial imaging in order to assess changes in plaque burden and 
composition. In this context, an important aspect that needs to be mentioned is the varia-
tions in image quality which are caused by patient reposition, movements during scanning, 
position of the coils and heart rate from one scan to another. However, concerns about 
measurements error to be larger than progression rate with repeated MRI scans impedes 
monitoring of the disease and evaluation of intervention strategies. This issue can be over-
come by optimizing acquisition protocols, automated segmentation tools but most of all, 
by improving registration of repeated MRI scans. With current advances in atherosclerosis 
risk management, it will be important to have methods to study effects of new therapies 
on atherosclerosis as proof-of-principle, before going on to very large and costly studies on 
the basis of reduction of events.
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Clinical implications and directions for future research 

Intraplaque hemorrhage; most promising 
imaging marker for screening
One of the goals in atherosclerosis research is to identify the high-risk subject before the 
vascular events. For this purpose, future research should test the hypothesis that assess-
ment of the vulnerable plaque, as opposed to simple stenosis measurements with carotid 
ultrasound, can better guide individual selection of optimal treatment strategies. Hereby, 
carotid MRI scanning could serve as an excellent non-invasive imaging technique, as it is 
highly feasible to discriminate plaque composition and detect IPH.  In an unselected popu-
lation, IPH has shown to be a promising marker for screening purposes. Not only because its 
strong association with cerebrovascular event risk, but IPH can also be easily distinguished 
from the surrounding tissue and other plaque components on MRI. However, it is unclear 
how IPH develops and what the best time would be to perform imaging of the artery. Fur-
thermore, for a screening test to be useful, it should have a very high sensitivity (ability to 
correctly identify people who have the disease) and specificity (ability to correctly identify 
people who do not have the disease). Currently, more research needs to be conducted in 
order to increase understanding about the progression rate of IPH and to assess the sensi-
tivity of IPH for detection of high-risk individuals. 

We propose the need of additional clinical trials randomizing patients with IPH to standard 
and aggressive medical therapy. Initial trials may use a regression of IPH or a decrease in size 
of IPH as a surrogate marker for improved atherosclerotic treatment, although larger multi-
center trials with sufficient patients to test for a statistically significant improvement in hard 
clinical end points, such as stroke and TIA, will be needed to fully test the hypothesis. In this 
context, MR imaging of IPH could play an important role as a surrogate endpoint and could 
serve as a measure of disease severity and clinical risk. In general, noninvasive characteriza-
tion of plaque morphology may be used to provide surrogate endpoints for therapeutic tri-
als. For instance, MR imaging of atherosclerosis may provide information on the responses 
of atherosclerosis to cholesterol-lowering treatments or other treatments that may have a 
stabilizing effects on the atherosclerotic plaque.

MR imaging techniques are currently able to provide morphologic information that can 
suggest whether a lesion is unstable, regardless of the degree of stenosis. Future applica-
tions of these imaging techniques could use the information from plaque characteriza-
tion and the measurement of plaque burden to assist clinicians in the selection of an op-
timal treatment method for each patient, based on the vulnerability of the atherosclerotic 
plaque. Furthermore, imaging of IPH may better stratify risk and identify patients with mild-
to-moderate carotid artery stenosis, who are at an increased risk of ipsilateral stroke and 
who would benefit from surgical intervention, namely carotid endarterectomy or carotid 
arterial stenting, but are currently not being treated as such. 
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Insight into carotid plaque etiology: Is there a 
role for local biomechanical factors?
Another important focus of atherosclerosis research is the etiologic aspects of the disease. 
In order to expand knowledge about development of different plaque components and 
to detect novel risk factors for plaque composition, population-based studies are helpful. 
Although atherosclerosis is viewed as a systemic process, the severity and composition of 
atherosclerotic plaques varies from one arterial bed to another. This variation is likely to be 
the result of local risk factors, such as the geometrical or hemodynamic factors as well as 
their interactions. A key link for the asymmetry in plaque composition between the left and 
right carotid artery may be provided through the quantification of wall shear stress. 

