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General Introduction

Chapter 1

Stroke continues to be a large, worldwide health problem (1,2). Yearly, worldwide five million
people die due to a stroke and an additional five million people remain permanently disabled
(3). In The Netherlands, nearly 10.000 people died in 2014 due to a stroke, which accounted
for 21% of all cardiovascular deaths (4). Ischemic strokes account for almost 90% of all strokes, while the other remaining 10% are hemorrhagic strokes (1). Atherosclerosis of the carotid artery accounts for 15-20% of ischemic strokes (5), in which blood supply to (part of ) the
brain is (temporarily) impaired. Atherosclerosis is a systemic disease in which the arterial wall
is locally thickened due to infiltration of macrophages and build up of fatty deposits and scar
tissue. Treatment of patients with a carotid plaque is currently based on clinical symptoms
and degree of carotid stenosis. Patients are eligible for surgical removal of the carotid artery
plaque (carotid endarterectomy, CEA) when they have experienced a recent cerebrovascular
ischemic event and have a carotid stenosis of ≥70% (6). Men with a recent ischemic event
within two weeks and a carotid stenosis of ≥50% are also eligible for CEA (6). Large trials have
shown that symptomatic patients with a 70-99% stenosis benefit from CEA (number needed
to treat (NNT) = 6), however for patients with a 50-69% stenosis the NNT increases to 22
(7). Symptomatic patients that are not eligible to undergo CEA receive best medical treatment, consisting of anti-platelet therapy and cholesterol synthesis inhibitors (6).
Histological studies on CEA specimens have shown a higher incidence of specific characteristics of atherosclerotic plaques in symptomatic patients compared to asymptomatic patients
(8-12). Owing to technical improvements of non-invasive imaging modalities, the interest for
these “vulnerable plaques” has increased greatly over the past decade. Vulnerable plaques are
atherosclerotic plaques with an increased risk of rupture which can lead to clinical symptoms
(13). Features of these vulnerable atherosclerotic plaques are a large lipid-rich necrotic core
(LRNC) with a thin fibrous cap, presence of inflammatory cells, ulcerations, and intraplaque
hemorrhage (IPH) (13), while fibrous tissue is considered a stabilizing feature of atherosclerotic lesions (14). Besides these plaque features, increased plaque microvasculature has also
been suggested as an important marker of plaque vulnerability (15). These microvessels grow
from the outer layer of the vessel wall into the plaque tissue and generally have a low integrity
of the endothelium (16). Therefore, they may provide an entry point for inflammatory cells
and erythrocytes into the plaque tissue. Recent research has shown a weak link between
increased plaque microvasculature and plaque inflammation (17,18) and the presence of intraplaque hemorrhage (19). However, it was shown that the correlation between the plaque
inflammation and microvasculature varied depending on clinical condition (18). Therefore,
plaque microvasculature may provide additional information compared to other vulnerable
plaque features. Investigation of the plaque microvasculature may also provide further insight
into pathological mechanisms involved in plaque development and destabilization.
In vivo visualization of the plaque microvasculature can be performed using contrast-enhanced ultrasound (CEUS) (20,21), positron emission tomography (PET) (22-24), or dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) (25-31). Due to its superior soft
tissue contrast, MR imaging allows to study plaque microvasculature in relation to other plaque components (LRNC, fibrous tissue, and IPH) (32). Moreover, MRI enables the study of
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patients with a mild to moderate carotid stenosis, who rarely undergo CEA and are therefore not available for histopathological studies. Therefore, this thesis will focus on non-invasive quantification of the plaque microvasculature with DCE-MRI using semi-quantitative and
quantitative parameters.

Thesis hypothesis
The hypothesis of this thesis was that non-invasive imaging of the plaque microvasculature
with DCE-MRI can aid to gain further insight in the atherosclerotic process. To investigate this
hypothesis, symptomatic patients with carotid atherosclerosis underwent an MRI examination
and a preclinical study in atherosclerotic rabbits was conducted in order to address the following objectives:
• 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 heartrate reducing therapy on features of plaque vulnerability

Outline of this thesis
In chapter 2 an overview of the current state of DCE-MRI to study plaque microvasculature
in a preclinical and clinical setting is provided. This chapter focuses on recent literature on 1)
DCE-MRI methods of acquisition and image analysis of atherosclerotic plaques; 2) the association between microvasculature and other key features of plaque vulnerability (e.g. inflammation and intraplaque hemorrhage); and 3) the effects of therapeutic interventions on the
plaque microvasculature measured with DCE-MRI.
Accurate determination of the contrast medium (CM) concentration within the blood plasma
is essential for quantitative analysis of the plaque microvasculature with DCE-MRI. In chapter
3, an alternative method based on the phase MRI signal to measure the CM concentration is
introduced and compared to the commonly used method that is based on the magnitude of
the MRI signal. Simulations and flow phantom experiments are employed to determine the
effect of local blood flow velocity on magnitude and phase signal enhancement.
Some studies report DCE-MRI parameters from the adventitial region, while other studies
include the entire vessel wall in DCE-MRI analysis. In chapter 4, a direct comparison between
DCE-MRI parameters of these two regions is performed. Parameters are also validated with
histology in symptomatic patients that were scheduled for surgical removal of carotid plaque.
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It is suggested that IPH is caused by leakage of erythrocytes from immature plaque microvessels. The exact mechanisms responsible for the development of IPH are not fully understood.
The aim of the study presented in chapter 5 was to investigate in a relatively large imaging
study whether there is a positive association between plaque perfusion as determined by
DCE-MRI and IPH.
Increased macrophage activity may lead to hypoxia within the plaque tissue, which stimulates
angiogenesis in the atherosclerotic lesion. In chapter 6, we studied whether plaque inflammation as assessed with 18F-fluorodeoxyglucose (18F-FDG) PET and DCE-MRI measurements of
the plaque microvasculature are related.
It is known that patients who recently experienced a stroke are at increased risk for a recurrent stroke compared to patients with a recent (ocular) transient ischemic attack (TIA). The
goal of the study described in chapter 7 was to explore whether carotid plaque microvasculature is associated with the type of cerebrovascular event in (ocular) TIA versus stroke patients
with a mild to moderate carotid stenosis.
Deformation of the atherosclerotic lesion during the cardiac cycle during every heartbeat may
play an important role in the development of vulnerable plaques. Large epidemiologic studies
have shown that an elevated resting heart rate is an independent predictor of life expectancy.
Chapter 8 presents the results of a preclinical rabbit study in which the effect of a heart-rate
reducing agent on features of plaque vulnerability was investigated.
Chapter 9 provides a general discussion about the results of this thesis by placing them in a
broader perspective and elaborates about possible future (research) goals.
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Dynamic ContrastEnhanced MRI to Study
Atherosclerotic Plaque
Microvasculature

Raf H.M. van Hoof, Sylvia Heeneman, Joachim E. Wildberger,
M. Eline Kooi
Based on Current Atherosclerosis Reports. 2016 18:33

Chapter 2

Abstract
Rupture of a vulnerable atherosclerotic plaque of the carotid artery is an important underlying cause of clinical ischemic events, such as stroke. Abundant microvasculature has been
identified as an important aspect contributing to plaque vulnerability. Plaque microvasculature
can be studied noninvasively with dynamic contrast-enhanced (DCE-)MRI in animals and patients. In recent years several DCE-MRI studies have been published evaluating the association
between microvasculature and other key features of plaque vulnerability (e.g. inflammation
and intraplaque hemorrhage), as well as the effects of novel therapeutic interventions. The
present chapter reviews this literature, focusing on DCE-MRI methods of acquisition and analysis of atherosclerotic plaques, and the current state of DCE-MRI in the evaluation of plaque
microvasculature in clinical and preclinical settings.
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DCE-MRI of the Plaque Microvasculature

Rupture of a vulnerable atherosclerotic plaque is an important underlying cause of clinical
ischemic events, such as stroke (1). Therefore, visualization of vulnerable plaques may aid in
the identification of patients who have an increased risk for a clinical event. Inflammatory cells
play an important role during the development and progression of atherosclerosis (2). Within
atherosclerotic plaques, activated macrophages have a high metabolic rate, inducing hypoxia
which stimulates the formation of new microvessels originating from the outer layer of the
vessel wall, the adventitia (3,4). These newly formed microvessels generally have impaired
endothelial integrity, which can lead to extravasation of inflammatory cells and erythrocytes
from the microvessel lumen into plaque tissue (4). Extravasation of erythrocytes is generally
considered as an important contributing factor to intraplaque hemorrhage (IPH) (5). Because
lipids constitute forty percent of the erythrocyte membrane (5), extravasation of erythrocytes leads to increased cholesterol deposition in the plaque tissue, which in turn stimulates further recruitment of inflammatory cells. All the above biological events, especially leaky plaque
microvasculature, are considered key features in plaque destabilization (6).
The microvasculature in plaques are very small (up to ~100μm in diameter) but can be studied
non-invasively by several imaging modalities, including contrast-enhanced ultrasound (CEUS)
(7,8), positron emission tomography (PET) (9-11), and dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) (12). MRI is a well-established imaging modality that can be
used to visualize the main plaque components: areas of IPH, the lipid-rich necrotic core, and
fibrous cap status (13-15). Early studies developed MRI for the detection of morphological and chemical components by studying specimen from surgery (carotid endarterectomy
(CEA)). These ex vivo specimens were advantageous for testing and developing MRI sequences, but the lack of blood precludes studying of the dynamics from DCE (16,17).
In recent years, a number of studies have applied DCE-MRI to study atherosclerotic plaque
microvasculature. The present chapter reviews the current state and future potential of DCEMRI in the evaluation of plaque microvasculature with applications in animals and patients.
First, because the methods of DCE-MRI are now well-developed and widely applied but are
not familiar to a general audience, we begin with principles and acquisition methods of DCEMRI and methods for (semi-)quantitative analysis of DCE-MRI data. Second, an overview is
given of publications on DCE-MRI of plaque microvasculature (Table 1) used to study one
of the following aspects: 1) associations between plaque microvasculature and other plaque
features; 2) longitudinal changes in plaque microvasculature; 3) comparison of different animal
groups and human subjects with a different cardiovascular risk profile; and 4) evaluation of
therapy response. Finally, future challenges and potential for DCE-MRI to study plaque microvasculature will be discussed.
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Table 1: Overview of DCE-MRI studies of atherosclerotic plaque microvasculature.
Overview of studies investigating the atherosclerotic plaque microvasculature using dynamic contrast-enhanced MRI:
Subjects (human or rabbits); analysis method (quantitative or semi-quantitative); main study purpose; and study
outcome are shown. Used abbreviations: contrast medium (CM), dynamic contrast-enhanced MRI (DCE-MRI),
18fluorine-fluorodeoxyglucose (18F-FDG), positron emission tomography/computed tomography (PET-CT), area
under the curve (AUC), NIRF (near-infrared fluorescence), cardiovascular disease (CVD), carotid endarterectomy
(CEA), coronary heart disease (CHD), target-to-background ratio (TBR), New Zealand White (NZW).
Reference

Subjects

Main Study Purpose

Main Study Outcome

Chen et al. (18)

Patients with CVD
(AIM-HIGH Trial (19)

Scan-rescan
reproducibility

Moderate reproducibility for Ktrans
(Patlak) with a 25% coefficient of
variation. To limit dropout, intensive
operator training, optimized imaging,
and quality control is required.

Kerwin et al. (20)

CEA patients

Method development

Development of a motion
correcting and noise reducing
algorithm for the analysis of DCEMRI of carotid arteries

Kerwin et al. (21)

Patients with a carotid
lesion ≥ AHA type IV

Method comparison

Quantitative enhancement
characteristics, such as Ktrans
(Patlak), depend on the used
CM (gadobenate dimeglumine vs
gadodiamide)

Ramachandran
et al. (22)

Humans with CVD risk

Method development

Development of a registration
method for alignment of different
time frames of DCE-MRI of carotid
arteries

Chen et al. (23)

Humans with advanced
carotid disease

Method development

Extended graphical model exhibits
a reduced bias in Ktrans estimation
compared to the Patlak model.

Van Hoof et al. (24)

Symptomatic patients
(30-99% carotid
stenosis)

Method comparison

Comparison between phase- and
magnitude-based vascular input
functions and resulting effect on
pharmacokinetic parameters. No
signal saturation due to blood
flow for phase-based determined
vascular input function

Calcagno et al. (25)

Humans with CVD risk

Method development

Demonstration of feasibility of
simultaneous VIF and vessel wall
imaging (extended Tofts).

Wan et al. (26)

NZW Rabbit1,2

Method development

Spatio-temporal texture based
features (like AUC) are able to
distinguish between vulnerable and
stable plaques.

Calcagno et al. (27)

NZW Rabbit3

Method comparison

Excellent reproducibility of DCEMRI derived AUC (interscan,
intraobserver, and interobserver
ICCs>0.75, P<0.001)

Wu et al. (28)

NZW Rabbit1

Method development

Demonstration of feasibility of
simultaneous VIF and vessel wall
imaging with accurate estimation
of pharmacokinetic parameters
(Patlak)
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Reference

Subjects

Main Study Purpose

Main Study Outcome

Calcagno et al. (29)

NZW Rabbit

Histological validation

Positive correlation (ρ=0.89,
p=0.016) between AUC and
amount of neovessels in the intima

Calcagno et al. (30)

NZW Rabbit3

Histoligical validation

3D DCE-MRI (AUC (ρ=0.45) and
Ktrans (Patlak) (ρ=0.38) is able to
quantify microvascular permeability
in the entire abdominal aorta plaque

Chen et al. (31)

NZW Rabbit4

To study plaque
progression

DCE-MRI (AUC) is able to
quantitatively assess temporal
changes of atherosclerotic plaques
over a period of three months

Kim et al. (32)

NZW Rabbit3

Validation of a chip for
the development of
nanomedicines

Increased AUC for atherosclerotic
animals compared to control
animals. Lipid-polymer hybrid
nanoparticle translocation is
correlated with AUC (ρ=0.79,
p<0.0001)

Lobatto et al. (33)

NZW Rabbit3

Evaluation of
glucocorticoid
treatment for
atherosclerosis

DCE-MRI (AUC) reveals early
changes in plaque microvascular
permeability after liposomal
glucocorticoid treatment

Vucic et al. (34)

NZW Rabbit3

Evaluation of
pioglitazone treatment
for atherosclerosis

DCE-MRI (AUC) can demonstrate
the anti-inflammatory effect of
pioglizatone on atherosclerotic
plaques

Vucic et al. (35)

NZW Rabbit3

Evaluation of LXR
agonist R211945
treatment for
atherosclerosis

DCE-MRI (AUC) showed a
trend towards a decreased
microvasculature after treatment
with atorvastatin

Chen et al. (36)

Patients with >50%
carotid stenosis

Comparison of plaque
components

Ktrans and vp (Patlak) differed
significantly between plaque
components (lipid core, IPH,
calcifications, loose matrix, and
fibrous tissue), except between
calcifications and IPH.

Calcagno et al. (37)

Patients with CHD or
CHD risk equivalent

Correlation with
18F-FDG PET-CT

Weak, inverse relationship between
inflammation (18F-FDG PET-CT,
mean TBR) and plaque perfusion
(DCE-MRI, Ktrans (extended TK))

Dong et al. (38)

Humans (carotid plaque
thickness ≥2mm)

Evaluation of intensive
lipid therapy in
the treatment of
atherosclerosis

Intensive lipid therapy (using
atorvastatin, niacin, and
colesevelam) results in a reduction
in Ktrans (Patlak) after one year

Gaens et al. (39)

Symptomatic patients
(30-99% carotid
stenosis)

Pharmacokinetic model
comparison

The Patlak model is the most suited
quantitative model for description
of carotid plaque microvasculature

Kerwin et al. (40)

CEA Patients

Validation against
microvascalature on
histology

Strong correlation (ρ=0.80,
p<0.001) between DCE-MRI and
histological measured fractional
vascular areas.

3
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Reference

Subjects

Main Study Purpose

Main Study Outcome

Kerwin et al. (41)

CEA Patients

Validation against
microvasculature
and inflammation on
histology

Ktrans (Patlak) is a quantitative and
non-invasive marker of plaque
inflammation (ρ=0.75, p<0.001) and
microvasculature (ρ=0.71, p<0.001)

Kerwin et al. (42)

CEA Patients

Validation against
microvasculature
and inflammation on
histology

Adventitial Ktrans (Patlak) was
significantly correlated with the
amount of microvasculature
(ρ=0.41, p=0.04) and macrophages
(ρ=0.49, p=0.01)

Mani et al. (43)

Humans with and
without exposure to
particle matter

Risk stratification

High exposure to particle matter
may be associated with plaque
neovascularization, measured with
DCE-MRI (AUC)

O’Brien et al. (44)

Patients with CVD
(AIM-HIGH Trial) (19)

Association of DCEMRI with statin therapy

Shorter duration of statin therapy
before occurrence of clinical event is
associated with increased vp (Patlak)

Sun et al. (45)

Symptomatic patients
(ischemic event <6m)

Correlation between
DCE-MRI (Ktrans) and
presence of IPH

Presence of IPH was associated with
an increase of 28% of adventitial
Ktrans (Patlak)

Truijman et al. (46)

Symptomatic patients
(30-69% carotid
stenosis)

Correlation with
18
F-FDG PET-CT

Weak, positive relationship between
inflammation (18F-FDG PET-CT,
TBR) and plaque perfusion (DCEMRI, Ktrans (Patlak))

Wang et al. (47)

Human (carotid plaque
thickness ≥2mm)

Correlation with
18
F-FDG PET-CT

Correlation between 18F-FDG PET
(TBR) and DCE-MRI (Ktrans, Patlak)
measurements varied with clinical
conditions (symptomatic status)

Atherosclerosis was induced by a balloon injury of the aorta in combination with a high cholesterol-enriched diet
(1.0%).

1

Pharmacologic triggering was performed to stimulate plaque disruption

2

Atherosclerosis was induced by a balloon injury of the aorta in combination with a low cholesterol enriched diet
(<1.0%) combined with palm oil.

3

Atherosclerosis was induced by a balloon injury of the aorta in combination with a low cholesterol enriched diet
(<1.0%).

4
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DCE-MRI methods to study plaque microvasculature
All DCE-MRI experiments require serial acquisition of MR images acquired in a brief time interval to study atherosclerotic plaque microvasculature (Figure 1). After acquisition of anatomical references (Figure 1A), the first images of the series, acquired before contrast injection,
are used to determine baseline signal intensity of the atherosclerotic plaque tissue. Bolus injection of a low molecular weight non-specific Gadolinium based contrast medium (CM) follows,
and image acquisition is continued for several minutes. During this period, the bolus of CM
will be distributed, resulting in signal enhancement of the blood vessel lumen, vessel wall due
to leakage of the CM through damaged endothelial, and other tissues, such as skeletal muscle
(Figure 1B). In this image, the vessel lumen (circle) appears bright. A ring of enhancement in
the outer (adventitial layer) part of the vessel wall (indicated by white arrows) can be clearly
observed. The signal enhancement in the vessel wall depends on flow, microvascular density,
the ability of the CM to leak from the microvasculature into the extravascular extracellular
space, and reflux. After analysis of the DCE-MR images, parametric maps (Figure 1C) of the
resulting parameter can be generated, indicating local leaky plaque microvasculature. In DCEMRI studies of atherosclerosis to date, linear or cyclic Gadolinium-based contrast media have
been used.

A

B

C

Figure 1
MR images (A–C) of a transverse section of the carotid plaque in the interal carotid artery from a 64-year-old man. Figure A
shows a black blood T1-weighted turbo spin echo MR image as an anatomical reference. In this image, the vessel lumen (•)
appears in black. The atherosclerotic plaque of this patient appears hyperintense compared to the sternocleidoid muscle (♦).
In Figue B, a three-dimensional T1-weighted fast field-echo dynamic contrast-enhanced MR image that is acquired six minutes
after contrast injection is shown. In this image, the vessel lumen (•) appears bright compared to the atherosclerotic plaque and
surrounding tissues. A ring of enhancement can be observed at the outer part of the vessel wall (indicated by white arrows),
which is attributed to the microvasculature originating from the adventitia. Finally, in Figure C, a parametric Ktrans map is overlaid
on DCE-MRI image shown in Figure B. In this parametric map voxelwise determined Ktrans values are color encoded from 0 to 0.2
min−1. Within this overlay, the lipid-rich necrotic core in the center of the plaque, exhibits low Ktrans values (dark), while the highly
vascularized adventitia (high Ktrans values) at the outer rim (indicated by the arrows) is clearly visualized (red regions). •, Internal
carotid artery; , External carotid artery; and ♦, sternocleidoid muscle. Figure adapted from Truijman et al. (46).
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DCE-MRI studies of brain and tumor perfusion mostly use a CM injection rate of 2 ml/second
(typically 0.1 mmol/kg). Such fast injection rates result in quick passage of the bolus through
the vessel and a high CM peak concentration, necessitating a higher temporal resolution for
MR acquisition and compromising spatial resolution. For the evaluation of carotid atherosclerosis using DCE-MRI, however, high spatial resolution is required for accurate visualization of
the vessel wall. Therefore, some DCE-MRI studies (24,39) have used a slower injection rate
of 0.5 ml/second in plaque imaging. Previous research has shown that a high injection rate
is most beneficial for high Ktrans values (>0.2min-1) (48). Typically, within the atherosclerotic
lesion mean Ktrans values below 0.15 are reported (24) and therefore a lower injection rate
may be applied.
Signal enhancement-time curves of DCE-MR images can be analyzed voxelwise or using a
region-of-interest. Especially in the voxelwise analysis, movement of the subject during acquisition of the different DCE-MRI sequence time frames may pose a problem. A solution is
to manually shift individual time frames to correctly align the images, or alternatively, to use
post-processing methods for automated movement correction and noise reduction (20,22).

Pulse sequences for DCE-MRI of plaque microvasculature
Currently two main categories of pulse sequences for DCE-MRI of atherosclerotic plaque
microvasculature are employed: “bright blood” or “black blood”. Black blood imaging facilitates improved delineation of the inner vessel wall, whereas bright blood imaging enables to
determine the CM concentration in the vessel lumen for each patient individually. Because
the luminal CM concentration cannot be quantified accurately, quantitative analysis of black
blood DCE-MRI with pharmacokinetic models can only be performed using a reference region model (49) or previously determined generalized input functions (50). Recently, dedicated
imaging methods have been proposed combining bright and black blood images in an interleaved fashion, allowing improved delineation of the vessel wall from black blood images as
well as extraction of vascular input function based on lumen signal intensity from bright blood
images (25,28).
A compromise between the desired spatial and the required temporal resolution must be
made regardless of the imaging method used. Current studies (both in rabbits and patients)
employed an in-plane spatial acquisition resolution of approximately 0.5x0.5 mm2. The preclinical rabbit studies have employed a temporal resolution of 5 seconds for 2D acquisition
techniques, and lower temporal resolution (30 seconds) for 3D techniques. In patient studies,
the temporal resolution ranges from 15 to 30 seconds per time frame.

