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Stroke is a large, health problem accounting for five million deaths and an additional five milli-
on disabled patients annually worldwide (1). In The Netherlands, stroke accounts for 21% of  
all cardiovascular deaths, with a total number of  nearly 10.000 deaths in 2014 (2). Ischemic 
strokes, in which blood supply to (part of ) the brain is (temporarily) impaired, are responsible 
for almost 90% of  the strokes, with hemorrhagic strokes accounting for the remaining 10% 
(3). Of  the ischemic strokes, 15-20% are caused by atherosclerosis of  the carotid artery (4).

In atherosclerosis, infiltration of  macrophages and build up of  fatty deposits and scar tissue 
leads to a local thickening of  the vessel wall. Current guidelines for the treatment of  patients 
with an atherosclerotic plaque in the carotid artery are based on the results of  large rando-
mized surgical trials performed in the early 90s. These trials have shown that symptomatic 
patients with a stenosis of  70-99% that have experienced a recent cerebrovascular ischemic 
event benefit from carotid endartorectomy (CEA) with a number needed to treat (NNT) of  
6. For symptomatic patients with a 50-69% stenosis the NNT increases to 22, making CEA 
only marginally effective (5). During CEA, the vascular surgeon surgically removes the carotid 
artery plaque. Additionally, male patients with a carotid stenosis ≥50 % who have experien-
ced a recent ischemic event within two weeks are also eligible for CEA (6). Next to a CEA, 
symptomatic patients receive best medical treatment, consisting of  anti-platelet therapy and 
cholesterol synthesis inhibitors (6).

Numerous histopathological studies performed on CEA specimen have shown that speci-
fic plaque characteristics are associated with an increased stroke incidence in symptomatic 
patients compared to asymptomatic patients (7-11). These “vulnerable plaques” are charac-
terized by a large lipid-rich necrotic core (LRNC) with a thin fibrous cap, presence of  in-
flammatory cells, ulcerations, and intraplaque hemorrhage (IPH) (12), while the presence of  
fibrous tissue is considered a stabilizing feature (13). Next to these plaque features, increased 
microvasculature of  the atherosclerotic plaque has been suggested to be a characteristic of  
plaque vulnerability (14). In physiological conditions, microvessels are already present in the 
outer layer of  the vessel wall, the adventitia. However, in atherosclerosis, microvessels grow 
from the adventitia into the plaque tissue as a result of  angiogenic stimuli. These newly formed 
microvessels generally have a low integrity of  the endothelium (15), providing a point of  entry 
for inflammatory cells and erythrocytes. According to the fatigue hypothesis (16,17), ruptured 
microvessels may also be the result of  the biomechanical load on the atherosclerotic vessel 
wall due to exposure to the arterial pressure wave during each heart beat. These repetitive 
deformations of  the atherosclerotic plaque may result in minor tissue damage, accumulating 
over time into larger tissue damage (crack propagation).

Non-invasive imaging techniques of  the atherosclerotic vessel wall may provide opportunities 
for improved patient stratification. Firstly, vessel wall imaging enables more accurate deter-
mination of  outward remodeling of  the vessel wall compared to angiographic techniques, in 
which only the vessel lumen is displayed. Secondly, vessel wall imaging enables in vivo visualiza-
tion of  plaque characteristics. Interest in the potential benefit of  patient stratification based on 
(a number of ) these vulnerable plaque characteristics has greatly increased over the past de-
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cade, mainly owing to technical improvements of  non-invasive imaging modalities. Moreover, 
since patients with a mild to moderate carotid stenosis rarely undergo CEA and the adventitial 
region of  the vascular wall remains in situ after CEA, non-invasive imaging techniques enable 
an increased number of  possibilities to study the role of  vulnerable plaque characteristics over 
time. In particular patients with a mild to moderate stenosis may benefit from increased perso-
nalized treatment since for this patient population CEA is only marginally effective.