Atherosclerotic plaques are preferentially located at bifurcations or inner curves. In this re-
gions blood flow profiles induce a low wall shear stress.(72) Wall shear stress is the frictional 
force of the blood at the vessel wall. Stresses inside the vessel wall which are related to the 
blood pressure are called the wall stress. Wall shear stress and wall stress are known to influ-
ence many atherogenic processes, including cell proliferation, inflammation, thrombosis 
and plaque growth. They also influence the plaque composition and hereby also the plaque 
vulnerability.(72-74)

As a first next step to investigate these biomechanical parameters, in an ongoing study 
we aim to calculate the local patient-specific wall shear stress and wall stress in the carotid 
artery. As the 3D geometry of the lumen and wall are essential for this, we use the method 
described in Chapter 5.1 of this thesis to generate a 3D reconstruction model. Also, infor-
mation on the composition of the vessel wall and on blood pressure and blood flow are 
required and has already been collected in previous studies. Using a finite element software 
package, it is then possible to calculate the wall shear stress and wall stress and relate that 
with the location and morphology of the plaque. Understanding the pathways on which 
this complex hemodynamic setting will translate to a biologic response would provide 
more insight in the development of atherosclerosis.

Next step; Serial imaging in population studies
Atherosclerosis is a slowly progressing disease. The pathophysiological mechanisms that 
underlie the evolvement of subclinical atherosclerotic plaques into rupture-prone lesions 
have not been unraveled yet. In this thesis, several risk factors were identified and associ-
ated with IPH and plaque burden in a cross-sectional study design. Yet, the predictive value 
was not assessed in a prospective, longitudinal study. Longitudinal assessment of risk fac-
tors for cerebrovascular disease is necessary to provide evidence that a putative risk factor 
or risk indicator is a true risk factor. 
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The next step forward would be the evaluation of the natural course of carotid atherosclerotic 
plaques and identification of determinants of plaque progression. We made the first steps by 
validating and developing post-processing tools to measure plaque volume and volume of 
plaque components, in particular intraplaque hemorrhage, on MRI. Currently, we consider 
the volume measurements sufficiently reliably for cross-sectional measurements, although we 
need to examine whether these measurements are accurate enough to assess changes in ath-
erosclerotic plaque characteristics on serial images. In ongoing research, we performed repeti-
tive MRI examination of 100 healthy participants with atherosclerotic disease after four years 
follow up. Using the previously described plaque segmentation tools, we will study whether 
follow up time is sufficient to enable us to detect plaque change. Our segmentation method 
has shown to be a promising and time preserving method, because manual interaction is 
reduced to the minimum, and because inner and outer vessel wall annotation is not required.

Another important implication of serial imaging is to monitor progression of atherosclerosis 
in order to adapt treatment. In clinical practice, monitoring atherosclerosis is done by moni-
toring stenosis, which is not equal to monitoring overall growth of plaques.(75) Therefore, in 
order to recognize pathologic growth of atherosclerosis, it is important to first increase the 
knowledge about plaque volumes as how they progress during normal aging. Only then 
can pathologic changes be distinguished from normal.

Conclusions

The ultimate goal of carotid vulnerable plaque research is to increase knowledge about the 
development of vulnerable plaques in the carotid arteries and to identify healthy patients at 
high-risk for cardiovascular complications. Carotid plaque MR imaging may play a large role 
in individual patient selection and decision making for optimal atherosclerotic treatment 
strategies. This thesis provides more insight into risk factors of vulnerable plaque charac-
teristics, in particular intraplaque hemorrhage, and represents one step forward towards a 
more complete understanding of the complex interplay between carotid wall properties 
and hemodynamic forces of carotid atherosclerosis. Summarizing, the main conclusions of 
this thesis with respect to imaging of carotid atherosclerosis are as follows.

Among the different plaque components investigated in carotid plaque composition, IPH 
is the most premising parameter to play a role in preventive strategies for cerebrovascu-
lar events. We identified novel risk factors for IPH, such as increased blood pressure, pulse 
pressure and pulse wave velocity. Also, we found that asymmetry in plaque composition 
exists between the left and right carotid artery and we found measurements of carotid 
plaque characteristics to be differentially related to ischemic stroke and CHD. Finally, we 
introduced user-friendly, non-invasive MRI-based automated segmentation methods to 
quantify plaque burden and IPH volume.
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As the understanding of the pathophysiology of cardiovascular disease has undergone a re-
markable revolution, new parameters for risk prediction are anticipated. Biomechanical pa-
rameters are new promising parameters that potentially can play a role in risk stratification 
as we have shown that they are associated with IPH and others have demonstrated that 
they are crucial for plaque development, plaque rupture and embolism. The emergence 
of quantitative segmentation tools allow computation of these parameters. Knowledge of 
the role of local biomechanical parameters in plaque development and stroke risk may 
support future improvements in risk prediction and will also enhance understanding of the 
role of biomechanical parameters in the pathophysiology of cardiovascular disease and its 
results may facilitate further study of the mechanisms of vulnerable plaque development 
and rupture.
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Summary