Semi-quantitative assessment of the microvasculature
The microvasculature can be assessed semi-quantitatively using the area-under-the-curve
(AUC) of the (relative) signal enhancement curve. This requires that start- and end time
points are selected over which the AUC will be calculated. Generally, the moment of contrast
arrival in the tissue of interest is chosen as the starting point, and the end time point is chosen
empirically. It must be noted that when the end point is chosen relatively close to the contrast
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The main advantage of semi-quantitative analyses is the relatively easy implementation. However, the information is limited because there is no direct relationship between the AUC and
(patho)physiological parameters. Although research in the field of oncology (51) has shown
that the AUC reflects pathophysiology, it does so non-specifically, meaning that one particular AUC value can indicate a number of biological properties. Thus an increased AUC
can indicate increased leakage of the CM from the microvasculature, increased density of
microvessels, increased flow through the microvasculature, a decrease in reflux from the extracellular extravascular space to the microvasculature, or a combination of these. Therefore,
changes or differences in the AUC may result from a variety of phenomena, so that it may be
difficult to attribute these changes to a single, underlying physiological cause. Similarly, effects
of therapeutic interventions may potentially be obscured using the AUC. Another drawback
of semi-quantitative analysis is the difficulty of direct comparison of results between studies
because the AUC also depends on settings of the MR system, such as receiver gain.
Validation of semi-quantitative DCE-MRI parameters
Validation of semi-quantitative DCE-MRI was performed in several balloon injured cholesterol-fed New Zealand White rabbit studies. It was found that the AUC positively correlated
with microvessel count in the intima of histological specimens (Pearson’s ρ of 0.89 (p=0.016)
and 0.91 (p=0.011) for the AUC two and seven minutes after contrast injection, respectively)
(29). Furthermore, later research (27) showed a good interscan and excellent intra- and inter-observer reproducibility (all ICCs>0.75, p<0.01).
Another atherosclerotic rabbit study compared two three-dimensional (3D) high spatial resolution DCE-MRI sequences (3D turbo field echo (TFE) with motion-sensitized-driven equilibrium (MSDE) preparation and a 3D turbo spin echo (TSE) sequence) (30). A moderate
Pearson correlation was found between AUC and ex vivo permeability measurements using
Evans Blue (an albumin binding dye used for quantification of ex vivo vascular permeability)
near-infrared fluorescence (NIRF) (ρ=0.45 for 3D TFE MRI and ρ=0.39 for 3D TSE MRI). In
addition, a four-fold improvement of temporal resolution was achieved when using compressed sensing by retrospective undersampling and reconstruction. In another study, comparison
between in vivo (3D DCE-MRI) and ex vivo (Cy7-labeld Near-Infrared Fluorescence [NIRF])
measures of microvascular permeability in the aortic wall of atherosclerotic rabbits showed a
high degree of correlation between both imaging modalities (r2=0.65, p<0.0001) (32).
These studies (27,29,30,32) have demonstrated reproducible representation of plaque microvasculature through semi-quantitative DCE-MRI parameters.
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injection, the AUC reflects early contrast arrival, whereas a later end point will cause the AUC
to reflect total leakage (and entrapment) of CM in the plaque tissue.
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Quantitative assessment of the microvasculature
Pharmacokinetic modeling
Pharmacokinetic modeling allows the quantification of CM distribution over a tissue of interest with the main advantage of deriving parameters of the in vivo physical quantities of the
amount, flow and leakiness of the microvasculature.
A number of quantitative DCE-MRI data analysis models have been applied in the evaluation
of atherosclerotic plaque microvasculature (Table 2). These models describe the relationship
between the concentration of the (extracellular) CM in the blood plasma (Cp) and the extracellular extravascular space (Ce) according to the two-compartment model and using the
parameters Ktrans, ve, and vp. Ktrans, the transfer constant of CM from plasma to the tissue
compartment, serves as an indicator of blood supply and vessel permeability within the atherosclerotic tissue. The parameters ve and vp represent the extravascular extracellular space and
the plasma fractional volume, respectively. A schematic representation of the physiological
meaning of the parameters is shown in Figure 2.

Table 2: Overview of quantitative DCE-MRI models used in the analysis of atherosclerosis.
Quantitative pharmacokinetic models used for the analysis of atherosclerosis based on the two-compartment model.
The modified/extended Tofts and Kermode model is the analytical solution for the two-compartment model. The
extended graphical model is based on a second order Taylor expansion of the modified/extended Tofts and Kermode
model.
Mathematical Description

dCe ( t )
Two-compartment
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dt

K trans
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Cp ( t ) − Ce ( t )
ve

(

Parameters

)

Ct ( t ) = vpCp ( t ) + v e Ce ( t )
Mathematical Description
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Figure 2: Schematic drawing of atherosclerotic plaque microvasculature in quantitative DCE-MRI
analysis.
Schematic representation of parameters used in pharmacokinetic models for analysis of atherosclerotic plaque
microvasculature. Within a single region of interest or voxel, the fractional blood volume (microvasculature) is
represented by vp, while the fraction of the extracellular extravascular space is represented by ve. CM transfer rate
from the microvasculature to the extracellular extravascular space is given by Ktrans; the reflux is described by Ktrans/
ve. In most DCE-MRI studies an extracellular CM with a low molecular weight is used. For quantitative data analysis,
therefore, a two-compartment model can be used (i.e vascular- and extracellular extra vascular compartments).
Based on this general concept and setting various assumptions, several different quantitative models can be derived.
An overview of these models is presented in Table 2.

The modified/extended Tofts and Kermode (TK) model (52,53) is a commonly employed
analytical solution for the two-compartment model (54,55), estimating all three pharmacokinetic parameters (Ktrans, ve, and vp). The original TK model, which was proposed for the study
of multiple sclerosis (56), does not take vascular contribution into account (i.e. vp is assumed
to be negligible). The Patlak model (57) assumes that reflux, i.e. transfer of CM from the tissue
compartment back to the blood plasma (Ktrans/ve), is negligible. Recently an approximation
of the modified TK model has been introduced as an intermediate solution between the
modified TK and the Patlak model: the extended graphical model (23). This model uses the
first-order term of a Taylor series from the modified TK model to estimate ve.
Vascular Input Function
One essential requirement for quantitative analysis of DCE-MRI data is knowledge of the CM
concentration in the blood vessel over time, commonly, referred to as the arterial or vascular
input function (AIF/VIF). Two main features of the VIF are a high relative peak concentration
and a short bolus passage compared to other tissues. Accurate determination of the VIF requires a relatively high temporal resolution, which usually results in compromise with regard
to the spatial resolution that can be achieved.
Two strategies can be employed for the determination of VIF. The first strategy is based on the
assumption that VIF is similar in all subjects and a generalized population-averaged VIF, obtained
from literature or determined in a cohort is used (24,39,46,50). An advantage of this method
is that data acquisition and analysis requirements are simplified (49). The second strategy
involves measurement of patient-specific function, giving the potential advantage of accounting
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for variations between subjects (58). Previous research in oncology found comparable results
using either method, and the use of population-averaged vascular input functions resulted in
increased (50) or comparable (59) reproducibility. In clinical studies of atherosclerotic plaque
microvasculature a generalized VIF is the most commonly chosen method, probably because
of the required spatial resolution for accurate imaging of atherosclerotic plaque in the carotid
artery. The generalized VIF can be obtained from a separate study cohort where acquisition is
performed with a higher temporal resolution and a lower spatial resolution.
The VIF with MRI can be calculated by two different methods. The first method uses the
magnitude of the acquired MR signal and is based on conversion of the relative signal
enhancement to CM concentration using the Ernst equation (60). For this conversion, blood
relaxation- and CM relaxivity rates are taken into account. A second method based on MR
signal phase has been developed more recently (61,62). First used in brain perfusion studies
with dynamic susceptibility MRI (63), the technique is increasingly used in DCE-MRI (24,64).
Efforts have been made to compare the magnitude- and phase-based techniques (24,59,6567), showing a strong potential for the phase-based technique, allowing accurate VIF
quantification. In a DCE-MRI study of 17 symptomatic patients with a mild to severe carotid
stenosis, it was found that the magnitude-based VIF resulted in a strong underestimation of
lumen CM concentration as compared to the phase-based VIF (24). Simulations and phantom
experiments showed that this underestimation is caused by local blood flow velocity, which
leads to saturation of the magnitude MR signal caused by the shortened T1 relaxation time
in the presence of CM. Analysis of Ktrans values using population-averaged input functions
showed a strong positive correlation between the two methods, although absolute values
significantly differed.

Validation of quantitative DCE-MRI parameters
Histological validation of carotid plaque DCE-MRI has been carried out using reference
specimens from patients after carotid endarterectomy (CEA). However, the drawback of
all such validation studies is that these are performed in patients scheduled for CEA. Large
randomized trials have shown that symptomatic patients with severe ipsilateral stenosis
benefit the most from CEA (68). This population is more likely to have developed advanced
atherosclerotic plaques. In addition, the surgeon removes the intima and part of the media
of the vessel wall and the adventitia, from which microvasculature originates (6), is missing in
the CEA specimen. An additional limitation of the comparison of in vivo MRI with histological
measurements as a reference standard is the comparison of a thin histological slice to thicker
MR imaging slice (typically 2 mm). Due to the heterogeneous nature of atherosclerotic lesions,
this may result in partial volume effects.
Despite these drawbacks, a strong and positive correlation between fractional blood volume
derived from in vivo MRI and post surgical histology (0.80, p<0.001) was found in 16 CEA
patients (40). In addition, a significant Pearson correlation was reported between the transfer
constants Ktrans, calculated from in vivo DCE-MRI with postsurgical histologic measurements of
the microvessel area (ρ=0.71, p<0.001 for the entire vessel wall Ktrans and ρ=0.41, p<0.04 for
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adventitial Ktrans). Additionally an association between Ktrans and other post surgical histological
parameters was reported, i.e. macrophage density (ρ=0.75, p<0.001 for the vessel wall Ktrans
and ρ=0.49, p<0.01 for adventitial Ktrans), loose matrix area (ρ=0.50, p=0.01, for vessel wall
Ktrans) (41,42). It was also shown that Ktrans and vp differed significantly between different plaque
components (lipid core, IPH, calcifications, loose matrix, and fibrous tissue), except between
calcifications and IPH (36).
Reproducibility, fit error, parameter uncertainty, and correlation with histology of carotid plaque DCE-MRI was compared for four pharmacokinetic models in patients with mild to severe
carotid stenosis (39). Analysis of 43 patients showed the highest relative fit error for the Tofts
model, while the other three models did not differ in this regard. The Patlak model had a
significant lower parameter uncertainty for Ktrans as compared to the other models. Reproducibility was studied in 16 asymptomatic patients with 30-69% carotid stenosis who underwent
imaging twice with several (4.3±2.8) days between the two examinations. Results showed a
good reproducibility for all considered pharmacokinetic models (ICC>0.6, p<0.05) for Ktrans,
and significant scan-rescan ICCs for ve (Tofts) and vp (Patlak). Correlation with histologic findings in 13 CEA patients showed significant positive Pearson’s correlation (ρ=0.7; p<0.01)
with the entire vessel wall microvasculature for all models, with the exception of the Tofts
model. It was concluded that the Patlak model was the most suited of these four models for
pharmacokinetic modeling of the microvasculature in atherosclerotic plaques (39). Another
study (23), however, found favorable results for the extended graphical model for simulatedand selected in vivo data of carotid plaques with good to excellent image quality. Their results
showed that a compromise between noise and bias sensitivity has to be made when choosing
between the Patlak and extended graphical models.
The scan-rescan reproducibility of DCE-MRI was also investigated in a multi-center study (18)
of 35 subjects with established cardiovascular disease recruited from 15 hospitals. Results showed a moderate reproducibility for Ktrans with a coefficient of variation of 25%. The relatively
high dropout rate within the study (31.4%) suggested a need for intensive operator training,
an optimized imaging protocol, and quality control.
The dependence of model parameters on CM was investigated in a study comparing two
extracellular contrast media (21). Quantitative analysis of DCE-MR images demonstrated a
lower Ktrans when using gadobenate dimeglumine (0.0846 min-1) as compared to gadodiamide
(0.101 min-1, p<0.01), while no difference in vp was found. In order to facilitate direct comparison of quantitative DCE-MRI parameters between- or in longitudinal studies, the use of the
same CM is recommended.
Taken together, despite the recognized limitations, the above studies demonstrate the suitability of quantitative DCE-MRI parameters for reproducibly determining plaque microvasculature characteristics.
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Overview of DCE MRI studies to study plaque
microvasculature
Association between DCE-MRI parameters and other plaque
features
Many plaque characteristics and pathological features contribute to the risk for disruption and
thrombosis, and studies have been designed to investigate possible associations between plaque microvasculature and other plaque features. In recent years, several studies (31,37,45-47)
were carried out to investigate associations between DCE-MRI parameters, plaque inflammation, and the presence of IPH. In a preclinical study of cholesterol-fed balloon injured atherosclerotic rabbits (31), a positive Pearson correlation (ρ=0.70, p=0.01) was found between
DCE-MRI derived parameters and histologically determined plaque macrophage content.
The relationship between DCE-MRI parameters and plaque inflammation using 18fluorine-fluorodeoxyglucose (18F-FDG) PET-computed tomography (CT) has been investigated in several
clinical studies (37,46,47). One study of 49 symptomatic patients with mild to moderate carotid stenosis (46) reported a weak positive correlation (Spearman ρ=0.30, p=0.035) between
plaque inflammation (mean Target-to-Background Ratio (TBR) on 18F-FDG PET-CT) and plaque perfusion (mean Ktrans). Another study of 33 patients (37) with coronary heart disease
(CHD) or CHD risk equivalent and a carotid plaque with TBR≥1.6 on 18F-FDG PET-CT (69),
found a significant inverse relationship between plaque perfusion (Ktrans) and plaque inflammation on 18F-FDG PET-CT of ρ=-0.24 (p<0.05). A subsequent study of 41 patients with carotid
plaque (47) found that correlations depend on the clinical condition of patients. Overall, a
weak, marginal non-significant correlation (Spearman ρ=0.22, p=0.068) was found for all,
both symptomatic and asymptomatic, carotid plaques. A significant difference in Spearman
correlation coefficients between TBR and Ktrans was found when grouped according to the
symptomatic and asymptomatic carotid plaques (p=0.033): a significant correlation (Spearman ρ=0.59, p=0.006) was found for symptomatic carotid plaques, not seen for asymptomatic plaques (Spearman ρ=0.07, p=0.625). Also, an inverse relationship was found between
the time since the last neurological event and both parameters (Spearman p=-0.94 for TBR
and Spearman ρ=-0.69 for Ktrans). These results point towards a complex, time-dependent
interplay between inflammation and microvasculature in atherosclerotic plaques that is difficult
to capture in clinical imaging.
The link between plaque microvasculature and the specific feature of IPH has been investigated in symptomatic patients with moderate to severe carotid stenosis (45). The presence
of IPH on MP-RAGE MR images was associated with a significant increase in Ktrans of 28%
(p<0.001) in the adventitial layer of the vessel wall as compared to arteries where IPH was
absent (p<0.001). A multivariate analysis adjusting for symptomatic status, degree of stenosis and male sex, showed that the increased Ktrans in arteries with IPH remained significant
(p=0.018).
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These studies show the potential of DCE-MRI as a tool to gain more insight in relation between plaque microvasculature and other features of vulnerable atherosclerotic lesions.

Monitoring longitudinal changes in plaque microvasculature
DCE-MRI can be used to follow progression of atherosclerotic plaques, as illustrated by a
preclinical study (31) of cholesterol-fed atherosclerotic rabbits. One group of rabbits was
imaged three months after balloon denudation, immediately followed by euthanasia, and a second group at three and six months after balloon denudation. From three to six months after
balloon denudation, an increase of 40% in Ktrans was found measured by DCE-MRI, suggesting
that DCE-MRI can be used to investigate plaque microvasculature development.

Differences between different animal groups and human subjects
with a different cardiovascular risk profile
In a recent rabbit study (32), investigating the development of a microfluidic chip for potential
future nanomedicines an increased AUC within the abdominal aorta for atherosclerotic animals as compared to control animals was reported. In another study of cholesterol-fed rabbits
with induced plaque disruption (26), it was shown that ruptured plaques can be distinguished
from stable plaques by spatial-temporal texture-based features of DCE-MRI. The effect of
exposure to high particulate airborne matter on atherosclerosis was investigated in “Ground
Zero” workers in New York City with high and low exposure to particulate matter using DCEMRI (43). Subjects with high exposure had a significantly higher AUC in the carotid artery
(+41%) as compared to subjects with low exposure (p=0.016), indicating increased changes
of the plaque microvasculature. These changes may range from increased leakage of CM from
the microvasculature, increased microvessel density, increased flow through the microvasculature, decreased reflux from the extracellular extravascular space to the microvasculature, or
a combination. The authors of the study concluded that a high exposure to particulate matter
may lead to increased plaque microvasculature, potentially indicating an increased risk for
further development of atherosclerosis.

Evaluation of therapies
DCE-MRI enables the study of plaque microvasculature changes over time, making it useful
in animal and patient drug effect studies. Changes in microvasculature may reflect changes in
phenotype and/or vulnerability of the atherosclerotic plaque.
DCE-MRI has been employed in several preclinical cholesterol-fed balloon injured atherosclerotic rabbit studies investigating potential anti-inflammatory treatments of atherosclerosis (3335). The effect of liposome-encapsulated prednisolone phosphate (L-PLP) on atherosclerosis
was investigated using MR imaging before treatment, immediately after injection with L-PLP,
and over time (33). A reduction of the plaque AUC was found from pre-treatment to two
days post-treatment, revealing early changes in microvascular permeability after treatment.
In a further study, the anti-inflammatory effects of pioglitazone on atherosclerotic plaques
were investigated (34). DCE-MRI analysis showed a 22% decrease in AUC for the treatment
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group (p<0.01) over the study time-period of three months, while no decrease in plaque
enhancement was found for the control group. No changes in vessel wall area measurements
were found during the study period for either animal group. A third study (35) evaluated the
anti-inflammatory effects of a liver X receptor (LXR) agonist which induces reversal cholesterol transport, as compared to atorvastatin. The three-month treatment with LXR agonist
did not lead to changes of the microvasculature, whereas treatment with atorvastatin caused
a trend towards a decrease in microvasculature (p=0.06). No differences in vessel wall area
measurements were found. Combined, these studies have shown the potential of DCE-MRI
to study changes of the plaque microvasculature in the evaluation of potential new therapies.
A limitation of these studies, however, is that the rabbits did not exhibit plaque disruption with
luminal thrombosis, the clinical endpoint of high risk plaques.
DCE-MRI has been used to study the effect of intensive lipid therapy over a period of twelve
months (38) in patients with coronary artery disease or carotid disease and increased levels
(≥120mg/dl) of apolipoprotein B from the Carotid Plaque Composition study (70). Results of
the study show that twelve-month therapy leads to a significant reduction of 21% in Ktrans. This
is consistent with the hypothesis that intensive lipid therapy results in a reduction of the extent
and permeability of atherosclerotic plaque microvasculature. A study with 98 subjects with established cardiovascular disease (44) selected from the AIM-HIGH trial (19) found an inverse
association between vp (plaque microvasculature fraction) and the duration of statin therapy.
Statins are commonly used to lower lipid levels and also possess anti-inflammatory properties
(71). These results suggest that a relationship exists between duration of statin therapy and
plaque microvasculature, which could reflect a decreased level of vascular inflammation.
The above studies on DCE-MRI of plaque microvasculature have measured differences between treatment groups or subjects with increased cardiovascular risk, and shown that DCEMRI can be employed effectively as an evaluation tool.

Conclusion
Over the past decade DCE-MRI has developed from a novel imaging tool to a useful non-invasive research tool used in animal and patient studies of plaque microvasculature. DCE-MRI
has been used to investigate the relationship between plaque microvasculature and other
plaque features such as inflammation and intraplaque hemorrhage, for assessing effectiveness
of therapeutic interventions, and in the evaluation of plaque microvasculature changes over
time and between groups with increased cardiovascular risks.
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The studies discussed in the present review have been identified through a database search
in MEDLINE in December 2015 using the following search terms: “carotid atherosclerosis”/“atherosclerosis”/“atherosclerotic plaque”/“atherosclerotic plaques”/“plaque” AND
“human”/“rabbit” AND “DCE-MRI”/“dynamic contrast enhanced MRI”/“MRI”/“dynamic
contrast enhanced magnetic resonance imaging”/“magnetic resonance imaging” AND “neovessels”/“neovascularization”/“neovasculature”/“vasa vasorum”/“microvasculature”/“inflammation”. Resulting abstracts and articles were screened and references checked for possible additional studies.
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Abstract
Purpose
Quantitative pharmacokinetic modeling of dynamic contrast-enhanced (DCE)-MRI can be
used to assess atherosclerotic plaque microvasculature, which is an important marker of
plaque vulnerability. Purpose of the present study was (1) to compare magnitude- versus
phase-based vascular input functions (m-VIF vs ph-VIF) used in pharmacokinetic modeling and
(2) to perform model calculations and flow phantom experiments to gain more insight into the
differences between m-VIF and ph-VIF.

Methods
Population averaged m-VIF and ph-VIFs were acquired from 11 patients with carotid plaques
and used for pharmacokinetic analysis in another 17 patients. Simulations, using the Bloch
equations and the MRI scan geometry, and flow phantom experiments were performed to
determine the effect of local blood velocity on the magnitude and phase signal enhancement.

Results
Simulations and flow phantom experiments revealed that flow within the lumen can lead to
severe underestimation of m-VIF, while this is not the case for the ph-VIF. In line, the peak
concentration of the m-VIF is significantly lower than ph-VIF (p<0.001), in vivo. Quantitative
model parameters for m- and ph-VIF differed in absolute values but were moderate to strongly
correlated with each other (Ktrans Spearman’s ρ> 0.93 (p<0.001) and vp Spearman’s ρ>0.58
(p<0.05)).

Conclusions
m-VIF is strongly influenced by local blood velocity, which leads to underestimation of the
contrast medium concentration. Therefore, it is advised to use ph-VIF for DCE-MRI analysis
of carotid plaques for accurate quantification.
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Rupture of an atherosclerotic plaque of the internal carotid artery is an important cause of
stroke. Identification of carotid artery plaques that are prone to rupture, the so-called vulnerable plaques, is of great importance. The characteristics of a vulnerable plaque have been
described in numerous histological studies (1-3); however, it remains difficult to assess plaque
vulnerability in vivo. Up to now, the degree of stenosis alone is used in clinical practice, but
is known to be poor in predicting vulnerability of plaques (4,5). It is generally accepted that
atherosclerosis is an inflammatory disease. Abundant macrophages within the inflamed plaque
can lead to hypoxia due to their high rate of oxygen consumption. Hypoxia triggers the formation of new vessels from the adventitial vasa vasorum, i.e., neovascularization (6), which
is considered to be a marker for plaque vulnerability (7). From these newly formed, immature, leaky vessels, it is thought that cholesterol-rich erythrocytes may enter into the plaque
tissue and contribute to further destabilization of the plaque (8). MRI has emerged as a very
promising imaging modality to assess plaque vulnerability in patients with carotid plaque. In
recent years, an increasing number of studies assessed the microvasculature in atherosclerotic
plaques using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) (9-15). In
DCE-MRI, a series of magnetic resonance (MR) images is acquired before and after injection
of a bolus of a gadolinium (Gd)-based contrast medium (CM). The CM will extravasate from
the vasa vasorum into the extravascular extracellular space, resulting in enhancement of the
plaque. Pharmacokinetic modeling can be used to extract parameters from the contrast-enhanced time-curve.
A variety of pharmacokinetic models exist, which are based on different underlying assumptions (16-18). Previous research has shown that the pharmacokinetic model parameters correlate with histological measures of carotid plaques, including microvessel density (11,12,15).
A comparison of four known pharmacokinetic models (Patlak, Tofts, extended Tofts, and
extended graphical model) for their ability to describe dynamic contrast medium–enhanced
MR imaging of carotid atherosclerotic plaques, their scan–rescan reproducibility, and their
correlation between model parameters and microvessel content on histological slices, showed
that the Patlak model is most suited for describing carotid plaque enhancement (15).
The common way to assess pharmacokinetic model parameters is by measurement of the
CM concentration–time curve, both in the tissue of interest and in blood plasma. The latter is
known as the vascular input function (VIF). For carotid plaque imaging, the VIF is either usually
measured in the carotid artery (CA) or the jugular vein (JV). When the VIF is measured in an
artery, it is also referred to as arterial input function. Obtaining a VIF from the jugular vein has
the advantage that the pulsatility of the blood flow is negligible. In previous DCE-MRI studies
of carotid plaques (12,13), the VIF was determined using the magnitude of the acquired MR
signal (m-VIF). Drawbacks of this method are (1) the nonlinear relation between the CM concentration and MRI signal enhancement and (2) the fact that flow may influence the accuracy
of the determined CM concentration (19,20). In recent years, the phase of the MR signal is
emerging more and more into a promising alternative to measure the Gd-concentration in
the vessel (ph-VIF). After initial phantom studies (21,22), ph-VIFs were first used for brain
perfusion studies with dynamic susceptibility MRI (23). Recently, the usability of ph-VIF in
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DCE-MRI has been demonstrated (24). The applicability of ph-VIF for the evaluation of the
microvasculature in carotid plaques with its additional challenges due to the small dimensions
of the carotid lesion has not been studied. The benefits of phase-based determination of the
CM concentration include (1) a linear relationship between the CM concentration and phase
difference (22,25), (2) a favorable signal-to-noise ratio (SNR) compared to m-VIFs (20) and
(3) no dependency on flow (19). There has been quite some research into the accuracy and
reliability (24,26-28) of phase-based techniques, focusing on partial volume effects and their
corrections (26,27), as well as a comparison between the magnitude and phase-based determined VIFs (29-31).
Direct in vivo comparison between VIFs determined from both the magnitude and the phase
of the MR signal has not been investigated extensively until recently. The main focus of previous research (29) has been on the reproducibility of the determined pharmacokinetic parameters. However, a detailed analysis of the influence of flow-velocity on CM concentration
determined using the magnitude- and phase-based method in vivo is lacking. This comparison
is, however, of great interest, since either m-VIF or ph-VIF curves can be used for pharmacokinetic analysis. The choice may influence the resulting pharmacokinetic parameter values
and their association with histological measures and clinical risk factors. For the future establishment of appropriate risk thresholds, it is essential that parameter values can be compared
across centers and between studies, with minimal influence of the VIF.
The purpose of the present study was (1) to compare the m-VIF and ph-VIF from the internal
jugular vein, (2) to compare ph-VIF from the internal jugular vein and common carotid artery,
(3) to gain more insight into the differences between m-VIF and ph-VIF using simulations, flow
phantom experiments, and in vivo imaging DCE-MRI data of patients with carotid plaques,
and (4) to investigate the influence of different VIFs on quantitative DCE-MRI model parameters in carotid plaques.