Non-invasive imaging and quantification of  the plaque microvasculature can be performed 
using pharmacokinetic modeling of  dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI) (18-24). Recent studies showed a weak link between increased plaque micro-
vasculature and plaque inflammation (25,26) and the presence of  intraplaque hemorrhage 
(27). However, it was shown that the correlation between plaque inflammation and micro-
vasculature differs between symptomatic and asymptomatic plaques (26). Therefore, in vivo 
visualization of  plaque microvasculature may not only provide further insight into pathological 
mechanisms involved in plaque development and destabilization, but may also provide additi-
onal information compared to other vulnerable plaque features.

The hypothesis of  the present thesis is that non-invasive imaging of  the plaque microvascula-
ture with DCE-MRI can aid to gain further insight in the atherosclerotic process. To investigate 
this hypothesis, the following objectives are addressed in the present thesis:
• To further improve and validate DCE-MRI methodology
• To investigate the association between plaque microvasculature and important features 

of  plaque vulnerability (plaque inflammation and presence of  intraplaque hemorrhage)
• To explore whether plaque microvasculature is related to the type of  cerebrovascular 

symptoms in patients with mild to moderate carotid stenosis
• To evaluate if  DCE-MRI can be used as evaluation tool to investigate the effect of  a heart-

rate reducing therapy on features of  plaque vulnerability

In chapter 2, an overview of  the current state of  DCE-MRI in the evaluation of  plaque mi-
crovasculature in clinical and preclinical settings is provided. First, principles and acquisition 
methods of  DCE-MRI and methods for (semi-)quantitative analysis of  DCE-MRI data are 
discussed. Secondly, an overview is given of  publications in which DCE-MRI of  plaque mi-
crovasculature is applied. The main findings are summarized on the following aspects 1) the 
association of  other plaque features with plaque microvasculature; 2) changes in plaque mi-
crovasculature over time; 3) comparison of  different experimental animal groups and human 
subjects with a different cardiovascular risk profile; and 4) evaluation of  the response to the-
rapeutic interventions.

Accurate determination of  the luminal contrast medium (CM) concentration (known as the 
vascular input function, VIF) is an essential requirement for quantitative analysis of  DCE-MRI 
using pharmacokinetic modeling. In chapter 3, an alternative method for determination of  
the luminal CM concentration in DCE-MRI of  the plaque microvasculature is introduced. This 
alternative method, based on the phase MRI signal, is compared to the currently commonly 
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employed method based on the magnitude MRI signal. The results from this chapter show that 
the magnitude-based VIF is strongly influenced by local blood velocity, leading to an underesti-
mation of  the CM concentration in the vessel lumen. Analysis of  the model parameters deter-
mined from both methods show a moderate to strong correlation between the two methods, 
although absolute values differ significantly. Based on the results of  this chapter, it is advised to 
use a phase-based VIF for quantification of  DCE-MRI data of  carotid plaques.

The relationship between atherosclerotic plaque microvasculature and other features of  pla-
que vulnerability has been studied in a number of  DCE-MRI studies. However, these studies 
have focused on a single region of  the vascular wall, i.e. either the entire vessel wall or the 
outer layer of  the vessel wall only. Therefore, the interchangeability of  these results is not 
clear. The aim of  the study described in chapter 4 is 1) to assess parameter agreement of  Ktrans 
between the two vascular regions and 2) to study the correlation with microvessel density 
on histology. The results from this study showed similar moderately strong correlations with 
plaque microvessel density on histology, though a significantly higher median Ktrans was found 
in the adventitia compared to the entire vessel wall. These results suggest that both vascular 
regions reflect plaque microvessel density, though care should be taken when comparing ab-
solute values between studies that assessed different regions.