Chapter 1 introduces the background and the aim of the thesis. Atherosclerotic plaques 
located in the carotid arteries are the main cause of stroke. Current treatment strategies 
that target atherosclerosis are insufficient to early identify the individual who is at risk of 
stroke and the incidence of cerebrovascular events remains dramatically high. Recent ad-
vances in the prevention of stroke include discrimination of different plaque components 
and the recognition of the vulnerable atherosclerotic plaque, which could consist of an 
intraplaque haemorrhage. Intraplaque hemorrhage is assumed to be caused by rupture or 
leakage of plaque neovasculature, and, stimulates the progression and destabilization of 
the plaque. Magnetic resonance imaging (MRI) is able to discriminate between the different 
atherosclerotic plaque components and it can accurately detect intraplaque hemorrhage 
in atherosclerotic plaques of the carotid artery. Knowledge about factors that influence 
carotid atherosclerotic plaque composition may eventually contribute to stroke prevention. 
Therefore, the first objective was to identify biomechanical parameters for carotid athero-
sclerosis and more specifically for carotid intraplaque hemorrhage. Secondly, we aimed to 
increase understanding of the role of biomechanical parameters in the pathophysiology of 
cardiovascular disease. Thirdly, we aimed to develop automated segmentation methods in 
order to reliably quantify plaque burden and volume change of IPH.  In order to do this, we 
scanned the carotid arteries on both sides in almost 2000 individuals from the Rotterdam 
Study; an ongoing prospective population-based cohort study. 

 Hypertension is a highly prevalent condition and a major contributor to atherosclerotic 
cardiovascular disease. In Chapter 2.1 we investigated different blood pressure parameters 
more deeply and evaluated their relation to presence of carotid IPH. We showed that the 
pulsatile component of blood pressure, as indicated by pulse pressure, was the strongest 
determinant of IPH. Previous experimental studies support the association between cyclic 
hemodynamic factors and atherosclerosis progression and plaque instability. Pulsatile strain 
affects the endothelium, vascular smooth muscle cells, the production of elastin, collagen, 
glycosaminoglycans, and results in increased atherosclerotic plaque volume. Rupture of an 
atherosclerotic plaque may be expected when the stress acting on the vessel wall exceeds 
its strength. Accordingly one would expect a greater contribution of the systolic blood 
pressure than pulse pressure causing rupture of the neovessels. However, our findings sug-
gest that the pulsatile mechanical load that acts on the arterial wall, irrespectively of the 
absolute value of blood pressure, is at least as important in the development of IPH.

An underlying pathophysiological mechanism linking pulse pressure to IPH could include 
the involvement of arterial stiffness. In an additional study (Chapter 2.2), we therefore in-
vestigated the relation of arterial stiffness to presence of atherosclerotic plaques and to IPH 
using a direct measurement of arterial stiffness, namely pulse wave velocity. In this study, 
we showed that arterial stiffness is associated with presence and composition of carotid 
atherosclerotic plaques in the general population. Furthermore, among individuals with a 
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plaque in the carotid arteries, arterial stiffness was an important determinant of IPH. Stiff-
ening of the arterial tree may lead to early pulse wave reflection, and as consequence an 
increase in central systolic blood pressure, a decrease in diastolic blood pressure, and an 
increase in pulse pressure. Hence, the pulse wave velocity reflects the cumulative damage 
on the arterial wall. Although we also found that pulse wave velocity is associated with IPH 
independent of pulse pressure, we should note that there is a complex relation between 
pulse pressure and arterial stiffness and pulse pressure may be considered both a cause and 
consequence of arterial stiffness.

Ischemic strokes are more often diagnosed in the left hemisphere than in the right, there-
fore we hypothesized that asymmetry in carotid atherosclerosis may play a role in this ob-
servation. In Chapter 3, we assessed the prevalence, severity and composition of athero-
sclerotic carotid plaque and investigated whether these characteristics differed between 
the left and right carotid artery. Our findings demonstrated that plaque prevalence, severity 
and composition are not equally distributed among the left and right carotid arteries. Most 
individuals had bilateral carotid disease. Unilateral plaques were usually located on the left. 
Left-sided plaques were slightly thicker than the contralateral side. Whereas IPH and lipid 
were mostly observed in left-sided plaques, these plaques were predominantly composed 
of IPH and fibrous tissue. These findings suggest that atherosclerotic plaques on the left 
are more vulnerable than on the right. In contrast, right-sided plaques were predominantly 
composed of calcification, which is considered more stable and therefore less likely to result 
in thromboembolic complications. Differences in plaque thickness and composition be-
tween the left and right carotid arteries might be explained by hemodynamic or geometri-
cal factors such as wall shear stress, bifurcation angle, or because of the direct connection of 
the left carotid artery to the aortic arch, leading to increased exposure in arterial pressures. 
We believe that understanding their contributions may explain the variation between left 
and right carotid atherosclerosis. 