38

Phase-based VIF for DCE-MRI of Carotid Plaque

The present study was performed within the scope of the Plaque At RISk (PARISk) study (32)
and approval of the local Institutional Review Board was obtained. MRI experiments were
performed on a 3 T whole body MRI system (Achieva, Philips Healthcare, Best, The Netherlands) using a dedicated eight-channel carotid RF coil (Shanghai Chenguan Medical Technologies Co., Shanghai, China). Five MR pulse sequences were used in all patients to facilitate
delineation of plaque boundaries: (1) a three-dimensional (3D) T1-weighted turbo field-echo
sequence (IR-TFE), (2) a 3D time-of-flight sequence (3D TOF), (3) a multislice two-dimensional (2D) T2-weighted turbo spin echo sequence (T2w TSE), and (4) unenhanced and (5)
contrast–enhanced 2D T1-weighted turbo spin-echo sequences (T1w QIR TSE), the latter
performed 6 min after contrast injection. MRI scan parameters have been described in detail
previously (32).

Determination of the vascular input function
MR Imaging
For the determination of the vascular input function, 11 consecutive patients (10 men, 1 women; mean age ± standard deviation, 70.1 ± 6.0 yr) with a recent (less than three months)
ischemic stroke/transient ischemic attack (TIA) and <70% carotid artery stenosis, based on
the NASCET criteria (33), with a plaque thickness of at least 2–3 mm, corresponding to an
ECST stenosis of 30% (32,34), were imaged in the enddiastolic phase using an ECG-gated
T1-FFE sequence with the following imaging parameters: repetition time (TR)/echo time (TE)
23.2/3.2 ms, flip angle (FA) 35°, field of view (FOV) 150 ×130 mm, acquisition matrix 96×70
(linear K-space sampling), reconstructed to a matrix size of 336×366 resulting in an acquired
and reconstructed pixel size of 1.56×1.56 and 0.45 ×0.45 mm, respectively. A single transverse slice, positioned at the common carotid artery (where no stenosis was present), with
a thickness of 1.5 mm was acquired. In addition, a spatial saturation slab with thickness of 60
mm was positioned at a distal position, upstream to the jugular vein, at a distance of 15 mm
parallel to the imaging plane. A steady-state of the MR signal was maintained by incorporation
of dummy excitation pulses during the MR acquisition. At the start of the tenth time frame
(scan duration approximately 4 s per time frame), 0.1 mmol/kg of gadobutrol (Gadovist,
Bayer Health-Care, Berlin, Germany) was injected with a power injector (Spectris Solaris EP,
Medrad,Warrendale) at a rate of 0.5 ml/s followed by a 20 ml saline chaser at the same rate.
Manual contour selection
Regions-of-interest within the lumen of the bilateral common carotid arteries and internal
jugular veins were drawn on the 3D TOF MR images using dedicated vessel wall analysis
software (VesselMASS, Leiden University Medical Center, Leiden, The Netherlands). Care
was taken to avoid partial volume effects, by keeping sufficient distance from the vessel wall.
All contours were transferred to the DCE-MR images. If necessary, contours were manually
adjusted and shifted to correct for small patient displacements. To correct for phase drifts of
the phase-based VIF, the sternocleidomastoid muscle was used as reference region.
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Magnitude-based determination of Gd concentration
For the magnitude-based determination of the CM concentration, the average relative signal enhancement (Ξ equation (1)) was determined within the entire region-of-interest and
converted to CM concentration (cCM(t)) using the Ernst equation (equation (2)) for a spoiled
steady state gradient echo pulse sequence (35) and the literature values for the longitudinal
(R1,0) and transversal (R2,0) relaxation rates for blood (36) and the r1 and r2 relaxation rates of
the CM,
Ξ(t) =

S ( t ) − S (0)

(1)

S (0)

with
S ( t ) = M0

(

sin (FA ) 1 − e
1− e

(
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in which R1 and R2 are given by
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(4)

R1 cCM ( t ) = R1,0 + r1 ⋅ cCM ( t )
R 2 cCM ( t ) = R 2 ,0 + r2 ⋅ cCM ( t )

Phase-based determination of the Gd concentration
As an alternative to the m-VIF, the phase of the MR signal can be used to determine the CM
concentration, according to the following equation:
φ ( t ) − φ0 − φref ( t ) − φref ,0
cCM ( t ) =
(5)

1
γB0 χm  cos2 ( θ ) −  TE
3


(

) (

)

where φ(t) is the phase in the lumen, φref(t) is the reference phase from the sternocleidomastoid muscle, φ0 and φref,0 are the baseline phase before contrast injection from the lumen
and a reference region, respectively, γ is the proton gyromagnetic ratio (42.58 MHz T−1), B0
is the main magnetic field strength, χm is the molar susceptibility for Gd (3.4 × 10−7 mM−1), θ
is the angle of the vessel relative to the main magnetic field, which was determined using the
3D TOF MRI images.

Generalized group averaged vascular input function curves
A group averaged vascular input function was determined using a generalized equation which
was first introduced by Parker et al. (37). and slightly modified by Gaens et al. (15). The
function compromises of a single Gaussian and an exponential modulated with a sigmoid
function,
c VIF ( t ) =

40

A
σ 2π

2
− t −T
e ( )

2 σ2

+

α ⋅ e − βt

−s t − τ
1+ e ( )

(6)

where A, σ, and T are the scaling constant, width, and center of the Gaussian, respectively;
α and β are the amplitude and decay constant of the exponential function, respectively; and s
and τ the width and center of the sigmoid, respectively. For the group averaged VIF, the individual CM concentration–time curves for these 11 patients from the vessels at both sides were
used to construct a single fit for every method, i.e., the group averaged m-VIF of the jugular
vein and group averaged ph-VIF of the jugular vein and the carotid artery. The intersubject
variation was estimated for each method as the root mean square error relative to the peak
CM concentration for all the group averaged VIFs.

DCE-MRI of carotid plaque
MR Imaging
Seventeen consecutive patients (10 men, 7 women; mean age±standard deviation, 69.0±8.7
yr) with a recent (less than three months) ischemic stroke/TIA and a carotid artery stenosis
of <99% (i.e., no complete occlusion) and a plaque thickness at least 2–3 mm, corresponding
to an ECST stenosis of 30% (32,34) were imaged at end-diastole using an ECG-gated 3D
T1-TFE MRI pulse sequence with the following parameters: TR/TE 11.6/5.7 ms, FA 35°,
FOV 130×130 mm, acquisition matrix 208×206 (linear K-space sampling), reconstructed to
512×512 resulting in an acquired and reconstructed in plane resolution of 0.63×0.63 and
0.25×0.25 mm, respectively, and with five consecutive slices (thickness 2 mm). At the beginning of the third time frame (scan duration approximately 20 s per time frame), 0.1 mmol/
kg of gadobutrol (Gadovist, Bayer HealthCare, Berlin, Germany) was injected with a power
injector (Spectris Solaris EP, Medrad,Warrendale) at a rate of 0.5 ml/s followed by a 20 ml
saline chaser at the same rate.
Contour selection
Contours were drawn manually for the vascular lumen, similar as described above, with the
difference that the contour now contained the complete lumen. Outer plaque contours were
drawn by using a combination of T2-w TSE, and pre- and postcontrast T1-w QIR TSE. Pharmacokinetic modeling was performed as previously described (15) using the Patlak model,
resulting in quantitative model parameters (Ktrans and vp). The agreement between the model
parameters obtained for each of the three VIFs was analyzed by performing a Wilcoxon signed rank test and by calculating the Spearman correlation coefficient.

The effect of local blood inflow on magnitude signal enhancement
Simulations
The possible effect of flow on the CM concentration–time curve based on the magnitude images from the jugular vein is estimated as described below. In steady state, saturated spins will
move from the saturation slab (Mz=0) to the imaging slice, and hence the longitudinal relaxation of the magnetization of the inflowing spins is dependent on their travel time according to

(

Mz ( t blood , cCM ) = M0 1 − e

− tblood ⋅R1 ( cCM )

)

(7)

In equation (7), the equilibrium magnetization is given by M0, R1(cCM) is the longitudinal
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relaxation rate of blood, which is influenced by the CM concentration (cCM), and tblood is the
travel time for the blood between the spatial saturation slab and the imaging plane, which
can be determined from equation (8), in which dslab is the distance between the lower part of
the saturation slab and the upper part of the imaging plane (15 mm), and vblood(r) is the local
blood flow velocity within the vessel at position r, which is the (radial) distance to the axis of
the blood vessel,
t blood =

dslab

(8)

vblood ( r )

At the imaging plane, the resulting longitudinal magnetization (described by equation (7)) is
excitated with an excitation pulse with a FA, for which the subsequent signal relaxation is described by expressions (9) and (10), respectively, in which tn is the time after the n-th excitation
pulse (0<tn<TR). To take into account possible multiple excitations of the protons within the
imaging slice, the maximum number of excitations (nmax) that is experienced by the spins is
determined according to equation (11),

(

)

− tnR1 ( cCM )

(

)

− tnR 2 ( cCM )

Mz ( t blood , n, t n , cCM ) = Mz ( t blood , n −1, TR , cCM ) ⋅ cos (FA ) ⋅ e
Mxy ( t blood , n, t n , cCM ) = Mz ( t blood , n −1, TR , cCM ) ⋅ sin (FA ) ⋅ e

(

+ M0 1 − e



dslice
nmax ( r ) = 

 vblood ( r ) ⋅ TR 

− tn ⋅R1 ( cCM )

)(9)

(10)

(11)

Finally, a weighted summation of the MR signal is calculated according to
nmax

Mxy ( r , t blood , t , cCM ) = ∑ w n ( r ) ⋅ Mxy ( t blood , n, t , cCM )
n

(12)

with weighting factors wn representing the fraction of spins at radial position r within the imaging slice that experience n excitations,
 TR ⋅ vblood ( r )
n < nmax

dslice

w n (r ) = 
(13)
 dslice − ( n −1) TR ⋅ vblood ( r )
n = nmax

dslice

After contrast administration, the longitudinal T1 and transverse T2 relaxation times are shortened and the relative signal enhancement (Ξ) of the voxel is given by
Ξ ( r , cCM ) =

Mxy ( r , t blood , TE, cCM ) − Mxy ( r , t blood , TE, 0 )
Mxy ( r , t blood , TE,0 )

(14)

The relative signal enhancement as described in the equations above is solved numerically
using the CM concentration as obtained by the generalized group averaged ph-VIF curve determined in the jugular vein and assuming a blood flow with a Poiseuille profile and a maximum
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Phantom measurements
The effect of blood velocity on the magnitude and phase MR signals and the subsequent
determination of CM concentration were investigated using a custom build flow phantom
that consisted of tubing with an internal diameter of 20 mm connected to a pump with adjustable current. The tubing was positioned parallel to the main magnetic field in the MRI (3T
whole body MRI system, Achieva, Philips Healthcare, Best, The Netherlands) with a dedicated 32-channel cardiac coil and imaging was performed using a T1-FFE sequence with the
following imaging parameters: TR/TE 22.03/8.32 ms, FA 35°, FOV 230×230 mm, acquisition
matrix 382×384, reconstructed to a matrix size of 576×576 resulting in an acquired and reconstructed pixel size of 0.60×0.60 and 0.40×0.40 mm, respectively. A single transverse slice
with a thickness of 1.5 mm was acquired. In addition, a spatial saturation slab with thickness
of 60 mm was positioned upstream compared to the imaging slice parallel at a distance of 15
mm parallel to the imaging plane. Imaging was performed both without flow and under two
static flow conditions (vmean=7.9 and 12.9 cm/s). Manganese chloride (0.05 mM) was used as
a solvent in order to lower the T1 relaxation time of water to approximate the T1 relaxation
time of blood. Then, Gadobutrol (Gadovist, Bayer HealthCare, Berlin, Germany) was added
in five linear steps from 0 to 4.4 mM to the phantom and, after complete mixture of the gadobutrol, imaging was repeated. To examine the effect of blood velocity, data were analyzed for
five radial regions, based on their distance to the center, separately. For analysis of the phase
MR signal, a ring-shaped region surrounding the vessel was used as reference region in order
to correct for background phase differences between different acquisitions.
In vivo measurements
To illustrate the inflow effects, the MRI signal was analyzed according to the radial position
for both the m-VIF and ph-VIF. For this, the luminal center of gravity was determined from
the manually drawn contours and voxels were divided into five radial positions according to
their relative distance to the center of gravity. For each radial position, the relative signal enhancement and phase difference were determined from the magnitude and phase MR images,
respectively. Finally, these parameters were converted to the CM concentrations according to
equations (2) and (5), respectively.
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Results
Determination of the vascular input function
In Figure 1, typical magnitude and phase MR images of the high temporal resolution scan are
depicted before and after contrast injection. The signal in the lumen of the jugular vein is suppressed in the precontrast magnitude images due to the use of the saturation slab. After contrast injection, the signal in the lumen of the jugular vein is enhanced. The phase images show
an enhancement of the signal after contrast injection, in both the jugular vein and the carotid
artery. A generalized group averaged input function was determined using the average luminal
signal for the jugular vein (average diameter 10.2±2.8 mm) using both the magnitude and
phase-based method (shown in Figure 2) and for the carotid artery (average diameter 8.2±1.3
mm) using the phase-based method. In the current study, the magnitude based VIF could not
be determined reliably for the carotid artery since the signal intensity of the carotid lumen is
already bright in the precontrast image [Figure 1(A)]. ph-VIFs of the carotid artery and jugular
vein show strong similarities. As expected, contrast arrival in the jugular vein appears delayed
and dispersed in comparison to the carotid artery. For the jugular vein, peak CM concentrations derived from the ph-VIF were found to be on average fourfold increased compared to the
m-VIF (p< 0.001). The relative intersubject variations were (1) 11.0% (ph-VIF carotid artery),
(2) 14.7% (ph-VIF jugular vein), and (3) 19.7% (m-VIF jugular vein).

A

B

C

D

Figure 1
Example images from the internal jugular vein (black contour line) and common carotid artery (white contour line)
for the signal enhancement in both the magnitude (A) and (C) and phase (B) and (D) MR images from a patient with
a carotid stenosis of 50% in the internal carotid artery (as measured with Doppler ultrasound). Before contrast
injection (A) and (B), the lumen of the carotid artery (white contour) appears bright in the magnitude MR image (A)
while the lumen of the jugular vein (black contour) is dark due to the presence of the spatial saturation slab (cranially).
After contrast injection (C) and (D), the magnitude MR signal (C) in the jugular vein is enhanced due to shortening of
the blood relaxation time in the presence of the Gd contrast medium (CM). For the phase MR images (B) and (D),
an increase in phase is seen after (D) compared to before (B) contrast injection, in both the carotid artery and jugular
vein, due to the change of the magnetic susceptibility in the presence of the CM.
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Significant correlations were found between quantitative model parameters (Ktrans and vp)
using the three VIFs (m-VIF jugular vein, ph-VIF jugular vein, and ph-VIF carotid artery, Figure 3 and Table I), which ranged from 0.93 to 0.99 for Ktrans and from 0.58 to 0.90 for vp. A
considerable difference in absolute values was found between the quantitative parameters,
indicating dependency on the used VIF.

Figure 2
Population averaged vascular input functions from the carotid artery (phase) and the jugular vein (phase and
magnitude).

Figure 3
Parameter agreement for the quantitative parameters Ktrans (left figure) and vp (right figure) determined using the three
different VIFs (shown in Figure 2). *p-value<0.05, **p-value<0.01, ***p-value<0.001. Mean and standard deviation are
indicated with error bars next to the individual points.
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Estimation of effect of local blood inflow on signal enhancement
Simulations
Analytical analysis of equation (14) showed that, with the imaging parameters described for
the high temporal resolution DCE-MRI acquisition, blood with a velocity lower than 6 cm/s
will experience multiple excitations. From the calculated relative signal enhancement curves
(Figure 4), it is clear that near the vessel wall, where the blood velocity is low, the magnitude
MR signal is saturated at CM concentrations of approximately 2 mM; the first pass peak of the
CM looks blunted in the resulting curve. This phenomenon is less pronounced (though still
visible) with an increased blood flow velocity, i.e., at the center of the lumen.
Table 1
Parameter agreement for Ktrans and vp between the three different vascular input functions determined in the current
study (a phase-based vascular input function in the carotid artery (ph-VIF CA), and the jugular vein (ph-VIF JV), and
a magnitude-based vascular input function in the jugular vein (m-VIF JV)). P-values were calculated using a Wilcoxon
signed rank test, and Spearman’s correlation coefficient was calculated.
P-value (Wilcoxon singed rank test)

R (Spearman)

Ktrans [min-1]

vp

Ktrans [min-1]

vp

ph-VIF CA vs ph-VIF JV

<0.001

<0.01

0.99 (p<0.001)

0.90 (p<0.001)

ph-VIF CA vs m-VIF JV

<0.001

<0.001

0.93 (p<0.001)

0.58 (p<0.05)

ph-VIF JV vs m-VIF JV

<0.001

<0.001

0.94 (p<0.001)

0.72 (p<0.01)

Relative Radial Position

Relative Signal Enhancement [−]

Lumen Center

Vessel Wall

10
8
6
9.2 cm/s
6.8 cm/s

4

2.8 cm/s

2
0
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1

2
Time [min]

3

4

Figure 4
Relative signal enhancement curves for a theoretical blood vessel with a Poisseuille blood flow profile (maximum
velocity of 10 cm/s) calculated based on the Bloch equations and with gadolinium concentrations derived from
the ph-VIF of the jugular vein (Figure 2) as concentration input. Signal saturation of the first pass peak can clearly
be observed, especially for lower blood velocities. For lower blood velocities, signal saturation occurs even at low
concentrations, i.e., after the first pass peak, while this is less pronounced for voxels with a higher velocity, closer to
the center of the lumen.
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Phantom
The MR magnitude and phase signal have been plotted as a function of CM concentration for
various radial regions, corresponding with different velocities in Figure 5. The results showed
a nonlinear relationship between the CM concentration and the relative magnitude MR signal,
while for the phase difference, a linear relationship was observed. In the presence of flow,
this underestimation of the magnitude MR signal will result in an underestimation of the CM
concentration, especially for decreasing velocity, while this will not occur when using the phase
MR signal.

MR Phase Difference [rad]

Relative Magnitude Signal [−]

In vivo
In Figure 6(A), the CM concentration determined from magnitude MR images as function
of the radial position is depicted. Pixels located far from the center of mass, i.e., at a radial
distance of 7 mm, had on average a lower signal enhancement and thus lower calculated CM
concentration, compared to the pixels in the center. Moreover, the first pass peak is hardly
discernible. Figure 6(B) shows the CM concentration determined using the phase MR images.
Note that in this case, the CM concentration was similar at every radial position and the first
pass peak is clearly visible. Both were measured in the jugular vein of the same subject.