A previous DCE-MRI study in 27 patients has shown a positive association between adventitial 
Ktrans and the presence of  IPH within carotid plaque (27). In chapter 5, the results of  a study 
are presented with the aim to confirm the potential positive association between the plaque 
microvasculature and presence of  IPH in a large cohort imaging study of  101 patients with 
carotid plaque. In this chapter, no difference in adventitial Ktrans for patients with and without 
IPH is found, while a decreased vessel wall Ktrans is found in patients with IPH. Therefore the 
positive association between plaque microvasculature and presence of  IPH that was previ-
ously reported could not be confirmed in this chapter. The results of  this chapter suggest that 
not only plaque microvasculature, but additional factors, such as a disrupted plaque surface, 
contribute to the development of  IPH in carotid atherosclerosis. Several studies have already 
shown an important role for inflammation in the atherosclerotic process (28), which can be 
quantified using 18F-FDG PET (29-31). It is generally believed that activated macrophages lead 
to the formation of  new microvessels. Therefore, plaque inflammation and plaque microvas-
culature may be linked to each other. In chapter 6, the interchangeability of  DCE-MRI and 
18F-FDG PET-CT is investigated in symptomatic patients with a mild carotid stenosis. In this 
chapter, a weak correlation coefficient (ρ=0.30, p<0.05) between the two imaging modali-
ties was found, showing that both imaging methods are related to each other. These results 
indicate that both modalities are not interchangeable and the relationship between plaque 
inflammation and (development of ) plaque microvasculature may be time-dependent.

It is known from previous studies that patients with a recent ischemic stroke have a higher 
risk of  recurrent stroke compared to (ocular) transient ischemic attack (TIA) patients. The 
purpose of  the cross-sectional study described in chapter 7 is to explore the association be-
tween plaque microvasculature with type of  recent cerebrovascular events in symptomatic 
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patients with mild-to-moderate carotid stenosis. The results of  this chapter show that the 75th 
percentile adventitial Ktrans is significantly associated with a recent ischemic stroke compared to 
(ocular) TIA in multivariate analysis, independent of  clinical risk factors. These results indicate 
a positive association of  leaky plaque microvasculature with a recent ischemic stroke compa-
red to (ocular) TIA. Future prospective longitudinal studies are needed to further investigate 
whether Ktrans may serve as an imaging marker to predict (the type of ) future cerebrovascular 
events.

Epidemiologic studies have shown that patients with an elevated resting heart rate have a 
lower life expectancy (32-34), independent of  other risk factors. An increased heart rate may 
result in minor repetitive tissue damages within the vessel wall. Accumulation over time may 
result in larger tissue damage (crack propagation), such as microvessel rupture, cap fissures, 
and ultimately, cap rupture, leading to further progression of  atherosclerosis. Chapter 8 des-
cribes the results of  a preclinical rabbit study in which the effect of  a heart-rate reducing agent 
on features of  atherosclerotic plaque vulnerability is investigated. To investigate the role of  
heart rate, atherosclerosis was induced in New Zealand White Rabbits by a combination of  
a cholesterol-enriched diet and balloon injury of  the abdominal aorta and heart-rate reduc-
tion was achieved by administration of  Ivabradine. Results of  this study show that heart-rate 
reducing therapy is associated with a reduction in vulnerable plaque features. A decrease 
of  macrophage content on histology was found. Analysis of  DCE-MRI and the microvessel 
density on histological specimens together suggest a reduction of  the plaque microvasculature 
leakiness, but not the microvessel density itself. Therefore, this chapter suggests that heart-ra-
te reduction may be a potential target for plaque stabilization.

In chapter 9, the results of  the present thesis are put into perspective of  the current literature. 
Additionally, this chapter elaborates about possible future perspectives of  DCE-MRI.

In conclusion, the results of  this thesis show that non-invasive imaging of  the plaque micro-
vasculature with DCE-MRI is an important tool to gain further insight in the role of  plaque 
microvasculature in the atherosclerotic process, contributing to the in depth understanding of  
the pathophysiology of  atherosclerosis.
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