Chapter 4 Since atherosclerosis is a chronic inflammatory condition with various local and 
systemic manifestations, researchers have raised the hypothesis that plaque instability may 
also be a systemic condition, influenced by systemic risk factors. For this reason, the term 
vulnerable patient was introduced, indicating that changes found in one vessel bed may be 
predictive of risk of events in another vessel bed. We examined the association between ca-
rotid atherosclerotic plaque characteristics, including vulnerable components, and history 
of ischemic stroke and coronary heart disease. We found different atherosclerotic plaque 
characteristics related to coronary heart disease as compared to ischemic stroke. Whereas 
plaque thickness and stenosis were associated with a history of coronary heart disease and 
ischemic stroke, IPH was associated with ischemic stroke only. These associations were pri-
marily present in men and less so in women. Whereas several reports previously suggested 
a relation between carotid IPH and CHD, we did not find any significant association be-
tween any of the carotid plaque components and history of CHD. A possible explanation 
for this discrepancy is that we focused on the independent risks of ischemic stroke and 
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coronary heart disease separately instead of restricting the study to one end organ or us-
ing composite end points. However, another explanation, and also the main limitation of 
this study, is that we used prevalent cardiovascular events as surrogate end point in order 
to explore the relation between carotid plaque composition and clinical event. As a conse-
quence, fatal events, in which advanced atherosclerosis is expected, were not considered 
in the present study. This may have led to an underestimation of the association between 
vulnerable plaque characteristics and clinical events. Therefore, prospective studies that in-
vestigate the relation between carotid plaque characteristics and incident coronary heart 
disease and incident ischemic stroke in the general population are required. 

Direct non-invasive measurements of the burden and composition of preclinical athero-
sclerosis have been proposed as a way to improve cardiovascular disease prevention and 
management. It has been suggested that plaque burden may provide more information 
on the extent of atherosclerosis beyond luminal stenosis. In Chapter 5.1, we describe a 
novel method for volumetric assessment of carotid plaque burden and lumen volumes. The 
method combines lumen and outer wall segmentation based on deformable model fitting 
with a learning-based segmentation correction step. We found that the automatic method 
performs comparably to the manual annotations in terms of wall volume and normalized 
wall index measurements and can therefore be used to replace the manual measurements.

 Using this automated method, we evaluated age and sex distributions of plaque burden 
and lumen volume in the general population and investigated relations of cardiovascular 
risk factors. Chapter 5.2 describes the sex-related differences in plaque burden and lumen 
volumes. We found that women have a larger plaque burden and smaller lumen volume 
than men. Also in women, age, HDL-levels and systolic blood pressure were independently 
associated with plaque burden and lumen volume. In men, cholesterol levels and statin use 
were significantly associated with plaque burden and lumen volume, whilst smoking and 
diabetes related only to lumen volume. Hence, the control of modifiable risk factors can 
prove beneficial in lowering plaque burden. Prospective longitudinal studies should inves-
tigate whether these cardiovascular risk factors are also associated with plaque progression. 
In this study, we also showed that IPH was found to be an additional risk factor for plaque 
burden and that it also strongly affects lumen narrowing independent of plaque size. This 
finding is supported by a previous study that found that lesions with IPH at baseline had 
a greater increase in wall volume and reduction in lumen volume compared with arteries 
without IPH. 

Manual quantification of IPH volume is a laborious procedure and may easily result in seg-
mentation errors when measuring inter- and intra-observer variability. Therefore, there is 
a large interest in automated procedures for IPH volume measurement. In Chapter 6.1 
we presented a semi-automatic IPH segmentation and quantification method that does 
neither require manual annotation of the inner or outer vessel wall nor preprocessing to 
correct for intensity inhomogeneity’s. The method segments the IPH using a piecewise 
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smooth regional level set initialized by a set of manually clicked seed points. The inter-scan 
reproducibility experiments showed that the segmented volumes of the semi-automatic 
method have a much higher reproducibility than those of the observers. In this study we 
demonstrated that the manual annotation of IPH is subject to large observer variability. 
Therefore the semi-automatic results can at best also have a moderate agreement with the 
manual reference standard. However, the robustness and inter-scan reproducibility of the 
semi-automatic method is better than the manual observations. 