8
6
4
2
0

0

1

2

3

4

2

3

4

Gd Concentration [mM]

No flow, center
Flow (16.3 cm/s)
Flow (10.5 cm/s)
Flow (9.3 cm/s)
Flow (3.7 cm/s)

3
2
1
0

0

1

Gd Concentration [mM]

Figure 5
Experimentally determined relative signal enhancement and phase difference using either the magnitude or phasebased method in the condition of no flow and with flow. Analyses with flow were performed for several radial
positions within the tube, corresponding to different flow velocities (v=16.3, 10.5, 9.3, and 3.7 cm/s). For the
magnitude MR signal, a flow velocity dependent effect can be seen in the curves, while for the phase MR signal, this
effect is clearly not visible.
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Experimentally measured concentration curves determined using (A) magnitude MR images, and (B) phase signal
change using phase MR images in the jugular vein of a single patient. Pixels were grouped according to their radial
distance (reconstructed resolution) to the center of the lumen. In agreement with the simulations and flow phantom
experiments, an underestimation of the CM concentration is found using the magnitude MR images with increasing
radial distance to the center of the lumen. This dependency on radial position (and thus local blood velocity) is not
seen when the phase MR images were used.
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In the present study, we have demonstrated a significant underestimation of the peak CM
concentrations in magnitude based m-VIF, compared to the phase-based ph-VIF. The underestimation of the first pass peak concentration of m-VIF with the current imaging and contrast
injection protocol was approximately fourfold. Simulations, phantom, and in vivo experiments
revealed that the amount of underestimation of the CM concentration based on the magnitude MR signal is related to the blood velocity and thus to the location relative to the center
of the vessel. This resulted in signal saturation at higher CM concentrations and lower local
blood velocities. In contrast, as demonstrated by the phantom experiments, the phase-based
VIF was not affected by flow. This resulted in a phase difference independent of the radial
position relative to the center of the vessel in both the phantom and in vivo experiments. The
phase-based method allowed determination of the VIF from both the carotid artery as well
as the jugular vein. Previously, it was shown that the phase-based method is less influenced
by the measurement location within a 3D volume compared to the magnitude-based method
(26), but, as far as we are aware of, the dependency of m-VIF on the radial position due to
different local blood velocities within the vessel was not previously shown (29). A low blood
velocity results in an increased longitudinal relaxation of the MR signal between the saturation and imaging slice, leading to less relative signal enhancement after contrast injection in
the magnitude images and thus an underestimation of the CM concentration of the m-VIF.
Previous research (39) has focused on the effect of (unsteady) blood flow in the vessel on
the CM concentration. Despite the substantial differences in calculated CM concentration,
significant correlations were found between the pharmacokinetic parameters, determined by
either a m-VIF or ph-VIF, with Spearman correlation coefficients ranging from 0.93 to 0.99 (all
P-value<0.001) for Ktrans and 0.58 to 0.90 for vp (all P-values<0.05). Previous studies (11,15),
in which DCE-MRI was related to histologically determined plaque features, used an m-VIF
for the pharmacokinetic analysis. It is likely that an underestimation of the VIF has occurred,
due to the blood flow effects as described in the current study. Nevertheless, due to the
strong correlation between the model parameters when using different VIFs, similar results
regarding the association between DCE-MRI and histology can be expected with the use of
different VIFs. However, considerable differences were found between absolute values of
quantitative parameters when using different VIFs. From this, we conclude that care should be
taken when comparing absolute values across different studies. Thus, in order to determine
appropriate thresholds of model parameters for patient risk stratification, the use of a ph-VIF
is recommended. Taking into account the challenges that accompany reliable determination of
a patient-specific VIF, we chose to generate a population-averaged VIF for the analysis of the
microvasculature in the atherosclerotic carotid plaques using a separate DCE-MRI scan with
high temporal resolution. Previous studies that compared population-averaged VIFs to patient
specific AIFs showed an increased (37) or comparable (29) reproducibility of DCE-MRI derived parameters for population averaged AIFs. A patient-specific VIF (40) could account for
inter individual variations (25). Atherosclerotic plaques in the carotid artery have a relatively
small size and, hence, a high spatial resolution is crucial. As a result, the temporal resolution
is limited and therefore accurate determination of the first pass peak of the VIF immediately
after CM injection is impossible with the high spatial resolution MRI pulse sequence. The
injection rate of the CM is low compared to previously performed studies which investigate
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atherosclerotic plaques. However, since CM uptake in the plaque is rather slow, i.e., low Ktrans
values (<0.2 min−1) are expected (15), a slower injection rate may be applied (41). The slow
CM uptake also justifies the use of a high spatial resolution at the cost of temporal resolution.
The phase signal is likely to contain some sources of error itself. Motion-induced phase shifts
and accumulation of contrast agent in background tissue regions have been identified as the
main sources of uncertainty in phase-based VIFs (24). A method to correct for this problem
has been proposed previously (24) in which a circular region around the region-of-interest
was used for the correction of CM accumulation. This method is applicable in brain perfusion
studies; however, in our study this approach was not feasible due to the anatomy of the neck,
in which many blood vessels and glands are present. Therefore, we used a different, also
commonly used, method (31) by using the phase signal from a muscle. Previous research using
this method demonstrated that the phase-based vascular input function corresponded very
good with a vascular input function measured using DCE-CT, while for the magnitude-based
method an anomalous shape and incorrect height were observed. In addition, contrast uptake
in the muscle is low compared to the blood plasma concentration especially during first passage of the bolus of the contrast medium (42). For the magnitude-based method, the Ernst
equation is used for the conversion from relative signal enhancement to CM concentration,
as was done in previous research comparing magnitude- and phase-based VIFs (29,31). However, due to the blood flow within the vessel, the number of signal excitations is not always
sufficient to reach the assumed steady state. The resulting deviation will lead to an additional
uncertainty in determination of the CM concentration. For the simulations performed in the
current study, we did take into account the number of excitations for the different blood
velocities. However, in vivo, this would require additional blood velocity measurements using,
for example, a quantitative phase contrast MRI acquisition, which would be impractical in a
daily clinical setting. An additional advantage of the phase-based method is the fact that no
saturation slab is required in the pulse sequence, while this saturation slab is necessary for the
magnitude-based method. This was also the reason that m-VIF could not be determined in
the carotid artery for the present study. An additional saturation slab at the caudal position,
which would enable measurement of the m-VIF in the common carotid artery, would lead to
a decreased temporal resolution, which is unfavorable for accurate determination of the first
pass peak from the CM. Eliminating the saturation slab from the MRI pulse sequence can lead
to an improvement of the temporal resolution. In the current study, the saturation pulse might
also have lowered the signal-to-noise ratio for the phase-based measurement in the jugular
vein. Since the goal of the present study was to compare both techniques, the MR protocol
was chosen such that it allowed analysis of both m-VIF and ph-VIF. For example, an increased
echo time would increase the accuracy for the ph-VIF determination; however, this would lead
to increased T2* effects on the magnitude MR images. Placement of the saturation slab more
closely to the imaging slice will decrease the dependency of the signal enhancement on local
blood velocity but might lead to a decrease in signal-to-noise ratio of the phase and magnitude
MR images.
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Concluding, our study illustrates the importance of using a phase-based VIF for quantitative
modeling of DCE-MRI, since the magnitude-based VIF is strongly affected by the local blood
flow-velocity in the vessel, resulting in a large underestimation of the CM concentration. We
have demonstrated that signal saturation of the magnitude MRI signal from within a blood vessel is also found within a single imaging slice. Simulations and phantom experiments linked this
to the local blood velocity within the vessel. Phantom experiments showed no influence of
flow on the determination of the CM concentration when making use of the phase MR signal.
The use of a ph-VIF therefore results in more realistic value for the quantitative parameters
(Ktrans and vp). This will further increase the potential value of quantitative DCE-MRI for use
in a daily clinical practice, both for carotid plaque imaging and in other areas where DCE-MRI
is commonly applied.
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Abstract
Objectives
The dynamic contrast-enhanced (DCE-)MRI parameter Ktrans is frequently used to study atherosclerotic plaque microvasculature. Ktrans has been reported using different descriptive statistics (mean, median, 75th percentile) either for the whole vessel wall or the adventitia in
previous studies. Present objectives were to assess parameter agreement of Ktrans between
the two vascular regions and to study the correlation with microvessel density on histology.

Material and methods
DCE-MRI parameter agreement was analyzed in 110 symptomatic patients with ≥2 mm carotid plaque that underwent a 3T carotid (DCE-)MRI examination. Ktrans was estimated in the entire vessel wall and adventitia. Twenty-three patients underwent carotid endarterectomy and
were used for comparison with histological quantification of microvessel density of the plaque
using CD31 immunohistochemistry. DCE-MRI parameters in the vessel wall regions were
compared using Pearson’s correlation coefficient, Bland-Altman analysis, and a two-sided paired samples T-test. Correlation of the DCE-MRI parameters with histology was studied using
the Pearson’s correlation coefficient.

Results
Median adventitial Ktrans was 5% higher (p=0.003) than entire vessel wall Ktrans, with no differences for other descriptive statistics. Vessel wall and adventitial Ktrans showed similar moderately strong correlations with plaque microvessel density on histology (Pearson’s ρ: 0.59-0.65
(p<0.003) and 0.52-0.64 (p<0.011), respectively).

Conclusions
The similar moderately strong correlations for vessel wall and adventitial Ktrans with microvessel density on histology suggested that both regions reflected plaque microvessel density. Care
should to be taken when comparing absolute values between studies. Future studies incorporating thresholds for risk stratification need to agree upon standardization of DCE-MRI
parameters.

56

Correlation Between DCE-MRI and Histology

Introduction

Dynamic contrast-enhanced (DCE)-MRI has emerged as a non-invasive technique to assess
plaque microvasculature. With this technique, the microvasculature can be studied (semi-)
quantitatively by studying the leakage of the contrast medium (CM) from the microvasculature into the plaque tissue. Previous research has been performed in specimens from patients
undergoing a carotid endarterectomy (CEA). During CEA, the carotid plaque (i.e. the intima
and (part of ) the media is removed, leaving the remaining vessel wall including the adventitia in
situ. These studies have already shown a correlation between the volume transfer coefficient,
Ktrans, a quantitative DCE-MRI parameter reflecting microvessel flow, density, and permeability,
and histological measurements of the plaque microvasculature as a reference (6-9).
A number of studies have investigated the relationship between plaque microvasculature and
other features of plaque vulnerability, such as inflammation (10-12) and the presence of intraplaque hemorrhage (13).The focus of these studies was either on the entire vessel wall
(6-8,10-12,14) or only on the outer layer of the vessel wall, the adventitia (9,13). Currently,
no direct comparison between quantitative DCE-MRI parameters from these two vascular
regions has been performed. In addition, different descriptive statistics (e.g. mean, median, or
75th percentile) have been reported in these various studies. While mean and median values
may be more suited to describe the overall state of the plaque microvasculature, the 75th percentile may be more suited to reflect specific hotspots of increased plaque microvascularity.
The aim of the present study was to systematically investigate the agreement between quantitative DCE-MRI pharmacokinetic parameters derived from the entire vessel wall and the
adventitial region in the same patient and correlate these parameters to the intraplaque microvessel endothelium density in histological specimens as a reference.
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Rupture of a vulnerable carotid atherosclerotic plaque may lead to an ischemic stroke, resulting in morbidity or even death of the patient (1). Several plaque features have been identified
as important hallmarks of plaque vulnerability, including increased plaque microvasculature
(2). These microvessels originate from the adventitia (the exterior part of the vessel wall) and
grow into the plaque tissue (3), supplying the plaque with nutrients and oxygen. The structural
integrity of plaque microvasculature endothelium is impaired (4). Therefore, plaque microvessels may provide an entry point for inflammatory cells and erythrocytes and may cause destabilization of the plaque (5), leading to an increased risk of plaque rupture.

Chapter 4

Material and Methods
Study Population
In this present prospective, cross-sectional study consecutive patients with an acute cerebrovascular event (stroke, transient ischemic attack (TIA), or amaurosis fugax) due to an ipsilateral carotid artery stenosis and a carotid plaque ≥2 mm on duplex ultrasonography were included. Patients with a severe comorbidity (dementia, severe heart failure, i.e. New York Heart
Association class III–IV, severe pulmonary dysfunction dependent on oxygen supply, hemiparalysis, or complete aphasia) and standard contra-indications for MRI, such as ferromagnetic/
other electronic implants were excluded. Patients with severe renal disease (renal clearance
<30ml/minute) were not eligible for contrast-enhanced MRI and were therefore excluded
from the current analysis. Medical history and medication use were ascertained at the time of
subject enrolment. All study participants underwent carotid DCE-MRI of the symptomatic carotid plaque. Histological and MRI analysis was performed blinded to the other test results by
randomization of the histological samples before analysis. Approval of the local Institutional
Ethical Review Board was obtained. Written informed consent was obtained from all patients
before study inclusion.

MR imaging
MR imaging was performed on a 3T whole body MRI system (Achieva, Philips Healthcare,
Best, The Netherlands) using a dedicated 8-channel carotid RF coil (Shanghai Chenguan Medical Technologies Co., Shanghai, China). Five MRI pulse sequences were used to facilitate
delineation of plaque boundaries as described previously (15). For DCE-MRI, an end-diastolic
ECG gated 3D T1-TFE MRI pulse sequence was acquired centered at the position of the
highest plaque burden with the following parameters: repetition/echo time 11.6/5.7 ms, flip
angle 35°, Field of View 130x130 mm, acquisition/reconstruction matrix 208x206/512x512,
five adjoining transversal slices, slice thickness 2 mm (16). The temporal resolution was approximately 20 seconds per time frame (dependent on heart rate). At the beginning of the
third time frame, a contrast medium (CM) (0.1 mmol/kg Gadobutrol (Gadovist, Bayer HealtCare, Berlin, Germany)) was injected with a power injector (Spectris Solaris, Medrad, Warrendale, USA) at 0.5 ml/sec followed by a 20 ml saline chaser at the same rate. DCE-MR
imaging was continued for six minutes after contrast injection.

CEA and histological preparation
Indication for CEA was based on clinician’s decision. Surgeons were instructed to remove the
carotid plaque in one piece. Carotid endarterectomy specimens were collected after surgery
and histological processing was performed as described previously (8). In short, after CEA,
the carotid plaques were immediately fixed in 10% buffered formalin, transversely cut in 3mm
slices, decalcified, embedded in paraffin, and cut in 4μm (transverse) slices. Co-localization of
histopathological sections with DCE-MR imaging slices was performed using the longitudinal
position relative to the carotid bifurcation and/or the narrowest carotid artery lumen as a
reference (8). Plaque microvasculature was detected on co-registered slices with immunohistochemistry using primary antibodies against CD31 (clone JC70A, Dako North America, Carpinteria, California), for identification of endothelial cells.
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Plaque microvasculature was quantified on high spatial resolution digital images by using
morphometric analysis software (QWin V3, Leica, Cambridge, England). Plaque microvasculature was measured as the CD31–positive area surrounding a lumen. Relative density of
microvessel endothelium was calculated by dividing the total CD31-positive area by the total
plaque area.

Both luminal and outer plaque contours were drawn as described previously (16). Luminal
contours were drawn on the 3D TOF, pre-contrast T1w QIR TSE, post-contrast T1w QIR
TSE, or T2w TSE MR images, in subsequent order. Outer vessel wall contours were drawn
by using the pre-contrast T1w QIR TSE, post-contrast T1w QIR TSE, T1w TFE or T2w TSE
MR images, in subsequent order. Contours from anatomic MRI acquisitions were transferred
to the DCE-MR images. If necessary, contours were manually adjusted and individual time
frames shifted to correct for small patient displacements. Luminal contours were corrected to
avoid partial volume effects, by keeping sufficient distance from the vessel lumen. Outer plaque contours were corrected to include the adventitial vasa vasorum, which shows increased
enhancement after contrast material administration. The entire vessel wall region is defined as
the region between the luminal and outer wall contours. Adventitial region of the vessel wall
was determined according to previously introduced criteria (13). According to these criteria,
all pixels within 0.625 mm of the outer wall contour in a region of the vessel wall with plaque,
which was defined as a wall thickness greater than 1.5 mm. An example of the contours in an
image is given in Figure 1D.
Pharmacokinetic parameters were estimated using the Patlak model (17) on a voxelwise basis
as previously described (8) with a phase-based population averaged vascular input function
that was previously determined in the carotid artery (16). Shortly, CM concentrations in the
plaque were determined from the signal intensity time course by using the Ernst equation and
literature values for the longitudinal and transversal relaxation times of tissue (18) and the r1
and r2 relaxation rates of the CM (19). Resulting Ktrans distribution was analyzed by calculating
the mean, median and 75th percentile. The median 95% confidence interval for Ktrans was determined to estimate uncertainty in parameter estimation.

Statistical Analysis
Differences in clinical characteristics between CEA and non-CEA patients were investigated
using a Chi-square test (binary variables), independent samples T-test (continuous variables),
or independent samples Kruskal-Wallis test (categorical variables), as appropriate. Mean, median, and 75th percentile Ktrans values in two vessel wall regions (entire vessel wall versus adventitia) were compared using Pearson’s correlation coefficient, a two-sided paired samples
T-test, and Bland-Altman analysis. Mean, median, and 75th percentile Ktrans from the entire vessel wall and adventitia were compared between CEA patients and non-CEA patients using an
independent samples T-test. Association of mean, median, and 75th percentile Ktrans determined from the entire vessel wall and adventitial region with the relative microvessel density was
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assessed by calculation of Pearson’s correlation coefficient. Correlation coefficients between
0.5 and 0.8 were considered moderately strong, while coefficients >0.8 were considered
strong. All p-values below 0.05 were considered significant.

Results
Patient inclusion and characteristics
In total, 118 patients were included. Eight patients could not be analyzed due to artifacts and/
or insufficient quality of the DCE-MR images. A total of 110 patients were used for analysis
of DCE-MRI parameter agreement. Of these 110 patients, 23 patients underwent CEA and
obtained specimens were used for histological validation of DCE-MRI. Patient characteristics
are displayed in Table 1. The mean time interval between the last symptoms and DCE-MRI
examination differed significantly between CEA and non-CEA patients (20.9±5.2 days versus
Table 1: Baseline characteristics of the included patients.
Data are presented as mean ± standard deviation or n (%). aData known for 108 out of 110 patients. Difference
between CEA and non-CEA patients was investigated using a Chi-square test, independent samples T-test, or
independent samples Kruskal-Wallis test, as appropriate.

Number of patients [n]

All patients CEA
patients

Non-CEA
patients

110

87

23

P-value

Age [y]

69±8.4

65±8.2

70±8.4

p=0.013

Male sex (%)

75 (68%)

19 (83%)

56 (64%)

p=0.095
p=0.390

Amaurosis fugax / TIA (%)

68 (62%)

16 (70%)

52 (60%)

Body mass index [kg/m2]

26.8±4.2

26.9±3.4

26.8±3.7

p=0.942

Current smoking status (%)

22 (20%)

6 (26%)

16 (18%)

p=0.412

Diabetes mellitus (%)

19 (17%)

5 (22%)

14 (16%)

p=0.524

Hypertension (%)

70 (64%)

20 (87%)

50 (58%)

p=0.009
p=0.002

Hypercholesterolemia (%)

56 (52%)

18 (82%)

38 (44%)

Prior statin use (%)a

62 (56%)

21 (96%)

41 (48%)

p<0.001

Time between event and MRI [d]

37.3±22.0

20.9±24.9

41.6±19.6

p<0.001
p<0.001

Carotid Stenosis (duplex
ultrasonography)a

< 50%

53

0

53

50 – 69%

34

2

32

70-99%

21

21

0

Table 2: Pharmacokinetic DCE-MRI parameters’ agreement.
Parameter agreement of Ktrans (mean ± standard error) was investigated using Pearson’s Rank Correlation coefficient
and two-sided paired samples T-test in 110 patients. *P-value of two-sided paired samples T-test.
Parameter

Vessel wall

Adventitia

Pearson’s ρ

P-value*

Mean Ktrans [min-1]

0.055±0.001

0.057±0.002

0.70 (p<0.001)

0.17

Median Ktrans [min-1]

0.037±0.001

0.039±0.001

0.66 (p<0.001)

<0.01

75th Percentile Ktrans [min-1]

0.066±0.002

0.068±0.002

0.68 (p<0.001)

0.20
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41.6±2.1; p<0.001). A significantly higher degree of stenosis on duplex ultrasonography, prevalence of hypertension, hypercholesterolemia, and statin use prior to the ischemic event was
observed in CEA patients, while a significant higher age for patients not scheduled for CEA
was observed. The interval between DCE-MRI and CEA was <24 hours.

Examples of DCE-MR images are given in Figure 1. A moderately strong positive correlation
(Table 2; n=110) was found between Ktrans parameters from the entire vessel wall and adventitia for all descriptive statistics (Pearson’s ρ correlation coefficient range between 0.66 and
0.70, p<0.001). Median adventitial Ktrans was 5% larger than median vessel wall Ktrans (p=0.003),
while no significant differences were found for mean and 75th percentile Ktrans (Table 2; n=110).
Bland-Altman plots showed no variation of agreement across the range of values between the
two vascular regions (Figure 2). No significant difference in uncertainty of parameter estimation for vessel wall Ktrans and adventitial Ktrans was found (p=0.48).
No significant differences were found between CEA and non-CEA patients for mean, median,
and 75th percentile Ktrans from the vessel wall and adventitia (p≥0.09, Table 3).

Correlation with histology
An example of a histological image of the microvasculature is shown in Figure 3. The blood
perfusion-vessel permeability product Ktrans determined from both the entire vessel wall
(Pearson’s ρ between 0.59 and 0.65, p<0.003) and the adventitial (Pearson’s ρ 0.52 to 0.64,
p<0.011) region showed similar moderately strong positive correlation coefficients with the
plaque microvasculature in the histological specimens (Table 4).

A

B

C

D

Figure 1: Signal enhancement of the carotid artery on DCE-MR images.
DCE-MR images (A-C) from a patient with a severe stenosis of the internal carotid artery. The lumen boundary
is shown in black, while the outer vessel wall is shown in white. Image A shows the carotid artery before contrast
injection, while image B and C show the carotid artery 1 and 6 minutes after contrast injection, respectively. The
adventitial region (all pixels within 0.625 mm of the outer wall contour in a region of the vessel wall with a wall
thickness > 1.5 mm) clearly shows stronger signal enhancement compared to the remaining vessel wall tissue.
This ring of enhancement is attributed to the vasa vasorum, which originate from the adventitia. The result of the
automatic vessel segmentation is shown in image D. The adventitial region is depicted in light gray and the remaining
vessel wall in dark gray.
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Table 3: Comparison of DCE-MRI parameters between CEA and non-CEA patients.
Values are presented as mean ± standard error. *P-value of independent samples T-test.
CEA patients
[n=23]
0.051±0.002

0.057±0.002

0.09

Median [min-1]

0.035±0.002

0.037±0.001

0.21

75th Percentile [min-1]

0.061±0.002

0.067±0.002

0.17

Mean [min ]

0.057±0.002

0.057±0.002

0.95

Median [min ]

0.040±0.002

0.039±0.001

0.52

75th Percentile [min-1]

0.069±0.003

0.067±0.002

0.68

-1

-1

A

0.05

Difference between A and B

Adventitial wall K

trans

A) mean Adventitia Ktrans
B) mean Vessel Wall Ktrans

0

−0.05
0.025
0.03

Difference between A and B

B

0.05

C

A) median Adventitia Ktrans
B) median Vessel Wall Ktrans

0.02

0.075

0.04

Average of A and B

0.1

Average of A and B

0

−0.03

P-value

Mean [min-1]

0.08
A) 75th Perc. Adventitia Ktrans
B) 75th Perc. Vessel Wall Ktrans

Difference between A and B

Vessel wall Ktrans

non-CEA
patients [n=87]

0.06

0.04

0

−0.04

−0.08

0.04

0.08

Average of A and B

0.12

Figure 2: Bland-Altman plots of different vascular regions.
Bland Altman plots of mean (A), median (B), and 75th percentile (C) Ktrans values determined from the adventitia and
entire vessel wall for patients with ≥2 mm carotid plaque. The mean difference is indicated by the black solid line
and the 95% confidence interval of the mean difference by the dashed lines. Plots showed no variation of agreement
across the range of values.
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Table 4: Correlation of DCE-MRI parameters with histology in 23 patients that underwent carotid
endarterectomy.
Pearson’s rank correlation coefficient (and corresponding p-values) of pharmacokinetic DCE-MRI parameters with
the relative microvessel density (total CD31-positive area divided by the total plaque area) as determined from
carotid endarterectomy specimens.
Adventitial Ktrans

Mean

0.62 (p<0.01)

0.62 (p<0.01)

Median

0.59 (p=0.01)

0.52 (p=0.01)

75th Percentile

0.65 (p=0.01)

0.64 (p<0.01)

4

Vessel Wall Ktrans

A

B

Figure 3: CD31 immunohistochemistry of the atherosclerotic plaque microvasculature.
The microvessels can be observed in the CD31 immunohistochemistry slice. An overview of the entire slice is given in
panel A. The vessel lumen is indicated by the white asterisk. Close-up of microvessels of the region indicated by the
box is given in panel B and shows CD31 positive microvessels in brown that are indicated by arrow heads.
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Discussion
The present study showed that Ktrans determined from two regions of the vascular wall (i.e.
the entire vessel wall and the adventitia only) have similar moderately strong correlations with
histological microvessel density in the plaque as a reference. A moderately strong positive
correlation between vessel wall and adventitial Ktrans was found with a significantly higher median adventitial Ktrans compared to median vessel wall Ktrans. Bland-Altman plots did not show
variation of agreement across the range of values. Therefore, we showed that DCE-MRI parameters of both the entire vessel wall, as well as the adventitial region can be representative
for the microvessel density of the symptomatic atherosclerotic plaque.
We observed a slightly higher value of median Ktrans in the adventitial region compared to the
entire vessel wall. A higher median value in the adventitial region is in line with the concept that
plaque microvessels originate from this region and expand with disease progression (5, 20).
In contrast, no significant differences between these two regions were found for mean and
75th percentile Ktrans. The 75th percentile Ktrans may be more representative for microvascular
hotspots, which will most likely be predominantly present in the adventitial part of the entire
vessel wall. The mean Ktrans was closer to the 75th percentile value than the median value and
may thus also have been significantly influenced by hotspots. Therefore, the mean and 75th
percentile Ktrans from the entire vessel wall might be more representative for the adventitial
part of the entire vessel wall.
Based on the moderately strong positive correlations between different Ktrans parameters,
we can conclude that similar results regarding the association of DCE-MRI with either histology, other imaging modalities, or clinical parameters can be expected, regardless of the Ktrans
descriptive that is being reported. However, care should be taken when directly comparing
absolute Ktrans values between different studies, since the median adventitial Ktrans is significantly
higher than that of the vessel wall. For the determination of appropriate thresholds that can
be used in clinical studies, investigators need to agree upon standardization of parameters.
Previously, it was demonstrated that symptomatic patients with a higher degree of carotid
stenosis have a more vulnerable plaque phenotype (i.e. higher prevalence of intraplaque haemorrhage and a thin and/or ruptured fibrous cap and a larger lipid-rich necrotic core percentage and smaller fibrous tissue percentage) (21). In contrast, in the present study, we did not
find significant differences in Ktrans values between patients that were scheduled for CEA (i.e.
with a significant higher degree of carotid stenosis) and patients only receiving best medical
treatment. Therefore, plaque microvasculature may already be increased in an earlier stage of
the disease, which is in line with previous results from atherosclerotic plaques of the coronary
arteries (22).
The correlation between histological measurements of plaque microvasculature and DCEMRI of carotid atherosclerosis of various regions of the vascular wall has been investigated in
other studies. Kerwin et al. showed a strong positive correlation between vessel wall Ktrans with
the microvessel endothelium density on histology (6, 7). In addition, Gaens et al. showed a
strong positive correlation between mean vessel wall Ktrans and the mean endothelial microves-
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A limitation of our study is the absence of the adventitia in the carotid plaque specimens
obtained during CEA. Since only the intimal region containing the plaque and part of the
media are surgically removed during CEA, the correlation of the microvessel density of the
adventitia with Ktrans cannot be investigated. The similar correlations of entire vessel wall and
adventitial Ktrans with measurements of the plaque microvasculature on histology and the moderately strong correlation between Ktrans parameters, suggest that the microvasculature in
the plaque is closely related to that in the surrounding adventitia, in line with previous results
from autopsy studies of coronary plaques (22). A true validation of adventitial Ktrans can only
be performed in autopsy studies. Another limitation of our study is that only patients with a
recent ischemic cerebrovascular event were included. Therefore, in our study we were unable
to relate DCE-MRI findings to clinical symptoms. Last, because of the cross-sectional study
design, we could not investigate the value of DCE-MRI to predict stroke. To investigate the
value of DCE-MRI for risk stratification of patients, a longitudinal study is warranted.
In conclusion, our current study showed a moderately strong positive correlation for mean,
median, and 75th percentile Ktrans determined from the entire vessel wall and adventitial region
with the relative microvessel density in histological specimens as a reference standard. This
showed that both vascular regions can be representative for plaque microvessel density in
symptomatic patients with severe carotid stenosis. Moderately strong correlation coefficients
of DCE-MRI parameters from the vessel wall and adventitia were observed, with larger median Ktrans values for the adventitial region. Future studies incorporating thresholds for risk stratification using DCE-MRI need to agree upon standardization of parameters used for analysis
of DCE-MRI data.