In Chapter 6.2 we aimed to evaluate the visual and quantitative change of IPH after one 
year follow up in asymptomatic subjects and to identify risk factors of IPH growth. In a nest-
ed-case-control study, we used automated segmentation to assess IPH volumes as detect-
ed on MRI. Serial imaging of IPH after one year follow up revealed in the majority of cases 
(96%) persistence of high signal on T1w-sequence. This finding is consistent with a previous 
study conducted in symptomatic individuals and 18 months follow up. In all individuals, IPH 
at baseline was found to be present at follow up. In the present study, we also assessed IPH 
change both qualitatively and quantitatively. We found that the largest proportion of IPH 
exhibited no visual change in size. However, we also report the novel finding that IPH may 
also regress or disappear. 

In chapter 7, the general discussion, the main findings are reviewed in the context of cur-
rent knowledge. Also, methodological considerations with regard to the studies in this the-
sis are described; this includes aspects of population-based imaging, cross-sectional study 
design, MRI imaging and post-processing techniques with automated segmentation. Fi-
nally, future research directions and clinical implications are discussed, such as the use of 
intraplaque hemorrhage as an imaging marker for screening and the role of biomechanical 
markers in the etiology of carotid atherosclerosis.
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Samenvatting

Hoofdstuk 1 introduceert de achtergrond en de doel van het proefschrift. Atherosclero-
tische plaques in de carotiden zijn de hoofdoorzaak van herseninfarcten. De huidige be-
handelingen die gericht zijn op atherosclerose zijn onvoldoende om 
personen vroegtijdig te identificeren die een verhoogd risico hebben op het 
krijgen van een herseninfarct, waardoor de incidentie van herseninfarcten drama-
tisch hoog blijft. De huidige ontwikkelingen die gericht zijn op het voorko-
men van herseninfarcten zijn onder andere het onderscheiden van verschil-
lende plaque componenten en het herkennen van vulnerabele atheroscle-
rotische plaques. Laatstgenoemde kunnen gekenmerkt worden door bij-
voorbeeld de aanwezigheid van plaquebloedingen. Er wordt aan-genomen dat 
plaquebloedingen veroorzaakt worden door een scheur of lekkage in de vaat-
nieuwvormingen in een plaque, welke vervolgens tot progressie en instabiliteit 
van de plaque kunnen leiden. Magnetic resonance imaging (MRI) is geschikt om de 
verschillende plaquecomponenten te onderscheiden en het kan plaquebloe-
dingen in de carotiden nauwkeurig opsporen. Kennis over de factoren 
die de atherosclerotische plaque samenstelling beïnvloeden kan bijdragen aan het 
voorkomen van herseninfarcten. Daarom, het eerste doel was het identificeren van 
biomechanische parameters voor atherosclerose in de carotiden en in het bijzonder 
plaquebloedingen in de carotiden. Ten tweede, we streefden ernaar om de rol 
van de biomechanische parameters bij de pathofysiologie van hart- en vaat 
ziekten beter te begrijpen. Ten derde, we streefden ernaar om geautomatiseerde 
segmentatie methoden te ontwikkelen om plaqueomvang en plaquebloedingen
betrouwbaar te kunnen meten. Om deze onderzoeksvragen te beantwoorden 
hebben wij beiderzijds de carotiden van bijna 2000 deelnemers uit de Rotterdam 
Studie gescand. De Rotterdam Studie is een lopend groot prospectief cohort 
onderzoek in de algemene bevolking.
Hoge bloeddruk, oftewel hypertensie, is een veelvoorkomende aandoening en 
draagt aanzienlijk bij aan atherosclerose gerelateerde hart- en vaatziekten. In hoofdstuk 
2.1 heb-ben wij verschillende bloeddruk parameters nauwkeuriger onderzocht en heb-
ben wij hun relatie tot plaquebloedingen in de carotiden geëvalueerd. Wij toon-
den aan dat het pulsatiele onderdeel van de bloeddruk, uitgedrukt in polsdruk, de 
sterkste voorspeller was voor plaquebloedingen. Voorgaande experimentele onder-
zoeken ondersteunen de associatie tussen periodieke hemodynamische factoren 
en atherosclerose progressie en plaque instabiliteit. Pulsatiele spanning beïnvloedt het 
endotheel, de gladde spiercellen in de vaatwand, de aanmaak van elastine, colla-
geen, glycosaminoglycans, en leidt tot toename van het atherosclerotische 
plaquevolume. Een scheur in de atherosclerotische plaque wordt geacht te ontstaan 
als de krachten die zich op de vaatwand uitoefenen toenemen. Op dezelfde ma-
nier zou men een grotere bijdrage verwachten van de systolische bloeddruk
dan van de pulsatiele bloeddruk die leidt tot het scheuren van de vaatnieuw-
vormingen. Echter, onze bevindingen suggereren dat de pulsatiele druk, een mecha-
nische kracht is die inspeelt op de vaatwand van de slagader, ongeacht van de ab-
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solute hoogte van de bloeddruk, en die op z’n minst even belangrijk is bij de ontwikkeling 
van plaquebloedingen.Het onderliggende mechanisme dat de relatie vormt tussen 
polsdruk en plaquebloedingen kan mogelijk te maken hebben met de vaatstijfheid. In een 
aanvullend hoofdstuk (hoofdstuk 2.2) hebben wij de relatie onderzocht tussen 
vaatstijfheid en de aanwezigheid van atherosclerotische plaques en plaquebloedingen 
met behulp van een directe meting van vaatstijfheid, namelijk polsgolfsnelheid. In dit 
onderzoek hebben wij aangetoond dat de vaatstijfheid geassocieerd is met de 
aanwezigheid en de samenstelling van atherosclerotische plaques in de carotiden bij 
mensen uit de algemene bevolking. Bovendien was vaatstijfheid een belangrijke 
determinant voor plaquebloedingen bij mensen die een plaque in de carotiden hadden. 
Een toegenomen vaatstijfheid kan leiden tot een vroege uitgekaatste drukgolf met als 
gevolg een toename in centrale systolische bloeddruk, een afname in diastolische 
bloeddruk en een toename in polsdruk. Daarom weerspiegelt de polsdrukgolf de 
cumulatieve schade aan de vaatwand. Ondanks onze bevinding dat de polsdrukgolf 
geassocieerd was met plaquebloedingen onafhankelijk van de polsdruk, is het toch ver-

meldenswaardig dat er een gecompliceerde relatie bestaat tussen polsdruk en 
vaatstijfheid. Polsdruk kan beschouwd worden als zowel de oorzaak als het gevolg van 
vaatstijfheid.
Ischemische herseninfarcten worden vaker gediagnosticeerd in de linker hersenhelft dan 
in de rechter, daarom hadden wij de hypothese dat asymmetrie van atherosclerose in 
de carotiden hierbij mogelijk een rol kon spelen hierbij. In hoofdstuk 3 hebben wij de 
prevalentie, ernst en compositie van atherosclerotische plaques bepaald en hebben wij 
onderzocht of er verschillen zijn tussen de linker- en rechtercarotis. Onze bevindingen 
toonden aan dat de plaque prevalentie, ernst en compositie niet gelijk verdeeld zijn over 
de linker- en rechtercarotis. De meerderheid van de deelnemers had beiderzijds 
atherosclerose in de carotiden. Enkelzijdige plaques waren voornamelijk links 
gelokaliseerd. Linkszijdige plaques waren enigszins dikker dan de plaques aan de 
contralaterale zijde. Terwijl aanwezigheid van plaquebloedingen en vetophoping met 
name geobserveerd werd aan de linkerzijde, bestonden de linkszijdige plaques 
hoofdzakelijk uit plaquebloedingen en fibreus weefsel. Deze bevindingen suggereren dat 
linkszijdige atherosclerotische plaques meer vulnerabel zijn dan de rechtszijdige pla-
ques. In tegenstelling tot rechtszijdige plaques, welke hoofdzakelijk bestaan uit 
calcificaties, hetgeen beschouwd wordt als meer stabiel en een groter 
thromboembolisch complicatie risico vormt. De verschillen in plaquedikte en compositie 
tussen de linker- en de rechtercarotis kunnen verklaard worden door de 
hemodynamische of geometrische factoren, zoals de wrijvingskracht, bifurcatiehoek of 
door het feit dat de linkercarotis in directe verbinding staat met de aortaboog waardoor 
de arteriële druk daar hoger is. Beter inzicht in de individuele bijdrages van deze factoren 
kan mogelijk de variabiliteit tussen de linker- en rechtercarotis beter verklaren. 
Hoofdstuk 4 Atherosclerose is een chronisch inflammatoire aandoening is met diverse 
lokale en systemische manifestaties. Daarom hebben onderzoekers de hypothese 
opgesteld dat plaque instabiliteit ook een systemische aandoening kan zijn, welke 
beïnvloed wordt door systemische risicofactoren. 
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Dit leidde tot de introductie van de term ”vulnerabele pa-tiënt’, hetgeen suggereert 
dat veranderingen die in het ene vaatbed gevonden worden mogelijk voorspellend 
konden zijn voor events die vanuit een ander vaatbed ontstaan. In dit hoofdstuk 
hebben wij de associatie tussen atherosclerotische plaque eigenschappen, 
inclusief de vulnerabele plaquecomponenten, en een voorgeschiedenis van ische-
mische herseninfarct of coronair vaatlijden onderzocht. Wij vonden dat athero-
sclerotische plaque eigenschappen verschillend gerelateerd waren aan coronair 
vaatlijden in vergelijking tot ischemische herseninfarcten. Terwijl plaque dikte en 
stenose het sterkst geassocieerd waren met een voorgeschiedenis van coronair 
vaatlijden en ischemische herseninfarcten, waren plaquebloedingen alleen 
geassocieerd met ischemische herseninfarcten. Deze associaties waren voornamelijk 
aanwezig in mannen en minder in vrouwen. Terwijl voorgaande onderzoeken een 
relatie suggereerden tussen plaquebloedingen in de carotis en coronair vaatlijden, 