65

4

sel density on histology in 13 patients (8). A moderate correlation with relative microvessel
cross-sectional area between plaque microvasculature and adventitial Ktrans was reported in a
study of 25 patients (9). Correlation coefficients with histology of all descriptive statistics in
the present study were thus comparable and within the range of previously reported studies
(6-9).
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Abstract
Objectives
The aim of the present study was to investigate whether there is a positive association between
atherosclerotic plaque microvasculature and presence of intraplaque haemorrhage (IPH) in a
relatively large prospective cohort study of patients with symptomatic carotid plaque.

Background
Presence of IPH on MRI strongly predicts cerebrovascular events. It is frequently suggested
that IPH is caused by leakage of erythrocytes from immature microvessels, but the mechanisms leading to IPH are not fully understood.

Methods
101 symptomatic patients with ≥2 mm carotid plaque underwent MRI of the symptomatic carotid plaque for detection of IPH and dynamic contrast-enhanced (DCE)-MRI for assessment
of plaque microvasculature. Ktrans, an indicator of microvascular flow, density and leakiness,
was estimated using pharmacokinetic modeling in the vessel wall and adventitia. Statistical analysis was performed using an independent samples T-test and logistic regression, correcting
for clinical risk factors.

Results
A decreased vessel wall Ktrans was found for IPH positive patients (0.033±0.001 min-1 versus
0.040±0.001, p=0.001), which remained significant after correction for clinical risk factors
associated with IPH or Ktrans. No difference in adventitial Ktrans was found in patients with and
without IPH (0.040±0.002 min-1 versus 0.039±0.001).

Conclusions
A reduced vessel wall Ktrans is associated with the presence of IPH, independent of clinical risk
factors. Thus, we could not confirm a positive association between plaque microvasculature
and IPH. Not only leaky plaque microvessels, but additional factors may contribute to IPH
development.
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Introduction

MRI has been established as the preferred imaging method for the in vivo non-invasive detection of IPH within the atherosclerotic plaque (13). In addition, dynamic contrast-enhanced
(DCE)-MRI, using a low molecular weight non-specific Gadolinium-based contrast medium,
has emerged as a noninvasive method to assess the plaque microvasculature of the carotid
artery. Quantitative pharmacokinetic DCE-MRI parameters, in particular Ktrans (a reflection of
the microvessel flow, density, and permeability), have shown to correlate with the extent of
plaque microvasculature determined using immunohistochemistry by us and others (14-17).
In addition, it was shown that Ktrans can be determined with a good inter-scan reproducibility
(ICC of 0.79, p<0.05 and coefficient of variation of 16% for the Patlak model) (17). Since MRI
allows non-invasive assessment of IPH and plaque microvasculature, it enables to explore the
hypothesis of erythrocyte leakage from microvessels. Compared to the previously performed histopathological studies, Ktrans is determined not only by microvessel density, but also
by plaque microvasculature flow and leakiness. Moreover, MRI allows to study patients with
a mild to moderate stenosis, who rarely undergo carotid endarterectomy and are therefore
not available for histopathological studies. A recent MRI study (18) revealed a positive association between adventitial Ktrans and the presence of IPH within a group of 27 symptomatic
patients with carotid plaque and varying degree of stenosis. These findings are in line with the
prevailing hypothesis that IPH originates from leaky plaque microvasculature. However, confirmation of these results in a larger patient group is needed for more definitive establishment
of this association.
The aim of the present study was to further investigate the potential positive association
between the atherosclerotic plaque microvasculature and presence of IPH in a relatively large
prospective cohort study in symptomatic patients with ≥2 mm carotid plaque.
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Rupture of a vulnerable atherosclerotic plaque is very likely to be an important underlying
cause of clinical ischemic events, such as stroke or myocardial infarction. Recent studies (1-7)
have shown that the presence of intraplaque haemorrhage (IPH) is associated with plaque
progression and predicts cerebrovascular events. The predictive value of carotid intraplaque
hemorrhage for cerebrovascular events was confirmed in several meta-analyses (8-10), showing a hazard ratio of 5.7 (95% confidence interval of 3.0 to 10.9) (8). Little is known about
the pathophysiological origin of IPH, although plaque microvasculature is generally considered
to play an important role (11). In general, these microvessels, originating from the adventitia,
have poorly formed endothelial cell junctions (12). Therefore, it has been frequently suggested that IPH originates from leakage of erythrocytes from the plaque microvasculature into
the plaque tissue (12).
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Material and Methods
Study Population
In the present study, consecutive symptomatic patients with a recent ischemic stroke/transient ischemic attack (< 3 months) and a carotid plaque ≥2mm were eligible for inclusion in a
prospective, observational imaging study. Patient demographics and clinical risk factors were
collected during the study. Patients with a probable cardiac source of embolism, clotting disorder, severe comorbidity, and standard contra-indications for MRI, such as ferromagnetic/
other electronic implants were excluded. Patients with severe renal disease (creatinine clearance <30ml/min) were not eligible for contrast-enhanced MRI and therefore excluded from
the current analysis. Approval of the local Institutional Ethical Review Board was obtained and
written informed consent was obtained for all patients. The study was registered at ClinicalTrials.gov under NCT01208025 and NCT01709045.

MR imaging
MR imaging was performed on a 3T whole body MRI system (Achieva, Philips Healthcare,
Best, The Netherlands) using a dedicated 8-channel carotid RF coil (Shanghai Chenguan Medical Technologies Co., Shanghai, China). A previously described multi-contrast MR protocol
(19) was used, which included the following sequences: 3D time-of-flight (TOF), 2D T1weighted (T1w) inversion recovery turbo field echo (IR-TFE), T2 weighted (T2w) turbo spin echo
(TSE) and pre-and post-contrast T1w double/quadruple inversion recovery (DIR/QIR) TSE.
The acquired and reconstructed resolution was 0.62mm x 0 .62-0.67 mm and 0.30 mm x
0.24-0.30 mm, respectively. For DCE-MRI, an end diastolic ECG-gated 3D T1-TFE MRI pulse
sequence was acquired centered at the position of the highest plaque burden with the following parameters: repetition/echo time 11.6/5.7 ms, flip angle 35°, Field of View 130x130
mm, acquisition/reconstruction matrix 208x206/512x512, five adjoining transversal slices,
slice thickness 2 mm (20). The temporal resolution was approximately 20 seconds per time
frame (dependent on heart rate). At the beginning of the third time frame, 0.1 mmol/kg of
the small molecular contrast medium, Gadobutrol (Gadovist, Bayer HealthCare, Berlin, Germany), was injected as contrast medium (CM) with a power injector (Spectris Solaris, Medrad,
Warrendale, PA, USA) at 0.5 ml/sec followed by a 20 ml saline chaser at the same rate. DCEMRI acquisition was continued for six minutes after contrast injection. DCE-MR imaging was
continued for six minutes after contrast injection.

MR Image Review
Plaque contours were drawn by a single experienced observer as described previously using
dedicated vessel wall analysis software (VesselMASS, Leiden, the Netherlands) delineating the
ipsilateral symptomatic carotid plaque (20). In case of doubt, a second highly experienced
observer was consulted. Both readers were blinded for clinical characteristics and DCE-MRI
test results. Per slice, luminal contours were drawn on the 3D TOF MR images, pre-contrast
T1w QIR TSE, post-contrast T1w QIR TSE, or T2w TSE MR images, in subsequent order.
Outer vessel wall contours were drawn by using the pre-contrast T1w QIR TSE, post-contrast
T1w QIR TSE, T1w IR-TFE or T2w TSE MR images, in subsequent order. Normalized wall
index (NWI), an indicator of plaque burden, was calculated as total vessel wall area divided
by the sum of the luminal and vessel wall area. IPH was scored present by trained readers if a
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hyperintense signal (compared with the adjacent sternocleidomastoid muscle) was observed
on the T1w TFE or TOF images in the bulk of the plaque.

Luminal and outer vessel wall contours were transferred to the DCE-MR images and if necessary, contours were manually adjusted. The images acquired at each individual time frame
were inspected and these images were shifted to correct for small patient displacements during the dynamic acquisition, if necessary. To avoid partial volume effects, luminal contours
were corrected by keeping sufficient distance from the vessel lumen. When the adventitial
vasa vasorum showed hyperenhancement after contrast material administration, outer plaque
contours were corrected to include the adventitial vasa vasorum. The entire vessel wall region
is defined as the region between the luminal and outer wall contours. The adventitial region
of the vessel wall was delineated according to previously described criteria (18), i.e. all pixels
within 0.625 mm of the outer wall contour in a region of the vessel wall with plaque (defined
as having a wall thickness larger than 1.5 mm).

Data Analysis: Pharmacokinetic Modeling
Pharmacokinetic parameters were estimated using the Patlak model (21) on a voxel-wise basis
as previously described (17) with a phase-based population averaged vascular input function
determined in the carotid artery (20). Shortly, CM concentrations in the plaque were calculated from the signal intensity time course by using the Ernst equation based on literature values
for the longitudinal and transversal relaxation times of tissue (22) and the r1 and r2 relaxation
rates of CM (23) similar as in previous studies (17,18,24,25).

Statistical Analysis
The associations between the presence of IPH, plaque burden (measured as NWI), and clinical risk factors was investigated using logistic regression with generalized linear mixed models.
A similar procedure was followed for the association between NWI and clinical risk factors
on the one hand and median vessel wall and median adventitial Ktrans on the other hand using
linear mixed models. To investigate the association between the presence of IPH and plaque
perfusion (determined as vessel wall and adventitial Ktrans), binary logistic regression was performed. Clinical risk factors that were significantly associated with either DCE-MRI parameters for plaque perfusion or IPH were included in the binary logistic regression analysis. All
P-values below 0.05 were considered statistically significant. Data are presented as mean ±
standard error or percentage.
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Results
Patient Characteristics
Within the present study, a total of 124 patients were enrolled. Two patients did not receive
injection of the contrast medium, and in fourteen patients, DCE-MRI was aborted due to
ECG arrhythmias. Prior to analysis, seven additional patients were excluded due to insufficient
MR image quality. Hence, we could analyze the association between the plaque microvasculature and IPH in 101 patients (67 male, age 70.3±8.5 years). Clinical characteristics of these
patients are presented in Table 1.

Association between clinical characteristics and plaque burden
with presence of IPH
IPH was detected in 34 (34%) patients. Of the clinical characteristics and plaque burden (Table
2), male sex (OR=3.35, 95% CI: 1.23-9.17; p=0.02), hypertension (OR=2.70, 95% CI: 1.106.63; p=0.03), and NWI (OR=3.96, 95% CI: 2.07-7.58; p<0.01) showed a significant positive
association with the presence of IPH. After adjustment for these clinical risk factors in a binary
logistic model, NWI remained significantly associated with the presence of IPH (OR=3.52,
95% CI: 1.83-6.81; p<0.01).

Association between DCE-MRI model parameters and presence
of IPH
Representative DCE-MR images are presented in Figure 1. No correlation was found between vessel wall Ktrans and adventitial Ktrans and the time from the most recent cerebrovascular
ischemic event (Pearson ρ=0.13, p=0.21 for vessel wall Ktrans and Pearson ρ=0.04, p=0.70 for
adventitial Ktrans). Decreased median Ktrans of the entire vessel wall was found for patients with
IPH (0.033±0.001 min-1) compared to patients without IPH (0.040±0.001 min-1, independent
samples T-test p<0.01) (Figure 2). No difference was found for median adventitial Ktrans in plaques with and without IPH (0.040±0.002 min-1 and 0.039±0.001 min-1, respectively). NWI
was negatively associated with median Ktrans from the entire vessel wall (Δ=-0.25, p=0.01), but
not with adventitial Ktrans (Δ=0.00, p=0.99). Vessel wall Ktrans did show a significant negative
association with the presence of IPH (OR=0.39, 95% CI: 0.22-0.71; p<0.01), while this was
not the case for adventitial Ktrans (OR=1.11, 95% CI: 0.72-1.72; p=0.64).
After adjustment for clinical risk factors associated with the presence of IPH or Ktrans, vessel
wall Ktrans (OR=0.46, 95% CI: 0.24-0.89; p=0.02) remained negatively associated and NWI
(OR=3.51, 95% CI: 1.81-6.79; p<0.01) remained positively associated with the presence of
IPH.
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Table 1: Patient characteristics
Data are presented as mean ± standard deviation or n (%). aData known for 100 out of 101 patients.
Subjects [n] (%)

101 (100%)

Age [y]

70.3±8.5
67 (66%)

Body mass index [kg/m ]

26.7±3.9

Currently smokinga [n] (%)

19 (19%)

Diabetes mellitus [n] (%)

18 (18%)

2

A

Hypertension [n] (%)

58 (57%)

Hypercholesterolemiaa [n] (%)

45 (45%)

Statin use before most recent CVEa [n] (%)

49 (49%)

Time between event and MRI [days]

39±22

5

Male sex [n] (%)

B

Figure 1: MR images from a patient with a severe stenosis of the internal carotid artery.
The black line delineates the lumen boundary, while the white line delineates the outer vessel wall. Image A shows a T1w
IR-TFE image with a hyperintense signal within the bulk the plaque compared with the adjacent sternocleidomastoid
muscle (∆), indicating the presence of intraplaque hemorrhage (asterisk). Image B shows a DCE-MR images before
contrast injection.
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Figure 2: Vessel wall and adventitial Ktrans versus IPH status
Vessel wall and adventitial Ktrans (mean ± standard error) for patients with (IPH+) and without intraplaque haemorrhage
(IPH-).
Table 2: Association between clinical characteristics and plaque burden versus presence of IPH
P-value of univariate analysis between clinical risk factors and intraplaque haemorrhage (IPH) and median Ktrans
determined from the entire vessel wall (VW) or the adventitia. For IPH, association was tested using binary logistic
regression and reported using odds ratio with 95% confidence interval. Linear mixed models were used to assess
association of the continuous parameter Ktrans with clinical risk factors.
Clinical risk factor

IPH

median VW Ktrans

median
adventitial Ktrans

Age, per 5 years

1.17 (0.90-1.52; p=0.25)

Δ=0.07 (p=0.20)

Δ=0.11 (p=0.06)

Male sex

3.35 (1.23-9.17; p=0.02)

Δ=-0.08 (p=0.69)

Δ=0.07 (p=0.72)

Body mass index

0.68 (0.42-1.11; p=0.13)

Δ=0.07 (p=0.51)

Δ=0.00 (p=0.98)

Currently smoking

0.45 (0.14-1.49; p=0.20)

Δ=0.09 (p=0.72)

Δ=-0.02 (p=0.93)

Diabetes mellitus

1.32 (0.46-3.78; p=0.61)

Δ=-0.34 (p=0.17)

Δ=-0.25 (p=0.30)

Hypertension

2.70 (1.10-6.63; p=0.03)

Δ=0.09 (p=0.66)

Δ=0.12 (p=0.51)

Hypercholesterolemia

1.36 (0.59-3.12; p=0.47)

Δ=-0.08 (p=0.66)

Δ=-0.11 (p=0.55)

Statin use before most recent CVE

1.16 (0.51-2.68; p=0.72)

Δ=-0.02 (p=0.93)

Δ=-0.09 (p=0.65)

Plaque burden (NWI), per 1 SD

3.96 (2.07-7.58; p<0.01)

Δ=-0.25 (p=0.01)

Δ=0.00 (p=0.99)
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Discussion

Several previous histopathological (26,27) studies did report a link between IPH and microvessel density, although this link was not present in all vascular beds and it was also demonstrated
that plaques with IPH with a low microvascular density are quite common. Derksen et al. (26)
reported significantly higher percentage of plaques with increased microvessel density in the
presence of IPH (50% versus 42%) in 752 carotid endarterectomy specimens, however no
difference was found in 209 femoral endarterectomy plaque specimens. Derksen et al. also
demonstrated that 50% of the carotid plaques with IPH had a low microvascular density, showing that IPH also occurs frequently in plaques with low microvascular density. McCarthy et
al. (27) reported significantly more microvessels in plaques with IPH in a study of 28 carotid
endarterectomy specimens, but did not report quantitative data on the increase in plaque
microvasculature. Gössl et al. (28) showed in hearts of 15 patients, obtained at autopsy, a
positive Kendall-Tau beta rank correlation between microvessel density in the coronary vessel
wall and glycophorin A score (indicative for hemorrhage) of 0.65 (p<0.01). Note that also
normal vessel wall segments with typically a low glycophorin A score and a low microvasculature density were included in their data analysis, which may have affected the correlation. A
difference between histopathological and DCE-MRI studies, is that in histological studies the
microvascular density is measured, while the DCE-MRI parameter Ktrans does not only reflect
the microvascular density, but also microvascular flow and leakiness.
In a previous DCE-MRI study, an increased adventitial Ktrans was found in the presence of IPH
in 27 patients with symptomatic carotid plaque (18). Twelve of these patients demonstrated
IPH at the symptomatic side, while 4 patients demonstrated IPH at the contralateral, asymptomatic side. We could not confirm this positive association between adventitial Ktrans and IPH,
despite our relatively large number of patients with ≥2mm carotid plaque that were included
in the present prospective study. A difference between our study and that by Sun et al. (18)
is that Sun et al. studied the maximum value of mean Ktrans across all slices, which represents
microvascular hotspots in the adventitia. A sub-analysis of the 75th percentile value of the Ktrans
distribution in the adventitial region in the present study, which is also indicative for hotspots
of leaky microvessels, revealed no significant differences in plaques with and without IPH. In
addition, we found lower median Ktrans values in the entire vessel wall in patients with IPH. The
lower values of Ktrans in the entire vessel wall may be due to an increased amount of necrotic
tissue in plaques with IPH. Indeed a significant, negative Pearson’s correlation coefficient (ρ=0.26, p<0.01) was found for median vessel wall Ktrans with the fraction of the lipid-rich necrotic
core (LRNC) volume with respect to the entire vessel wall volume. These results indicate a
decrease of the atherosclerotic plaque microvasculature in plaques with a larger LRNC.
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In the present prospective imaging study in symptomatic patients, no difference in adventitial
Ktrans, indicative for microvascular density, flow and/or permeability, was found in carotid plaques with and without IPH. We could thus not confirm a positive association between (leaky)
microvasculature (Ktrans) and IPH.
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The prevailing hypothesis is that IPH originates from leakage of erythrocytes out of immature microvessels into the plaque tissue (12). In the present study, we could not confirm a
positive association between leaky plaque microvessels and IPH. The present findings suggest
that leakage of erythrocytes is not increased in plaques with IPH several weeks after a cerebrovascular event. Additional processes may thus also contribute to IPH. It has already been
suggested that disruptions of the fibrous cap (e.g. plaque fissures or plaque rupture) can lead
to IPH (29). A histopathological study (30) showed that fibrous cap fissures were frequently
accompanied by IPH. In line with the concept that IPH can also originate from fibrous cap
disruption, it was recently shown that the presence of intraplaque haemorrhage is associated
with a disruption of the atherosclerotic plaque surface (plaque ulceration and/or a fissured
fibrous cap) in patients with a mild to moderate carotid stenosis (31).
Plaque biomechanics may be an important factor in the formation of IPH, which is supported
by several findings in literature. First, one recent study in 80 asymptomatic subjects with a 1679% carotid stenosis showed that a low diastolic blood pressure was associated with IPH (32).
Additionally, pulse pressure, which may be considered as driving force for plaque deformation
during the cardiac cycle, has been identified as a strong determinant of IPH (33). Second, it
has been shown histologically that IPH occurs more frequently in the upstream region of the
plaque (34), where the blood pressure is much higher, due to pressure wave reflection. Third,
computational models showed that IPH is associated with higher structural wall stress (35).
Next to the decrease in vessel wall Ktrans, a positive association between NWI (indicative for
plaque burden) and presence of IPH was found in the current study. This is in line with previous work, since it was already demonstrated that IPH is associated with wall thickness and
plaque length (32) and other studies indicated that IPH promotes plaque progression (1-4).
Recent research (36) in 98 patients from the AIM-HIGH Trial (37) has shown an inverse
relationship between the duration that patients were on statin therapy and plaque microvasculature fraction (vp), suggesting that plaque microvasculature may be affected by statin use,
possibly due to their anti-inflammatory properties (38). No association between Ktrans and
the use of statins before the most recent cerebrovascular event was found in the present
study. However, our study may have been underpowered to find such a relation, since only
49 patients used statins before their most recent cerebrovascular event. Immediately after the
event, statins were prescribed in the majority (90%) of the patients. The MRI examinations
was performed 39±22 days after the ischemic event.
Due to the relatively small size of carotid plaques, a high spatial resolution of DCE-MRI is
crucial, limiting the temporal resolution. Accurate determination of the first pass peak of the
VIF is not possible with the high spatial resolution MRI pulse sequence. Therefore, within the
current study a previously determined population averaged vascular input function was used,
similar as in previous studies (17,20).
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Development of the plaque microvasculature is a dynamic process, which is thought to be related to inflammation in the plaque tissue (24,39,40). Increased activity of macrophages within
the plaque tissue is associated with hypoxia and subsequent angiogenic stimuli (41,42) can
result in the formation of new microvessels. Previous research has shown that the presence
of IPH does not change significantly over a period of up to 1.5 years (3,4,43). This suggest that
IPH is either a continuous process or haemoglobin, which produces the hyperintense signal on
IR-TFE MRI, is entrapped within the atherosclerotic plaque for a long time period. The findings
of the present study indicate that there is no continuous leakage of erythrocytes from plaque
microvasculature several weeks after an ischemic event, since we found no increase in Ktrans in
plaques with IPH at this time point. The development of plaque microvasculature over time
still needs to be determined in future studies. It cannot be excluded that IPH and the resulting
healing process can lead to a reduction in plaque microvasculature.