hebben wij geen enkele associatie gevonden tussen de plaquecomponenten en een 
voorgeschiedenis van coronair vaatlijden. Een mogelijke verklaring voor deze dis-
crepantie is dat wij ons binnen dit onderzoek geconcentreerd hebben op de 
onafhankelijke risico’s op ischemische herseninfarcten en coronair vaatlijden, terwijl de 
andere onderzoeken soms zich tot één eindorgaan beperkten of juist de risico’s op 
beide aandoeningen combineerden. Echter, een andere verklaring, en ook een  
beperking van deze studie, is dat wij gebruik maakten van doorgemaakte 
cardiovasculaire events ter benadering van toekomstige events bij het vergelijken van de 
onderlinge risico’s op deze aandoeningen. Als gevolg daarvan zijn de fatale events, 
waarbij vergevorderde atherosclerose verwacht wordt, niet in overweging genomen in 
het huidige onderzoek. Dit zou mogelijk tot een onderschatting kunnen hebben geleid
van de associatie tussen vulnerabele plaque eigenschappen en klinische events. Daarom 
zijn meer prospectieve onderzoeken naar de relatie tussen plaque eigenschappen in de 
carotis en de incidentie van coronair vaatlijden en ischemische herseninfarcten in de 
algemene bevolking vereist.
Directe non-invasieve metingen van de belasting en compositie van preklinische athero-
sclerose kunnen mogelijk de preventie en behandeling van hart- en vaatziekten 
verbeteren. Voorheen werd gesuggereerd dat plaquebelasting mogelijk meer 
informatie bevat over atherosclerose dan dat luminale stenose kan bieden. In 
hoofdstuk 5.1 beschrijven wij een nieuwe methode om de plaquevolume en 
lumenvolumes te bepalen. Deze methode combineert contouren van het lumen en van 
de buitenwand op basis van een deformabel fitting model met een learning-based
segmentatie correctie. Wij hebben gevonden dat deze geautmatiseerde methode 
vergelijkbare resultaten produceert als de handmatige benadering wanneer het gaat 
om de plaquevolumes en de genormaliseerde wandindex. Deze methode kan daarom de 
handmatige metingen vervangen.
Met behulp van deze geautomatiseerde methode hebben wij de leeftijd- en
geslachts- verdelingen van plaquebelasting en lumenvolume in de algemene bevolking
geëvalueerd en de relaties met cardiovasculaire risicofactoren onderzocht. Hoofdstuk
5.2 beschrijft de geslachtsspecifieke verschillen in plaquebelasting en lumenvolumes.
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Wij vonden dat in vrouwen, leeftijd, HDL-niveau en systolische bloeddruk onafhankelijk 
geassocieerd waren met plaquebelasting en lumenvolume. In mannen waren cholesterol 
niveau en statine gebruik significant geassocieerd met plaquebelasting en lumenvolume, 
terwijl roken en suikerziekte slechts gerelateerd waren aan lumenvolume. Het beter 
controleren van de be-invloedbare risicofactoren kan daarom bevorderlijk zijn voor het 
verlagen van de plaque-belasting. Prospectieve longitudinale onderzoeken zouden ook 
moeten uitmaken of deze cardiovasculaire risicofactoren ook geassocieerd zijn aan 
plaqueprogressie. In dit onderzoek hebben wij ook aangetoond dat plaque 
bloedingen een aanvullende risicofactor vormen voor plaquebelasting en dat het 
lumenvernauwing sterk kan beïnvloeden onafhankelijk van plaqueomvang. Deze 
bevinding is in lijn met een voorgaande studie die vond dat carotiden die een 
plaquebloeding bevatten tot een grotere toename in wandvolume en afname in 