Conclusions
We have found a negative association between IPH and vessel wall Ktrans, indicative for microvascular flow, density, and leakiness. These results indicate that no ongoing leakage of erythrocytes from plaque microvasculature occurs several weeks after a cerebrovascular event
in plaques with IPH. Thus, not only leaky microvessels, but also additional factors, such as
disrupted plaque surface, may contribute to the development of IPH. Further longitudinal
studies are warranted to unravel underlying mechanisms contributing to IPH.
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Chapter 6

Abstract
Background and Purpose
Hallmarks of vulnerable atherosclerotic plaques are inflammation that can be assessed with
18
fluorine-fluorodeoxyglucose positron emission tomography/computed tomography, and
increased neovascularization that can be evaluated by dynamic contrast–enhanced-MRI. It
remains unclear whether these parameters are correlated or represent independent imaging
parameters. This study determines whether there is a correlation between inflammation and
neovascularization in atherosclerotic carotid plaques.

Methods
A total of 58 patients with transient ischemic attack or minor stroke in the carotid territory
and ipsilateral carotid artery stenosis of 30% to 69% were included. All patients underwent
positron emission tomography/computed tomography and dynamic contrast–enhanced-MRI
of the carotid plaque. 18Fluorine-fluorodeoxyglucose standard uptake values with target/
background ratio were determined. Neovascularization was quantified by the mean (leakage)
volume transfer constant Ktrans. Spearman rank correlation coefficients between target/background ratio and Ktrans were calculated.

Results
A total of 58 patients with transient ischemic attack or minor stroke in the carotid territory
and ipsilateral carotid artery stenosis of 30% to 69% were included. All patients underwent
positron emission tomography/computed tomography and dynamic contrast–enhanced-MRI
of the carotid plaque. 18Fluorine-fluorodeoxyglucose standard uptake values with target/
background ratio were determined. Neovascularization was quantified by the mean (leakage)
volume transfer constant Ktrans. Spearman rank correlation coefficients between target/background ratio and Ktrans were calculated.

Conclusions
There is a weak but significant positive correlation between inflammation on positron emission tomography/computed tomography and neovascularization as assessed with dynamic
contrast–enhanced-MRI. Future studies should investigate which imaging modality has the highest predictive value for recurrent stroke, as these are not interchangeable.
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Introduction

6

Stroke is the fourth leading cause of death in the United States and a leading cause of longterm disability. Atherosclerosis is underlying in the majority of clinical cardiovascular events,
such as stroke (1). Inflammation is an important feature of plaque progression and vulnerability (2,3). It can be quantified noninvasively with 18fluorine-fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography (PET-CT) with excellent reproducibility
(4-6). Neovascularization is another important feature of vulnerable atherosclerotic plaques.
Dynamic contrast–enhanced MRI (DCE-MRI) enables quantitative assessment of neovascularization in carotid atherosclerotic plaques (7-9). Ktrans is a parameter that reflects microvascular
flow, permeability, and surface area (9). The aim of the present study was to investigate the
relation between inflammation and neovascularization as assessed with PET-CT and DCEMRI, respectively. In a secondary analysis, we investigated the relation between these parameters and plaque morphology itself as determined with MRI. In addition, the relation between
clinical characteristics, Ktrans and 18F-FDG uptake were evaluated.
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Material and Methods
Patients
Patients with recent (<3 months) amaurosis fugax, transient ischemic attack or minor stroke
in the carotid territory and ipsilateral carotid plaque causing a mild to moderate (30%–69%)
stenosis at Doppler ultrasonography (10), were eligible for inclusion. Cardiovascular risk factors and the use of medication were assessed by a questionnaire (11). The study was approved
by the institutional Medical Ethical Committee. All patients gave written informed consent.

Imaging
PET-CT examination and the multisequence MRI have in detail been described previously
(12). Parameters of the DCE-MRI protocol have been published as well (9).

Image Analysis
The analysis of the PET-CT images was performed using a dedicated workstation (12). To
determine the target/background ratio (TBR), the standard uptake values were normalized
to blood 18F-FDG activity by dividing them by the mean standard uptake value of blood as
measured in the internal jugular vein (Figure). TBR is considered to be a reflection of arterial
FDG uptake and reflective of underlying macrophage activity (13). Plaque morphology was
manually assessed using dedicated vessel wall analysis software (VesselMASS; LUMC, The
Netherlands) (12). The operator was blinded for the PET-CT results. Quantification of neovascularization was done using a custom-made Matlab program (Matlab version 7.5; The Mathworks, Natick, MA), using the Patlak model and a generalized vascular input function (9,14).
The mean Ktrans per patient was determined. In addition, histogram analysis was performed
to determine the 75th percentile Ktrans, which is more reflective for hot spots with high Ktrans
values (Figure).

Statistical Analysis
To correlate TBR with Ktrans, Spearman rank correlation coefficient was calculated using SPSS
version 20 (SPSS Inc, Chicago, IL). Relation between clinical characteristics, TBR and Ktrans, was
explored by univariate linear regression analysis. A p-value<0.05 was considered statistically
significant.
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Results
In total 58 patients were included. Nine of them had to be excluded, because of poor DCEMRI quality. Patients underwent PET-CT 36.7±19.4 days and DCE-MRI 33.7±19.6 days after
their last neurological symptoms. Mean time interval between both examinations was 2.9±5.5
days. For the 49 patients analyzed, clinical characteristics and their relation between Ktrans and
18
F-FDG are displayed in Table 1. The mean TBR was calculated as 1.45±0.26. The morphological parameters of the plaque as determined with MRI are given in Table 2. The mean
and 75th percentile Ktrans were determined as 0.11±0.03 and 0.15±0.04 min−1, respectively. A
positive weak correlation between TBR and Ktrans was found (mean Ktrans, Spearman ρ of 0.30
(p=0.035); 75th percentile Ktrans, Spearman ρ of 0.29 (p=0.041)). No significant correlations
between TBR and Ktrans in relation to the morphological parameters were observed.
Table 1
Cardiovascular risk factors of the 49 analyzed patients and the results of the univariate linear regression analysis with
TBR and mean Ktrans.
Mean Ktrans

Characteristics

No (%)

Standardized
Coefficient β

95% CI

P
Value

Standardized
Coefficient β

95% CI

P
Value

Male

29 (59)

0.13

−0.08-0.22

0.87

0.12

−0.01-0.02

0.39

Age, y, mean±SD

65.3±8.8

−0.02

−0.01-0.01

0.91

−0.19

−0.00-0.00

0.20

Current

12 (25)

−0.11

−0.24-0.11

0.44

0.05

−0.02-0.02

0.75

Former

20 (41)

Never

17 (34)

−0.05

−0.18-0.13

0.72

−0.16

−0.03-0.01

0.29

Hypertension

42 (86)

−0.30

−0.42-−0.01

0.04

−0.13

−0.03-0.01

0.37

Diabetes mellitus

11 (22)

−0.16

−0.27-0.08

0.26

−0.10

−0.03-0.01

0.50

History of ischemic
heart disease

8 (16)

−0.23

−0.35-0.04

0.12

−0.09

−0.03-0.02

0.55

Use of statins
before event

18 (37)

−0.20

−0.26-0.05

0.17

0.02

−0.02-0.02

0.87

Use of statins after
event

46 (94)

−0.22

−0.54-0.07

0.12

0.10

−0.02-0.04

0.49

Smoking
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Figure
Positron emission tomography/computed tomography (PET-CT; A) and dynamic contrast–enhanced (DCE) MRI
(B–D) of a transverse section of the carotid plaque from a 64-year-old man. A, Fused PET-CT image. The lumen is
delineated by the black line. The plaque is delineated by the dashed black line. B, Six minutes after contrast injection.
C, T1-weighted Turbo Spin Echo MRI. D, Parametric Ktrans map overlaid on DCE-MRI. Voxel Ktrans values are color
encoded from 0 to 0.2 min−1. The lipid-rich necrotic core exhibits low Ktrans values at the center of the plaque. The
highly vascularized adventitia (high Ktrans values) at the outer rim (arrow) is clearly visualized. , External carotid
artery; and ▲, sternocleidoid muscle.

Table 2: Association between clinical characteristics and plaque burden versus presence of IPH
Correlations between target-to-background ratio (TBR), mean Ktrans, and plaque morphology as assessed on MRI.

TBR
Mean±SD

Spearman ρ

P Value

Spearman ρ

P Value

Total lumen volume [mm ]

889.21±290.56

0.04

0.70

−0.03

0.82

Total wall volume [mm3]

979.84±333.31

0.05

0.73

−0.20

0.18

Total vessel volume [mm3]

1869.05±508.16

0.04

0.78

−0.09

0.55

Mean wall thickness [mm]

1.46±0.42

0.04

0.79

−0.17

0.25

Max wall thickness [mm]

3.99±1.43 0.26

0.07

0.05

0.73

Normalized wall thickness

0.52±0.09

0.13

0.37

−0.19

Parameter
3
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Discussion
The purpose of this study was to investigate the relation between inflammation (PET-CT)
and neovascularization (DCE-MRI) in carotid atherosclerotic plaques. We demonstrated that
higher FDG uptake is weakly associated with increased microvasculature within the plaque.
Cyran et al. (15) also showed positive correlation between the mean TBR and the extraction
fraction of DCE-MRI. Both imaging modalities provide information about hallmarks of plaque
vulnerability, but it is unknown whether these imaging features are interchangeable or provide
additive information. This study proves that, in symptomatic patients with mild to moderate (30%–69%) stenosis, PET-CT and DCE-MRI features of the plaque are related with each
other, although the information provided is not interchangeable. This is expressed in the relative low correlation coefficient (ρ=0.30; p<0.05). However, we have not studied the use of
these techniques for treatment decision making. Further studies should determine the clinical
usage of inflammation and neovascularization for the individual patient’s management.

There is a weak but significant positive correlation between inflammation on PET-CT and
neovascularization as assessed with DCE-MRI. Future studies should investigate that which
imaging modality has the highest predictive value for recurrent stroke, as these are not interchangeable.
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Abstract
Background
Patients with a recent ischemic stroke have a higher risk of recurrent stroke compared to
(ocular) transient ischemic attack (TIA) patients. Plaque microvasculature is considered as a
feature of plaque vulnerability and can be quantified with carotid dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI). Purpose of this cross-sectional study was to explore
the association between plaque microvasculature with type of recent cerebrovascular events
in symptomatic patients with mild-to-moderate carotid stenosis.

Methods
87 symptomatic patients with a recent stroke (n=35) or (ocular) TIA (n=52) underwent carotid DCE-MRI examination. Plaque microvasculature was studied in the vessel wall and adventitia of symptomatic carotid plaques using dynamic contrast-enhanced (DCE)-MRI and the
pharmacokinetic modeling parameter Ktrans. Statistical analysis was performed with logistic
regression, correcting for associated clinical risk factors.

Results
75th percentile adventitial (odds ratio: 1.97, CI=1.18-3.29) Ktrans was significantly associated
with a recent ischemic stroke compared to (ocular) TIA in multivariate analysis, while clinical
risk factors were not significantly associated with the type of event.

Conclusions
This study indicates a positive association of leaky plaque microvasculature with a recent
ischemic stroke compared to (ocular) TIA. Prospective longitudinal studies are needed to
investigate whether Ktrans may serve as an imaging marker to predict (the type of ) future cerebrovascular events.
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Introduction

Increased microvasculature within the atherosclerotic plaque has been proposed as a marker
of plaque vulnerability (11,12). These microvessels grow from the adventitia into the plaque
and generally have an impaired endothelial integrity, potentially providing an entry point for
inflammatory cells and erythrocytes to the atherosclerotic lesion. It is believed that the growth
of these microvessels into the plaque region is triggered by an increased activity of inflammatory cells, and subsequent hypoxia, within the plaque tissue (13).
Dynamic contrast-enhanced (DCE-)MRI has emerged as a non-invasive imaging technique to
assess plaque microvasculature (14-16). With DCE-MRI, signal enhancement time curve after
contrast medium (CM) injection is analyzed to quantify plaque microvasculature using pharmacokinetic modeling. We and others have shown that the volume transfer constant Ktrans (a
reflection of the microvascular density, flow, and permeability) correlates with the amount of
microvessels within the plaque determined from histology (14-17) as a reference standard.
We have also demonstrated a good interscan reproducibility for Ktrans (16).
It is unknown whether Ktrans is associated with the stroke subtype. Given the increased risk for
recurrent stroke in stroke patients compared to (ocular) TIA patients, we hypothesized that
plaque microvasculature might differ between these patients groups.

Study aim
The aim of the present cross-sectional observational study was to explore the association
between leaky plaque microvasculature with the subtype of recent cerebrovascular symptoms
(ischemic stroke versus (ocular) TIA) in patients with a symptomatic mild to moderate carotid
artery stenosis.
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Annually 15 million people suffer from a stroke worldwide, from which 5 million people die
and 5 million people are left permanently disabled (1). Ischemic strokes account for approximately 80% of all strokes. Rupture of a vulnerable atherosclerotic plaque of the carotid artery
is an important underlying cause for ischemic stroke. Epidemiological studies have identified
various clinical risk factors associated with an increased risk of ischemic stroke (2-7). Previous
studies have also shown an higher risk for recurrent stroke in patients with a ischemic stroke
compared to patients with a transient ischemic attack (TIA). The risk for a recurrent stroke
within seven days was 5.2% after a TIA versus 11.5% after a stroke (8). Additional research
showed that patients with a minor stroke have an increased risk for a recurrent stroke compared to patients with a recent TIA or ocular TIA (also known as amaurosis fugax) (9). Data
from the European Carotid Surgery Trial (ECST) trial also showed that the hazard ratio for
a 5-year risk of ipsilateral ischemic stroke depends on the type of the presenting cerebrovascular event (10). The underlying mechanisms responsible for the differences in risk for a
recurrent event between the stroke subtypes are unclear.
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Material and Methods
Study population
The present study was performed as a substudy of the Plaque At RISK (PARISK) study(18)
(ClinicalTrials.gov unique identifier NCT01208025). Consecutive symptomatic patients with
a recent (< 3 months) minor ischemic stroke, or (ocular) TIA with a mild to moderate ipsilateral stenosis of the carotid artery were eligible for inclusion. A mild to moderate stenosis
was defined as a plaque of at least 2 mm to carotid stenosis <70% (based on NASCET criteria(19)). For the present study, patients from a single center (Maastricht University Medical
Center) underwent additional DCE-MRI and were included for current analysis. Exclusion
criteria were standard contra-indications for MRI, such as ferromagnetic or other electronic
implants. Patients with severe renal disease (creatinine clearance <30ml/minute) were not
eligible for contrast-enhanced MRI and were therefore excluded from the current analysis. Clinical history and medication use were ascertained at the time of subject enrolment. Approval
of the local Institutional Ethical Review Board was obtained and all patients provided written
informed before study inclusion.

MR imaging
MR imaging was performed on a 3T whole body MRI system (Achieva, Philips Healthcare,
Best, The Netherlands) using a dedicated 8-channel carotid RF coil (Shanghai Chenguan
Medical Technologies Co., Shanghai, China). A previously described multi-contrast MR protocol(18) was used, which included the following sequences: 3D time-of-flight (TOF), 2D
T1weighted (T1w) inversion recovery turbo field echo (IR-TFE), T2 weighted (T2w) turbo
spin echo (TSE) and pre- and post-contrast T1w double/quadruple inversion recovery (DIR/
QIR) TSE. Fifteen adjoining transversal slices with 2mm slice thickness and an acquired and
reconstructed resolution of 0.62x0.62-0.67 and 0.30x0.24-0.30, respectively, were acquired.
For DCE-MRI, an end-diastolic ECG-gated 3D T1-TFE MRI pulse sequence, centered at the
position of highest plaque burden, was acquired with the following parameters: repetition/
echo time 11.6/5.7ms, flip angle 35°, Field of View 130x130mm, acquisition and reconstruction matrix 208x206 and 512x512, respectively, five consecutive transversal slices, slice thickness 2 mm.(20) The temporal resolution was approximately 20 seconds per time frame (dependent on heart rate). At the beginning of the third time frame, 0.1 mmol/kg of Gadobutrol
(Gadovist, Bayer HealtCare, Berlin, Germany) was injected as contrast medium (CM) with a
power injector (Spectris Solaris, Medrad, Warrendale, USA) at 0.5 ml/sec followed by a 20 ml
saline chaser at the same rate. DCE-MR imaging was continued for six minutes after contrast
injection.

MR Image review
Plaque contours were drawn delineating the ipsilateral, symptomatic, carotid plaque by experienced observers as described previously using dedicated vessel wall analysis software (VesselMASS, Leiden, the Netherlands) (21). In case of doubt, a second highly experienced observer was consulted. There was a minimum period of two months between patient inclusion
and MR contour drawing to assure that reviewers were blinded for clinical characteristics and
other test results. Per slice, luminal contours were drawn on the 3D TOF MR images. Outer
vessel wall contours were drawn using the pre-contrast T1w QIR TSE, post-contrast T1w
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QIR TSE, T1w TFE or T2w TSE MR images, in subsequent order. Luminal and outer vessel
wall contours were transferred to the DCE-MRI images and, if necessary, contours were manually adjusted. The images acquired at each individual time frame were inspected and these
images were shifted to correct for small patient displacements during the dynamic acquisition,
if necessary. Outer plaque contours were corrected to include the adventitial vasa vasorum,
which shows hyperenhancement after contrast material administration, while inner vessel wall
contours were adjusted to avoid luminal partial volume effects. The adventitial region of the
entire vessel wall region was automatically selected according to previously introduced criteria
(22), i.e. all pixels within 0.625 mm of the outer wall contour in a region of the vessel wall
with plaque (defined as having a wall thickness in excess of 1.5 mm). Contour drawing and
adjustment was performed blinded for clinical characteristics.

Tissue CM concentrations were determined from the signal intensity time course as previously described (16). In brief, the CM concentrations were calculated using the Ernst equation,
literature values for the longitudinal and transversal relaxation times for tissue (23) and the
r1 and r2 relaxivity rates of the CM (24). Subsequently, Ktrans was determined with the Patlak
model (25) using a population averaged phase-based arterial input function that was previously determined in the carotid artery (20). Resulting Ktrans distribution in the vessel wall (i.e.
region-of-interest between the inner and outer vessel wall) and adventitial region only was
analyzed by calculating the 75th percentile of the vessel wall and adventitial Ktrans distribution
for the entire plaque region, respectively.

Statistical analysis
Univariate binary logistic regression was performed to select clinical risk factors with a relevant association (odds ratio ≥ 1.2) with the clinically diagnosed stroke subtype. Multivariable
logistic regression analysis was performed to study the independent association of plaque
microvasculature characteristic with the clinically diagnosed type of event when adjusted for
the selected clinical risk factors. The dependent variable in these models was the clinically
diagnosed type of event ((ocular) TIA versus stroke), coded as 0 ((ocular) TIA) or 1 (stroke),
respectively. All dichotomous risk factors were entered with the presence or absence of the
parameter coded as 1 and 0, respectively. For logistic regression, the 95% confidence interval
(CI) was determined. An odds ratio ≥ 1 indicates a positive association of the clinical risk factors/Ktrans with a recent ischemic stroke compared to a recent (ocular) TIA. Statistical significance was set at p ≤ 0.05. Since it was an explorative study, all statistical tests were two-tailed.
Data are presented as mean ± standard deviation or percentage, as appropriate.
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Data analysis: DCE-MRI pharmacokinetic modeling
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Results
Patient inclusion
A total of 104 symptomatic patients with a recent (ocular) TIA or minor stroke were included.
In 13 patients DCE-MRI was aborted due to ECG abnormalities. An extra 4 patients were
excluded from final analysis due to low image quality leaving 87 patients (70.1 ±8.4 year, 56
male) for final analysis. Patient characteristics are shown in Table 1. No significant difference in
clinical risk factors between patient with (ocular) TIA or minor stroke was found.

Association between event type versus clinical risk factors and
Ktrans
Fifty-two patients (60%) were diagnosed with an ocular TIA (7 patients) or TIA (45 patients),
while 35 (40%) were diagnosed with a stroke. Univariate analysis (Table 2) showed a non-significant positive association of diabetes mellitus, hypertension, and prior antiplatelet use and
stroke subtype with OR ≥ 1.2. Multivariate analysis (Figure 1) of the association between Ktrans
and the type of clinically diagnosed event adjusted for associated clinical risk factors (OR ≥
1.2) showed a significant association of adventitial Ktrans (OR=1.68, CI=1.06-2.68; p=0.03)
with the clinically diagnosed type of event (Table 3). No significant association was found
between stroke subtype and vessel wall Ktrans (Table 3).
Table 1: Patient characteristics
Clinical characteristics for all patients and (ocular) / TIA versus stroke patients. aData known for 86 out of 87 patients.
b
Seven patients experienced an ocular TIA.

Number of patients [n]

Stroke
35 (40%)

T-test

Age [y]

70.0±9.1

70.1±7.3

p=0.97

Male sex (%)

33 (55%)

23 (66%)

p=0.83

Body mass index [kg/m2]

27.0±4.3

26.4±3.6

p=0.42

Current smoking status (%)

10 (17%)

6 (17%)

p=0.85

Diabetes mellitus (%)

7 (12%)

7 (20%)

p=0.42

27 (45%)

23 (66%)

p=0.20

Hypercholesterolemia (%)

23 (38%)

15 (43%)

p=0.99

Prior statin usea (%)

24 (40%)

17 (49%)

p=0.89

Prior platelet usea (%)

18 (35%)

14 (40%)

p=0.66

Time between event and MRI [d]

41±19

42±20

p=0.86

Hypertension (%)
a
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(Ocular) TIA
52 (60%)b

VW Ktrans [min −1 ]

0.045

Adv K trans [min −1 ]
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0.045

p=0.12
0.04

0.035

(ocular) TIA

Stroke

*

p=0.03
0.04

0.035

(ocular) TIA

Stroke

Distribution of vessel wall (VW) and adventitial (Adv) Ktrans based on the clinically diagnosed event (amaurosis fugax/
TIA versus stroke). P-values from multivariate analysis between Ktrans and type of clinically diagnosed event adjusted
for associated clinical risk factors.

Table 2: Univariate analysis
Odds ratio (95% CI) and p-value of univariate analysis of clinical risk factors with the type of recent clinically diagnosed
event ((ocular) TIA versus stroke).
Clinical risk factor / Plaque characteristic

Odds Ratio (95% CI; p-value)

Age, per 5 years

0.99 (0.76-1.29; p=0.92)

Male sex

1.10 (0.45-2.71; p=0.83)

Body mass index, per 1 SD

0.86 (0.56-1.33; p=0.50)

Current smoking status

0.87 (0.29-2.66; p=0.81)

Diabetes mellitus

1.61 (0.51-5.07; p=0.42)

Hypertension

1.78 (0.73-4.3; p=0.20)

Hypercholesterolemia

1.00 (0.42-2.38; p=0.99)

Prior statin use

1.06 (0.45-2.51; p=0.89)

Prior antiplatelet use

1.22 (0.50-2.97; p=0.66)
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Figure 1
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Table 3: Multivariate analysis correcting for associated clinical risk factors
Odds ratio (95% CI) and corresponding p-values from multivariate analysis of adventitial and vessel wall Ktrans including
associated clinical risk factors (odds ratio ≥ 1.2) (shown in italics) with clinically diagnosed type of event ((ocular) TIA
versus stroke, coded as 0 and 1, respectively). *p< 0.05
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Plaque Characteristic

Odds ratio (95% CI; p-value)

Vessel wall Ktrans, per 1 SD
Diabetes mellitus
Hypertension
Prior antiplatelet use

1.45 (0.91-2.29; p=0.12)
1.52 (0.46-5.04; p=0.49)
1.74 (0.69-4.42; p=0.24)
0.82 (0.48-1.41; p=0.48)

Adventitial Ktrans, per 1 SD
Diabetes mellitus
Hypertension
Prior antiplatelet use

1.68 (1.06-2.68; p=0.03) *
1.78 (0.53-6.01; p=0.35)
1.65 (0.64-4.23; p=0.30)
0.82 (0.47-1.44; p=0.50)
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Discussion

Previous studies have shown that stroke patients are at increased risk for a recurrent stroke
compared to patients with an (ocular) TIA (8-10). The results from the present study suggest
that differences between adventitial microvasculature within the symptomatic plaques of patients with (ocular) TIA and minor stroke exist between these two groups. Stroke patients
demonstrated increased leaky plaque microvasculature compared to (ocular) TIA patients.
The cross-sectional design of our study does not allow studying causality. Whether there is a
causal relationship between differences in plaque type and the type of cerebrovascular event
and whether Ktrans can be used as an additional imaging marker to identify patients at risk needs
to be studied in prospective serial studies. Additionally, the present study is an explorative
study. Therefore, the results need to be confirmed by an independent study. Further, we cannot exclude that the results are influenced by the difficulty of diagnosing a TIA. Agreement on
diagnosis among physicians is considerably lower for (ocular) TIA compared to stroke (26,27).
Therefore, the results of the current study may partly be explained by the heterogeneity
among patients diagnosed with an (ocular) TIA.

Conclusions
The present observational study has shown a positive association of in leaky adventitial microvasculature of symptomatic carotid plaques in patients with a recent ischemic stroke compared to (ocular) TIA. Results suggest that differences of atherosclerotic plaques of patients
with different risk profiles may exist, though confirmation of these results in future prospective studies is needed for more definitive conclusions. Further longitudinal research in larger
cohorts is needed to investigate whether dynamic contrast-enhanced MRI model parameters
of the plaque microvasculature may serve as additional imaging markers to predict (the type
of ) future cerebrovascular events.
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In the present observational study in symptomatic patients with carotid plaque, a positive association of higher adventitial Ktrans was found for patients who recently experienced a minor
ischemic stroke compared to patients who were diagnosed with a recent transient ischemic
attack (TIA) or ocular TIA, independent of associated clinical risk factors.
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Abstract
Objective
To investigate the effect of a heart rate (HR) lowering agent (Ivabradine) on features of atherosclerotic plaque vulnerability with magnetic resonance imaging (MRI), ultrasound imaging,
and histology.

Approach and Results
Atherosclerosis was induced in the abdominal aorta of 19 rabbits. Nine rabbits were treated
with Ivabradine (17 mg/kg/day) during the entire study period. At week 14, imaging was performed. Plaque size was quantified on contrast-enhanced T1-weighted MR images. Microvascular flow, density, and permeability was studied with dynamic contrast-enhanced MRI. Plaque
biomechanics was studied by measuring the aortic distension with ultrasound. After, animals
were sacrificed and histology was performed.
HR was reduced by 16% (p=0.026) in Ivabradine-treated animals. No differences in absolute
and relative vessel wall beat-to-beat distension were found, but due to the reduction in HR,
the frequency of the biomechanical load on the plaque was reduced. Plaque size (MR and
histology) was similar between groups. Although microvessel density (histology) was similar
between groups, AUC and Ktrans, indicative for plaque microvasculature flow, density, and
permeability, were decreased by 24% (p=0.029) and 32% (p=0.037), respectively. Macrophage
content (relative RAM11 positive area) was reduced by 44% (p<0.001) on histology in
Ivabradine-treated animals.

Conclusions
HR lowering treatment with Ivabradine in an atherosclerotic rabbit model is associated with a
reduction in vulnerable plaque features. The current study suggests that HR reduction may be
beneficial for inducing or maintaining a more stable plaque phenotype.
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Introduction
Increased heart rate and cardiovascular disease
Cardiovascular diseases continue to be the major cause of morbidity and mortality in the world. Large epidemiologic studies have shown that an elevated resting heart rate (HR) is an independent predictor of life expectancy, in subjects with and without diagnosed cardiovascular
disease (1-3). Rupture of a vulnerable atherosclerotic plaque is an important underlying cause
of cardiovascular events such as myocardial infarction and stroke. Experimental animal studies
have demonstrated a link between HR and the burden of both coronary and carotid atherosclerosis (4-10). An increased HR may play a role in the progression of atherosclerosis due to
the increased frequency of the biomechanical load imposed on the vessel wall (i.e. repetitive
wall strain). Every heart beat, an atherosclerotic plaque is exposed to the arterial pressure
wave, inducing wall stress, leading to repetitive plaque deformation (i.e. strain). Plaque strain
may result in minor tissue damage, which can accumulate in time (crack propagation). This is
also referred to as the fatigue hypothesis (11,12). Hence, intensity of the biomechanical load
on the plaque depends on heart rate as well as magnitude of repetitive wall stress. A high biomechanical load could lead to rupture of plaque microvessels, cap fissures, and ultimately, cap
rupture. Ruptured microvessels or fissures may then provide a point of entry for inflammatory
cells and erythrocytes (13) into the plaque, leading to further plaque destabilization (14).

Atherosclerosis can be visualized non-invasively using several imaging techniques. Ultrasound
is frequently been used to assess the degree of stenosis of a blood vessel (15). In addition,
ultrasound can be used to assess biomechanical properties of the vessel wall. The local wall
strain coefficient is inversely related to the distensibility coefficient (16), i.e. the relative change in lumen diameter for a given pressure change. The distensibility coefficient in the carotid
artery of humans is positively associated with the incidence of cardiovascular events (17). The
(change in) lumen diameter can be measured over the cardiac cycle by phase tracking of raw
radiofrequency ultrasound signals, providing high accuracy and precision (18). Magnetic Resonance Imaging (MRI) has emerged as a promising technique to visualize both plaque size and
features of plaque vulnerability in vivo (19). Dynamic contrast-enhanced MRI (DCE-MRI) has
developed into a tool for assessment of the atherosclerotic plaque microvasculature (20-30),
which is thought to be a hallmark of plaque vulnerability (31). It has been shown that both semi-quantitative (20) and quantitative (25-27) DCE-MRI parameters correlate with the amount
of microvessels in the plaque. Previous research (22-24) has shown that anti-inflammatory
treatment is associated with changes in DCE-MRI derived parameters.
Selective heart rate reduction Ivabradine (Servier, Suresnes, France) reduces the HR by specific and selective inhibition of the sinus node (32) with a high specificity (33), but does not affect cardiac contractility or blood pressure (BP) (33,34). Thus, Ivabradine treatment provides
a model to study the effects of HR reduction on plaque size and vulnerability. A pre-clinical
histopathological study has shown that Ivabradine treatment reduced atherosclerosis in ApoE/mice (35). However, no in vivo imaging was performed. In addition dynamic processes, like
(leaky) plaque microvasculature and strain were not investigated.
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In vivo imaging of atherosclerosis and plaque strain

Chapter 8

Aim of the study
In the present study, the effect of a reduced HR by Ivabradine treatment on atherosclerotic
rabbit plaques was studied. We aimed to examine plaque burden and (leaky) plaque
microvasculature with MRI. Local absolute and relative distension of the vessel wall was
assessed using high-frame rate ultrasound. Features of plaque vulnerability (i.e. relative lipidrich necrotic core size, microvessel density, and macrophage content) were quantified using
histology.
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Material and Methods
Experimental methods

After two weeks, animals underwent a balloon denudation of the abdominal aorta. During
this procedure, rabbits were anesthetized using ketamine (15 mg/kg) and medetomidine
(0.25 mg/kg) and intubated with an endotracheal tube. Active oxygen ventilation with 1-2%
isoflurane inhalation gas was performed during the rest of the experiment. The left carotid
artery was exposed, and a 4-F catheter introducer sheath was inserted (Avanti Plus; Cordis
Europe, Brussels, Belgium) until the aortic arch was reached. Next, a guidewire (Radiofocus
Guidewire M; Terumo Europe, Brussels, Belgium) was inserted through the sheath until in the
descending aorta was reached. A 3-F Fogarty embolectomy catheter (Edwards Lifesciences,
Irvine, California) was then inserted, and was positioned 1 cm proximally to the aortic
bifurcation. From this point, the catheter was inflated and withdrawn over 5 cm for three
times. After removal of the devices, the carotid artery was ligated and the wound was sutured.
Animals were hourly monitored during post-surgery recovery by monitoring heart rate,
oxygen saturation, and breathing frequency.
After 14 weeks, animals underwent US and MR imaging of the abdominal aorta under general
anesthesia as described before. Before anesthesia, conscious heart rate was measured using
pulse oximetry. During ultrasound imaging, systolic and diastolic BP were measured in the
auricular artery. After the imaging experiments, animals were sacrificed by an overdose
sodium pentobarbital.

Week 0
1.0% cholesterol-enriched diet for all
animals
Administration of
Ivabradine in drinking
water for treated
animals during entire
study period

Week 2
Balloon denudation
of abdominal aorta
for all animals

Week 10
0.3% cholesterol-enriced diet for all
animals

Week 14
Heart rate measurement
US examination
MRI examination
Euthanization

Figure 1
The experimental design. Two weeks after initiation of 1.0% cholesterol-enriched diet, the animals receive a balloon
injury. At week 10, they are switched from 1.0% to 0.3% cholesterol-enriched diet. Fourteen weeks after diet initiation
the animals undergo measurement of the heart rate and US and MR imaging before euthanisation.
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Animal Model
All experiments were approved by the Maastricht University Animal Experiments Committee.
Atherosclerosis was induced in nineteen 12 weeks old male New Zealand white rabbits
(Charles River, Romans, France) using a modified version of a previous protocol (36). The
experimental design is presented in figure 1. In short, animals were given a 1.0% cholesterol–
enriched diet for 10 weeks, followed by a 0.3% cholesterol-enriched diet for 4 weeks. During
the study, animals were given normal drinking water (n=10) or drinking water with Ivabradine
(n=9) (17 mg/kg/day). The dosage was adjusted according to animal weight and water
consumption on a weekly basis.
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US Protocol
The distension, i.e. the maximal change in aortic diameter over the cardiac cycle, was assessed
using a PICUS ultrasound scanner (Esaote Europe, Maastricht, Netherlands) with a 7.5MHz
linear array probe. The system was operating in multiple M-mode, producing 28 M-mode lines
at a frame rate of 380 Hz (18), covering a segment of the abdominal aorta of 26.5 mm. The
radiofrequency-data were sampled at 33.3 MHz.
MRI Protocol
MRI experiments were performed on a 7T Small Animal Scanner (Biospec 70/30, Bruker,
Ettlingen, Germany). The animal was positioned in the magnetic field and, after initial scout acquisitions, the aortic bifurcation was identified. A T1w two-dimensional double inversion-recovery (DIR) black blood (BB) RARE sequence (37) (TR/TE/TI: 1000/10/350 ms, RARE factor 2, field of view (FOV) 12x12cm, acquired/reconstructed matrix size 384x384/512x512,
20 transversal adjoining slices with a thickness of 3 mm) was acquired with the bottom slice positioned at the aortic bifurcation. After visual inspection of these images, a single slice with the highest plaque burden was selected. DCE-MRI was performed at this location
using a two-dimensional inversion-recovery black blood turbo spin echo sequence (20)
(TR/TE/TI=300/9.5/120 ms, field of view 12x12cm, acquired/reconstructed matrix size
192x192/384x384 with a thickness of 3 mm) with an acquisition time of 7.2 seconds per time
frame. After one minute, 0.2 mmol/kg body weight Gadobutrol (Gadovist, Bayer HealtCare,
Berlin, Germany) was injected intravenously through a marginal ear vein manually at a rate of
0.5 ml/sec, followed by a 5 ml saline chaser at the same rate. Imaging was continued for 120
time frames. After, contrast-enhanced T1w DIR BB imaging was performed again using the
same pulse sequence parameters as listed above.

Ultrasound image review and data analysis
The anterior and posterior lumen-wall interface were identified manually for each M-line. A
wall track system (38,39) was used to obtain the diameter waveforms over the cardiac cycle.
A temporal correlation window (26 ms, 10 sample points) was used for assessment of diameter waveforms with high temporal resolution. Absolute distension of the lumen was calculated
as the difference between systolic maximal diameter and preceding diastolic minimal diameter,
while relative distension was determined as the absolute distension divided by the diastolic
minimal diameter.

MR image review and data analysis
Lumen and outer vessel wall contours were drawn using dedicated vessel wall analysis software (VesselMASS, Leiden University Medical Center, Leiden, The Netherlands). Mean plaque burden was quantified on contrast-enhanced T1w BB MR images. From these, contours
were transferred to the DCE MR images. Inner contours were adjusted to prevent partial volume effects at the plaque-lumen border. The DCE-MRI signal intensity time curves (relative
to baseline values before contrast injection) of the atherosclerotic vessel wall were quantified
semi-quantitatively (area-under-the-curve, AUC) and quantitatively (Ktrans, indicative for plaque microvasculature flow, density, and permeability) with pharmacokinetic modeling using
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a reference region model (40). With this method, the arterial input function is not required,
allowing quantitative analysis of BB DCE-MRI acquisitions. The AUC was calculated by numeric integration. In line with previous research (20), integration is performed from 0- 7 minutes
after contrast injection. For the quantitative analysis, literature values for the blood perfusion-vessel permeability product (Ktrans) and the extravascular–extracellular volume fraction (ve)
(41) for the reference region (skeletal muscle) were used.

After euthanasia, the abdominal aorta was dissected from the aortic bifurcation to ~7 centimeters proximally. Specimens were fixated using 1% paraformaldehyde for 24 hours, cut into
5-mm-thick tissue slices, processed and embedded in paraffin and sectioned (4-μm sections).
An Elastica von Gieson (EvG) staining was used to visualize the inner and outer elastic laminae
and the lipid core. Presence of cap fissures was examined using a haematoxylin eosin stain.
Immunohistological staining for rabbit macrophages and microvessels was performed using
a primary antibody against monocytes/macrophages (clone RAM11; Dako North America,
Carpinteria, California) and a primary antibody against CD31 (clone JC70A, Dako), respectively. RAM11 and CD31 slides were counterstained with hematoxylin. Matching of histologic
sections with MRI slices was performed based on their longitudinal position relative to the
aortic bifurcation, taking into account an ex vivo shrinking of approximately 15%. Digital images from slides matched to the DCE-MRI slice were analyzed with morphometric analysis
software. EvG and RAM11 images were analyzed using QWin V3 (Leica, Cambridge, Great
Britain) and CD31 images using Ventana Image Viewer (Ventana, Tucson, Arizona). Median
intima size and relative lipid rich necrotic core size (relative to the intima size) were determined on the EvG stained sections. Lipid rich necrotic core was identified by the area of necrotic
material in which residual cholesterol crystals were seen. The relative macrophage content
was determined as the amount of RAM11 positive area related to the total plaque area.
Presence of macrophages in the proximity (approximately 50 μm) of the lumen was scored
semi-quantitatively on a three point scale ranging from no luminal macrophages (0) to many
luminal macrophages (2). Microvessel density was determined as the number of microvessels
per mm2 for the entire vessel wall. All histological analyses were performed blinded to the
other study results and animal characteristics.

Statistical Analysis
The differences between study parameters of the two groups were studied using an independent Mann-Whitney U Test. Study parameters were divided into cardiovascular parameters
(conscious and anesthetized heart rate, and systolic and diastolic BP), plaque burden parameters (mean vessel wall area on MR images and mean histological intimal area), plaque biomechanical parameters (absolute and relative vessel wall distension), and plaque vulnerability
markers (plaque enhancement from DCE-MRI determined using AUC and Ktrans, and relative
lipid-rich necrotic core size, microvessel density, and macrophage content from histology).
Relationships between macrophage content and DCE-MRI parameters (AUC and Ktrans), and
between microvessel density, AUC, and Ktrans were assessed using a Spearman’s correlation
coefficient. All results were considered significant for a p-value<0.05.
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Results
The number of animals in which successful experiments were performed is listed in Table
1. During the study, two rabbits (one non-treated and one Ivabradine-treated) died due to
complications during the balloon denudation surgery. One Ivabradine-treated animal died during the study period due to icterus, caused by the cholesterol-enriched diet (diagnosed by a
veterinary doctor at autopsy). For one non-treated animal, contrast injection failed. Therefore, this animal was excluded from MRI and histological analysis. For one Ivabradine-treated
animal, BP measurements failed.
Table 1
Number of successfully performed procedures in the present study.
Experiment

Non-treated

Ivabradine-treated

Included animals

10

9

Conscious HR

9

7

Blood Pressure

9

6

Ultrasound Imaging

9

7

Magnetic Resonance Imaging

8

7

Histology

8

7

Heart rate and blood pressure
As shown in Table 2, HR for Ivabradine-treated animals was significantly lower than for
non-treated animals, both under conscious (Figure 2A) conditions (mean reduction 16%,
p=0.026), and under anesthesia (mean reduction 15%, p=0.031). No significant differences
were found for the systolic and diastolic BP measured under anesthesia between groups.

Plaque biomechanics
No differences were found in beat-to-beat plaque biomechanical parameters between the
two groups (Table 2). However, due to the HR reduction, the frequency that the aorta is
exposed to the pulsatile BP is decreased for Ivabradine-treated animals.

Plaque features
Examples of MR images and histological sections (HE and RAM11 antibody against macrophages) for non-treated and Ivabradine-treated animals are shown in Figure 3 and 4, respectively.
No significant differences were found for plaque burden related parameters (Table 2), as
determined using MRI (mean entire vessel wall area) and histology (mean intima area). Also,
no differences were found for the relative lipid core size between the two groups. The relative
RAM11 positive area (macrophages) was decreased from 30.6±4.3% for non-treated animals
to 17.2±7.6% for Ivabradine-treated animals (p<0.001). Plaques of the Ivabradine-treated
group showed less macrophages in proximity of the vessel lumen as compared to non-treated
animals (Figure 5). Presence of cap fissures was not observed in the specimens. Analysis of the
DCE-MRI data (Figure 6) revealed a reduction in vessel wall enhancement, both semi-quantitatively (24% reduction in the AUC after seven minutes, p=0.029) and quantitatively (32% re-
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duction for Ktrans, p=0.037) for rabbits treated with Ivabradine, indicative for a decrease in plaque microvasculature flow, density, and/or leakiness. A strong positive correlation between
AUC and Ktrans (Spearman’s ρ=0.70, p=0.004) was observed. No difference in microvessel
density in histology from the entire vessel wall was found between non-treated (12.9±1.8
mm-2) and Ivabradine-treated (9.8±1.8 mm-2) animals (p=0.397). Microvessel density in histology correlated with AUC (Spearman’s ρ=0.53, p=0.041), but not with Ktrans (Spearman’s
ρ=0.17, p=0.550). A modest, non-significant, correlation between the relative RAM11 area
and the signal enhancement on DCE-MRI with a Spearman’s ρ of 0.46 (p=0.081) for the AUC
after 7 minutes and a Spearman’s ρ of 0.49 (p=0.062) for Ktrans was found.
Table 2
Study parameters (mean ± standard error) for the present study. Parameters are reported as mean values ± standard
error. Number of successful experiments that were performed is indicated (1n=9, 2n=8, 3n=7, 4n=6). AUC 7 min and
Ktrans represent measurements of the plaque microvasculature, RAM11 is a measurement of the plaque macrophage
content. Used abbreviations: heart rate (HR); blood pressure (BP); Elastica von Gieson (EvG); area-under-the-curve
(AUC).
Category

Parameter

Non-treated

Ivabradine-treated

P-value

Cardiovascular

Conscious HR [bpm]

186±7.0

3

157±9.3

0.03

Anesthesia HR [bpm]

164±5.91

140±6.43

0.03

Systolic BP [mmHg]

63±3.4

4

71±7.9

0.27

Diastolic BP [mmHg]

45±3.41

53±6.84

0.33

MR plaque size [mm2]

11.0±0.92

10.8±1.13

EvG intima size [mm ]

6.80±1.03

6.61±1.19

0.91

Absolute distension [mm]

0.066±0.0171

0.064±0.0183

0.84

Relative distension [%]

1.9±0.42

1.9±0.33

0.84

1

2

Biomechanics
Plaque vulnerability

2

0.54
3

8

Plaque burden

1

AUC 7min [a.u.]

791±60

604±44

0.03

Ktrans [min-1]

0.25±0.022

0.17±0.023

0.04

Microvessel density [mm-2]

12.9±1.82

9.8±1.83

0.40

Relative lipid core size [%]

1.7±0.4

1.5±0.3

0.66

Relative RAM11 [%]

30.6±1.52

17.2±2.93

<0.01

2

2

3

3
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Figure 2
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Bar graphs showing the differences between non-treated and Ivabradine-treated animals (mean ± standard error).
Panel A shows the conscious heart rate (HR); panel B relative RAM11 positive area in histological sections; panel C
and D show the area-under-the-curve (AUC) and Ktrans determined from analysis of DCE-MR images.