lumenvolume zorgden in vergelijking met carotiden zonder plaquebloedingen.
Het handmatig meten van de volumes van de plaquebloedingen is een tijdrovende 
proce-dure en is gevoelig voor segmentatievariatie tussen dezelfde en verschillende 
onderzoekers. Daarom is er een grote behoefte naar geautomatiseerde 
procedures om plaquebloedingen beter te kunnen meten. In hoofdstuk 6.1 
presenteren wij een (semi)geautomatiseerde segmentatie en kwantificatie methode 
voor plaquebloedingen. Deze methode vereist geen handmatige contouren van de 
binnen- en buitenwand en ook geen voorbewerking om te corrigeren voor de 
heterogeniteit in intensiteit. Deze methode segmenteert plaquebloedingen middels 
een stapsgewijze smooth-regional-niveau methode welke bepaald wordt door 
een aantal handmatig geplaatste markeringspunten. Het reproduceer-
baarheidsonderzoek toonde aan dat de geautomatiseerde contouren beter 
reproduceerbaar waren dan de handmatige. In dit onderzoek hebben wij aangetoond 
dat handmatige metingen van plaquebloedingen gevoelig zijn voor variatie. Daarom 
is de kwaliteit van de geautomatiseerde contouren  vergelijkbaar met de handmatige 
contouren die hierbij als referentie gelden. Echter, de robuustheid en de inter-scan 
reproduceerbaarheid van de geautomatiseerde methode zijn beter dan de handmatige 
benadering.
In hoofdstuk 6.2 was het doel om de visuele en kwantitatieve veranderingen in 
plaquebloedingen te meten na ruim één jaar follow up in asymptomatische personen en 
om risicofactoren voor groei van plaquebloedingen te identificeren. In een ingesteld case-
control onderzoek hebben wij geautomatiseerde contouren gebruikt om de volumes van 
plaquebloedingen te bepalen zoals deze zichtbaar zijn op MRI. Herhaaldelijke 
beeldvorming van plaquebloedingen na één jaar follow up toonde aan dat de 
meerderheid van de gevallen (96%) een persisterend hoog signaal had op de T1-gewogen 
beelden. Deze bevinding komt overeen met een voorgaand onderzoek dat uitgevoerd 
was in symptomatische personen en 18 maanden durende follow up had. Alle 
plaquebloedingen die op de eerste scan aanwezig waren bleven zichtbaar na 18 
maanden follow up. 
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In het huidige onderzoek hebben wij tevens de verandering in plaquebloeding middels
een kwalitatieve en een kwantitatieve methode vastgesteld. Wij vonden dat het grootste 
deel van de plaquebloedingen visueel niet leek te veranderen. Echter, wij hebben wel de 
nieuwe observatie gerapporteerd dat plaquebloedingen kunnen afnemen in omvang en 
zelfs ook verdwijnen.
Hoofdstuk 7 is een algemene discussie waarin de hoofdbevindingen besproken worden 
binnen het kader van de huidige kennis. Ook methodologische overwegingen met 
betrek-king tot de onderzoeken die verricht zijn binnen dit proefschrift worden 
beschreven; hierbij worden besproken: de beeldvorming binnen de algemene bevolking, 
dwarsdoorsnedeonder-zoek, MRI beeldvorming alsmede beeldverwerkingstechnieken
middels geautomatiseerde segmentatie. Tot slot worden toekomstige
onderzoeksrichtingen en klinische toepassin-gen besproken, zoals het gebruik van
plaquebloedingen als een beeldvormingsmarker bij screeningsdoeleinden en de rol van
biomechanische markers bij de etiologie van athero-sclerose in de carotiden.
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