A

B

Figure 3
Contrast-enhanced T1w BB MR image of atherosclerotic plaque for a non-treated rabbit (panel A) and Ivabradine
treated rabbit (panel B). In the panels, the outer vessel wall is indicated by the white line and the lumen by the gray
line. The atherosclerotic plaque is indicated by the asterisk (*).
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A

B

C

E

8

D

F

Figure 4
Histological sections of atherosclerotic plaque for a non-treated (panels A-C) and Ivabradine treated (panels D-F)
rabbit. Panel A and D show HE sections and panel B and E a slide stained for macrophages using RAM11 antibody
(red), with magnifications in panel C and F.
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A
Cumulative Percentage
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75%

50%

25%

0%

B

No luminal macrophages
Partially luminal macrophages
Predominantly luminal macrophages

Non−treated

C

Ivabradine

D

Figure 5
Presence of macrophages in the proximity of the vascular lumen using a semi-quantitative three point scale for nontreated (eight animals, two sections per animal) and Ivabradine-treated animals (seven animals, 2 sections per animal).
Histological sections are divided into three categories ranging from 0 (no luminal macrophages; example image shown
in panel B) via 1 (partially luminal macrophages; example in panel C) to 2 (predominantly luminal macrophages;
example in panel D). The displayed scale bar is applicable for all histological images and the luminal side is indicated
by an asterisk (*) in all histological images.
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Control
Ivabradine

Relative Signal Enhancement [−]

400%
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100%
0
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Time [min]

8

10

12

Dynamic contrast-enhanced MRI signal-intensity-time curves for a non-treated (black filled circles) and Ivabradinetreated animal (red open circles) showing the relative signal enhancement in the atherosclerotic vessel wall after
contrast injection. Pharmacokinetic modelling curves are shown as black solid lines (non-treated animals) and gray
dotted lines (Ivabradine-treated animals). Enhancement curves for Ivabradine-treated animals show a delayed
enhancement compared to non-treated animals, which is indicative for a decrease in plaque microvasculature.
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Discussion
The major novelty of the present study is the use of sophisticated noninvasive imaging techniques in combination with histology to study the effect of the HR lowering agent Ivabradine
on atherosclerotic plaques. This allowed us to demonstrate that HR lowering treatment was
associated with a reduction in macrophage content and changes in contrast enhancement of
rabbit plaques, indicative for less inflammation and a decrease in plaque microvasculature flow
or leakiness, respectively. In contrast, no differences in plaque burden, microvessel density,
and vessel wall distension were observed between treated and non-treated rabbits.
DCE-MRI enables to study not only plaque microvascular density, but also microvascular leakiness. Our qualitative as well as quantitative DCE-MRI parameters, indicative for microvascular density, flow, and leakiness, showed a reduction after Ivabradine treatment, while the
microvessel density on histology showed no difference between non-treated and Ivabradine-treated animals. Together, these results suggest a reduction of the plaque microvasculature
leakiness. With a decreased HR, the vascular wall has a lower exposure to oscillatory tensile
and wall shear stresses (42,43), decreasing the frequency of the biomechanical load. A reduction in shear and tensile stress is thought to reduce endothelial damage, which leads to a
decreased endothelial permeability to inflammatory mediators (42,43), in line with a decrease
in microvascular leakiness and a reduction in macrophage content in the treatment group.
Alternatively, the treatment may have reduced microvessel rupture, since it was previously
suggested that pressure gradients within the plaque that occur during every heart beat lead to
microvessel rupture (44). In line with a decrease in endothelial permeability, Ivabradine-treated animals showed less luminal macrophages (Figure 3), while in both animal groups no cap
fissures were found.
In the present study, HR reduction was induced during the entire study period. Future studies
with a longitudinal design in which HR reduction is performed after atherosclerosis induction
in animal models are warranted to investigate whether HR reduction reduces plaque vulnerability or mitigates the formation of plaque vulnerability. Future studies should also investigate
the effect of Ivabradine and more commonly applied HR reducing agents, i. e. beta blockers,
on plaque vulnerability in patient studies.
For the current study, a non-significant, albeit modest, correlation between RAM11 positive
area (relative macrophage content) and DCE-MRI parameters was found. These results are in
line with previous studies (20,23,28-30), where a weak to modest correlation between plaque
inflammation and microvasculature was reported. The present study supports the concept
that there is a complex interplay between macrophages and plaque microvasculature (28).
Macrophages have a high metabolic rate, which can lead to plaque hypoxia, which is known
to stimulate angiogenesis (45). The newly formed, potentially immature angiogenic microvessels may then allow additional inflammatory cells to enter the plaque tissue. The extent of
HR reduction in our study is in line with a previous study in ApoE-/- mice (35). In contrast to
this previous study, in our rabbit model administration of Ivabradine did not lead to smaller
plaques on MRI and histology in the treatment group. The differences in plaque burden between our study and previous findings might be related to differences between the two animal
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A number of mechanisms of Ivabradine next to a reduction of the HR were observed that
improve myocardial structure and function, including anti-inflammatory effects, myocardial
infarct size reduction, a reduction of the formation of reactive oxygen species, increased
coronary flow reserve, and an increased perfusion of the coronaries (49). While previous
research (50) did show improvements in clinical outcome (cardiovascular death or hospital
admission for worsening of heart failure) in patients with heart failure after HR reduction
with Ivabradine, a recent study in patients with stable coronary disease without clinical heart
failure (51), showed that additional treatment with Ivabradine did not lead to a reduction in
cardiovascular death or nonfatal myocardial infarctions. Therefore, it is of great interest to
further investigate which patient groups may and may not benefit from HR lowering treatment
with Ivabradine (52,53). In the present study, the animals’ HR was measured once before
the MR and US examinations performed after 14 weeks. Continuous monitoring of the HR
during the study period using telemetric devices was not performed due to logistical reasons.
Compared to previous research (20-24) within the present study, analysis of the DCE-MRI
data was extended with quantitative analysis using a reference region method. The reference
region method does not require a vascular input function and thus allows quantitative analysis
of black blood (BB) DCE-MRI data. It is able to account for inter-subject variations due to
contrast bolus differences. Use of BB images allows for more reliable determination of the
plaque microvasculature near the lumen, which is important in the small-sized aortic rabbit
plaques. Our study shows a strong, significant correlation between the semi-quantitative AUC
and quantitative Ktrans parameter.
Our study has a number of limitations. First, we have chosen Ivabradine as a heart-rate reducing agent to investigate the specific effect of heart-rate reduction, while not affecting cardiac
contractility or blood pressure (BP) (33,34). However, a recent study on mouse ventricular
myocytes has shown that Ivabradine blocks the IhERG1 potassium current, which appears
to contribute to a prolonged cardiac repolarization (54). Therefore, we cannot exclude that
the present findings have been influenced by other actions of Ivabradine. Second, DCE-MR
imaging was performed on a single axial slice. Previous research (20-24) has shown that this
technique is able to quantify the plaque microvasculature and measure the effect of therapeutic interventions. Recently, a 3D acquisition techniques to quantify plaque microvasculature in
rabbits have been introduced (55). This 3D technique provides increased spatial coverage as
compared to the 2D technique, although at the expense of temporal resolution.Finally, from

117

8

models (46-48). In the previous study (35), administration of Ivabradine did lead to reduced
endothelial dysfunction and exerted potent anti-oxidative effects in ApoE-/- mice. Following
these results, further in vitro investigations were performed to investigate if Ivabradine exerted direct effects on the endothelium. These investigations revealed no differences of the
vasodilatation of vessel segments or protein expression of cultured bovine aortic endothelial
cells, suggesting that direct anti-oxidative effects of Ivabradine are not involved in the reduction of endothelial dysfunction. Microvessel density in the non-treated group was higher than
our findings in a previous study (36). The higher microvessel density may be related to the
extended cholesterol-enriched diet period of the present study.

Chapter 8

previous studies it is known that the cardiovascular hemodynamics are affected by the administration of general anesthesia, with the effect differing between species and strains and the
type of anesthetics and administered dose (56-58). Isoflurane is known to have vasodilative
properties, which may lead to hypotension (58). General anesthesia by administration of a
combination of ketamine and xylazine should potentially not lead to hypotension and may be
more suited to perform measurements under physiological conditions that resemble normal
conditions more closely. However, the increased wake-up and recovery period may increase
complications (58).

Conclusion
Our study suggests that a lower HR may lead to reduced plaque microvessel leakiness and
reduced plaque inflammation in a model of atherosclerotic rabbits. Increased plaque inflammation and plaque microvasculature leakiness have been suggested as key features of plaque
vulnerability. The present study suggests that exposure of the atherosclerotic vessel wall to
biomechanical load at a higher repetition frequency contributes to plaque vulnerability. HR
reduction may be a potential target for plaque stabilization. Whether these preclinical findings
can be translated into clinical practice remains to be determined.
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Partly based on Current Atherosclerosis Reports (2016) 18:33.

Chapter 9

Currently the guidelines for treatment of patients with a stenosis of the carotid artery are
solely based on the degree of luminal stenosis and symptomatology (1). However, research
over the past decades has shown that the atherosclerotic plaque composition is associated
with (future) cerebrovascular events (2-5). Large trials have shown that symptomatic patients
with a 70-99% carotid stenosis benefit from surgical removal of the atherosclerotic plaque
(carotid endarterectomy, CEA) with a number needed to treat (NNT) of 6. However, for
patients with a 50-69% stenosis the NNT increases to 22 (6). Previous histological studies
have shown a higher incidence of specific characteristics of atherosclerotic plaques in CEA
specimens from symptomatic patients compared to asymptomatic patients (7-11). Due to
technical improvements of non-invasive imaging methods, interest in identification of these
“vulnerable plaques” with non-invasive imaging has increased greatly over the past decade.
Identification of patients with a “vulnerable plaque” that may improve selection of patients
that will benefit from CEA.
Features of a vulnerable atherosclerotic plaque are lipid-rich necrotic core (LRNC) with a thin
or ruptured fibrous cap (TRFC), presence of inflammatory cells, ulcerations, and intraplaque
hemorrhage (IPH) (12). Next to these features, an increased plaque microvasculature has
been suggested as an important marker of plaque vulnerability (13). The plaque microvasculature can be studied non-invasively using dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) (14).
Recent DCE-MRI studies have suggested an association between plaque microvasculature and
plaque inflammation (15,16) and the presence of IPH (17). Calcagno et al. (15) have shown a
weak link between plaque inflammation and plaque microvasculature. However, results from
Wang et al. (16) showed that the correlation between the plaque inflammation and microvasculature varied depending on clinical condition (16). A positive association between the
plaque microvasculature and the presence of intraplaque hemorrhage has been reported by
Sun et al. (17). These studies have shown that the plaque microvasculature may provide additional information compared to other vulnerable plaque features. Investigation of the plaque
microvasculature may also provide further insight into pathological mechanisms involved in
plaque development and destabilization.
The hypothesis of the present thesis was that non-invasive imaging of the plaque microvasculature with DCE-MRI may provide further insight in the atherosclerotic process. For this hypothesis, several experimental studies were performed. In these studies, symptomatic patients
with carotid atherosclerosis underwent MRI examination. Additionally a preclinical study in
atherosclerotic rabbits was performed. With these studies, the following objectives were addressed:
• 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
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•

To evaluate if DCE-MRI can be used as evaluation tool to investigate the effect of a heartrate reducing therapy on features of plaque vulnerability

Standardization of acquisition and analysis methods

To further advance DCE-MRI so that it may be used in daily clinical practice, more uniform
acquisition and analysis methods should be agreed upon. Previous studies have shown that
DCE-MRI derived parameters are influenced by the contrast medium (19) and the pharmacokinetic model that is being used (20), making direct cross-study comparisons difficult. Results
from the current thesis show that the vascular input function (VIF) (chapter 3) and analysed
vascular region (chapter 4) also influence absolute values of the pharmacokinetic parameters.
In chapter 3, it is shown that the magnitude-based VIF is influenced by the local blood flow
velocity, leading to an underestimation of the contrast medium concentration. Results from
chapter 4 show that descriptive statistics (mean, median, and 75th percentile) from a single
vascular region differ. Additionally, a significantly increased median adventitial Ktrans compared
to entire vessel wall Ktrans was found, although the correlation coefficients with histological
measurements of plaque microvasculature from these two regions are similar. Since during
CEA only the intima and (part of ) the media are surgically removed, these results suggest a
link between the microvasculature of the atherosclerotic plaque and the originating adventitial
microvessels. The results from the current thesis and previous studies show that use of a
standard imaging and data analysis protocol is essential, in particular for longitudinal studies of
plaque microvasculature and for determination of risk thresholds in the future. These findings
are also important for direct comparisons of absolute values in different studies, since most
studies only reported results from a single region of the vascular wall. Despite the strong
correlation between pharmacokinetic parameters from the vessel wall and adventitia in symptomatic patients scheduled for CEA, it remains to be determined whether these results can
be translated to other patient groups. It is an interesting research question whether the vessel
wall and adventitial microvasculature equally contribute to the various processes of atherosclerosis or whether these contributions differ.
In the present thesis, DCE-MRI analysis was performed using custom in-house build software
in which manual segmentation of the atherosclerotic plaque was required. For the implementation of DCE-MRI in large multicenter trials and ultimately clinical routine, development of
automated analysis software would be beneficial. There has been initial research into automated analysis (21), but current research on automated software for analysis of the carotid
plaque focuses mainly on quantification of the plaque components on anatomic MR images
(22-24). A future goal for carotid plaque analysis software would be the incorporation of
DCE-MRI analysis in a quick, robust, and user friendly way.
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Analysis of DCE-MRI data can be performed using semi-quantitative and quantitative methods. Of these two, semi-quantitative analysis using the area-under-the-curve (AUC) is easy
to implement. However, AUC reflects the amount of contrast medium delivered to and retained by the tissue for a given period, but does not reflect a specific physiological parameter
(18). Quantitative analysis using two-compartment models allows the determination of pharmacokinetic parameters reflecting the amount, flow, and leakiness of the microvasculature.

Chapter 9

Association of plaque microvasculature with other
features of plaque vulnerability
The atherosclerotic plaque microvasculature is thought to be related to several other features
of plaque vulnerability. During the development and progression of atherosclerosis inflammatory cells play an important role (25). Activated macrophages induce hypoxia within the atherosclerotic plaque due to their high metabolic rate (26). Hypoxia stimulates the development
of new microvessels, originating from the adventitia, the outer layer of the vessel wall (27). In
general, these angiogenic microvessels have a low endothelial integrity, potentially leading to
extravasation of inflammatory cells and erythrocytes from the microvessel lumen into plaque
tissue (27). Extravasation of erythrocytes is considered to be an important factor in the development of IPH (28). Since the erythrocyte membranes constitute for forty percent of lipids
(28), extravasation of erythrocytes leads to increased cholesterol deposition in the plaque
tissue, stimulating the further recruitment of inflammatory cells. Thus (leaky) plaque microvasculature is thought to be a key feature in plaque destabilization (29).
Varying associations between plaque microvasculature (measured using DCE-MRI) and plaque inflammation (measured by 18F-FDG uptake or macrophage content) have been published (15,16). Results have show a significant inverse relationship between plaque perfusion
(Ktrans) and plaque inflammation measured with 18fluorine-fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography (PET-CT) (ρ=-0.24, p<0.05) in patients
with coronary heart disease (CHD) or CHD risk equivalent and a carotid plaque with target-to-background-ratio (TBR) ≥ 1.6 on 18F-FDG PET-CT (15). A second study of patients
with carotid plaque (16) found that the correlation between the microvasculature and inflammation depend on the patients’ clinical condition. Within this study, a weak, marginal non-significant correlation (Spearman ρ=0.22, p=0.068) was found for all carotid plaques (both
symptomatic and asymptomatic). A significant correlation between Ktrans and TBR (Spearman ρ=0.59, p=0.006) was found for symptomatic carotid plaques, which was not found
for asymptomatic plaques (Spearman ρ=0.07, p=0.625). In the present thesis (chapter 6),
the association between plaque inflammation and microvasculature was investigated in symptomatic patients with a mild to moderate stenosis. Results show a weak positive correlation
(Spearman’s ρ=0.3, p=0.035) between plaque inflammation (18F-FDG uptake) and microvasculature (Ktrans) indicating that the imaging modalities may provide complimentary risk markers.
The association between the plaque microvasculature and the presence of IPH has been studied non-invasively using DCE-MRI by Sun et al. (17). Results from this study showed a positive association between Ktrans from the adventitia and the presence of IPH in 27 patients with
carotid plaque. The aim of the study in chapter 5 of the present thesis was to further investigate the potential positive association between the atherosclerotic plaque microvasculature
and presence of IPH in a relatively large prospective cohort study of patients (n=101) with ≥2
mm carotid plaque. Results from this study showed no difference in median adventitial Ktrans
for patients with and without IPH, while a decreased median Ktrans from the entire vessel wall
was found in the presence of IPH. Therefore these results indicate that no ongoing leakage of
erythrocytes from the plaque microvasculature occurs several weeks after a cerebrovascular
event in plaques with IPH. This suggests that not only plaque microvasculature, but additional
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factors, such as a disrupted plaque surface, may contribute to the development of IPH. In
order to unravel the underlying mechanisms contributing to IPH, further longitudinal studies
are warranted.
Currently, studies have focused on the association between the plaque microvasculature and
either plaque inflammation or the presence of IPH. For future studies, it would be interesting
to study the interplay between plaque inflammation, presence of IPH, a thin/ruptured fibrous
cap, and plaque microvasculature combined in a single study. The recent introduction of hybrid PET-MRI systems provides excellent opportunities for this purpose using a single imaging
system. Recent research (30-34) has already shown the potential of hybrid PET-MR systems
for the imaging of atherosclerosis. However, the additional value of DCE-MRI in PET-MR
imaging is yet to be explored.

In chapter 7 of this thesis, a positive association between the adventitial microvasculature
(Ktrans) and the type of recent cerebrovascular events was found. Patients with a recent history
of stroke show an increased adventitial Ktrans compared to patients with a recent transient
ischemic attack (TIA) or ocular TIA (also known as amaurosis fugax), independent of clinical
risk factors. The results of the observational study described in the present thesis need to
be confirmed in a prospective longitudinal study investigating the plaque microvasculature of
asymptomatic and symptomatic patients in relation to future clinical symptoms. This investigation may provide additional information on the prospective value of DCE-MRI in risk stratification of patients. Large epidemiological studies have already shown a number of clinical
risk factors that are associated with ischemic stroke, though these studies did not report differences in risk factors for patients based on the type of clinically diagnosed event (e.g. (ocular)
TIA versus stroke patients) (35-40). With regard to carotid atherosclerosis, currently studies
have focused on differences of plaque characteristics between symptomatic and asymptomatic patients. These studies have shown a higher incidence of vulnerable plaque characteristics
(e.g. a thin or ruptured FC, presence of IPH, and LRNC) (2-5,41-44) in symptomatic patients.
Within these studies, the plaque microvasculature was not investigated since no DCE-MRI
was performed. Therefore, within these studies, the association between clinical symptoms
and the plaque microvasculature was not investigated.
Up to now, research of the plaque microvasculature has focused on symptomatic patients
with a recent history of cerebrovascular events and only a small number of studies have
been performed in asymptomatic patients (16,45). One study (16) showed a non-significant
correlation between Ktrans and TBR in asymptomatic patients (ρ=0.07, p=0.625). A second
study (45), performed in “Ground Zero” workers showed an increased Ktrans in people that
were exposed to high levels of particulate matter compared to workers with a low exposure.
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Potential of DCE-MRI to predict cerebrovascular
ischemic events

Chapter 9

Non-invasive quantification of the plaque microvasculature in asymptomatic patients may provide further information on the potential added value of non-invasive imaging of the plaque
microvasculature compared to other plaque features.
Whether an increased microvasculature of the carotid artery is related to the presence of
infarcts on brain MR images remains to be determined. For this purpose, it is important to be
distinguish recent from old infarcts. MRI is able to distinguish old and recent infarctions with
the use of fluid-attenuated inversion recovery (FLAIR) and diffusion-weighted imaging (DWI)
acquisitions. Recent infarctions remain positive on DWI until 21 days after the ischemic event.
Therefore, it is essential that imaging is performed within this time frame to provide accurate
information for investigation of the relationship between plaque microvasculature and the
presence of (recent) infarcts on MRI. The admission of patients to a stroke unit for a period
of 24 hours to monitor their cardiac rhythm may provide opportunities to perform the proposed investigation.
The potential predictive value of DCE-MRI for plaque progression or development of vulnerable plaque features is of great interest and remains to be determined, and its predictive value for cerebrovascular ischemic events needs to be investigated in a prospective clinical trial.

Potential role of plaque biomechanics in the process
of plaque destabilization
The results of a preclinical rabbit study described in chapter 8 showed that a heart rate reducing therapy results in a decrease in macrophage content and a reduced dynamic contrast-enhancement on dynamic MR images (reduced AUC and Ktrans). The reduction of both parameters indicated a reduction in (leaky) plaque microvasculature. Histological analysis showed no
differences in the microvessel density between treated and non-treated rabbits. In addition,
a significant correlation was found between the semi-quantitative DCE-MRI parameter AUC
with the microvessel density, but not with Ktrans, a reflection of the microvascular flow, density,
and permeability. Together this suggests a reduction in the plaque microvascular leakiness.
The reduction of the microvascular leakiness may be due to a reduction of the shear and/
or tensile stress on the atherosclerotic plaque caused by the reduced heart-rate. Both shear
and tensile stress have been suggested to induce endothelial damage, leading to an increased
endothelial permeability to inflammatory mediators of the endothelium (46,47). Alternatively,
the treatment may have reduced microvessel rupture, since it was previously suggested that
pressure gradients within the plaque that occur during every heart beat lead to microvessel
rupture (48).
The preclinical study discussed in the present thesis shows the ability of DCE-MRI as an evaluation tool for potential therapies in the treatment of atherosclerosis. This is in line with
previous animal and patient studies showing that DCE-MRI can be employed to investigate
the effect potential treatments of atherosclerosis and resulting changes in the plaque microvasculature (49-52).
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Results from this thesis suggest that plaque biomechanics and deformation may play an important role in the development of vulnerable plaque features. To further investigate the
potential relationship between the plaque microvasculature and plaque biomechanics, longitudinal studies incorporating both measurements may be performed. These studies may provide
additional information on the role of plaque biomechanics on the plaque microvasculature in
the process of plaque formation and destabilization. Measurement of the plaque deformation
may be performed using a duplex ultrasound examination, which is a reliable, low-cost technique commonly used in clinical routine. Alternatively, measurement of plaque deformation
may be performed using MRI (53). Despite being a technically challenging technique due to
spatial and temporal requirements, strain imaging of the carotid artery using MRI may provide
estimates of plaque strain or mechanical properties of the atherosclerotic lesion.

Alternative future perspectives of DCE-MRI
In the current thesis and the majority of studies reported in literature, either bright or black
blood acquisition techniques have been employed for DCE-MRI of atherosclerosis. Both these acquisition techniques have their strengths and weaknesses. While bright blood techniques
allow quantification of the contrast medium concentration in the vascular lumen (the vascular
input function), it is challenging to delineate the lumen from the vessel wall in bright blood MRI.
The recent introduction of interleaved acquisition methods (54), providing both bright and
black blood images, may be an important step towards combining the strength and weaknesses of both acquisitions methods, enabling determination of an individualized vascular input
function and accurate delineation of the vessel lumen from the vessel wall. Additionally, the
recent introduction of 3D acquisition techniques (55) may provide increased spatial information as compared to the in this thesis and in literature currently employed 2D techniques,
although at the expense of temporal resolution. Currently, these 3D acquisition techniques
have only been explored in preclinical rabbit studies and therefore their potential in clinical
studies remains to be determined.
All clinical DCE-MRI studies to date have been performed at 1.5 and 3.0 Tesla. The potential
of carotid MRI at 7.0 T has already been explored (56,57), and results show a potential increase in signal-to-noise ratio (SNR) due to the increased field strength. However, the increase
in SNR may be diminished by increased relaxivity of the contrast medium. The potentially
increased SNR at 7.0 T would allow increased spatial and/or temporal resolution, but these
studies also demonstrate that further technical developments are required to enable complete plaque characterization.
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Developments of DCE-MRI acquisition methods

Chapter 9

Clinical studies using DCE-MRI of the vessel wall in other vascular
beds
The potential of DCE-MRI for quantification of the plaque microvasculature can be extended
to other (human) vascular territories beyond the carotid artery. Indeed, the potential use of
DCE-MRI to study microvasculature in the aortic wall of abdominal aortic aneurysms has
already been explored (58,59). Results of these studies have shown that measurements are
reproducible with a high technical success rate. The Patlak model provided significantly lower
relative fit uncertainties with comparable scan-rescan reproducibilities compared to other
pharmacokinetic models (Tofts and extended Tofts). Therefore, the Patlak model was the
most suited pharmacokinetic model. In the future, more studies are warranted to investigate the predictive potential of DCE-MRI derived parameters for abdominal aortic aneurysm
rupture risk. Development of DCE-MRI protocols to study the microvasculature of coronary
arteries may provide further insight in the role of plaque microvasculature in myocardial infarction. However, the development of such DCE-MRI protocols may provide technical challenges due to cardiac motion.

Conclusion
The aim of the current thesis was to investigate how non-invasive imaging of the plaque
microvasculature with DCE-MRI may be used to gain further insight in the atherosclerotic
process. Over the past decade, DCE-MRI has developed from a novel imaging tool to a useful
non-invasive research tool used in animal and patient studies of plaque microvasculature.
Within the current thesis and other studies, DCE-MRI has been used to investigate the relationship between plaque microvasculature and other plaque features such as inflammation
and intraplaque hemorrhage, for assessing effectiveness of therapeutic interventions, and in
the potential of plaque microvasculature in relation to the identification of patients with increased cardiovascular risks. Future studies could apply DCE-MRI to elucidate mechanisms
that contribute to plaque progression and destabilization, specifically the interplay between
inflammation, increased microvasculature, and intraplaque hemorrhage. Also of great interest
is the potential predictive value of plaque microvasculature DCE-MRI for plaque progression
and (severity of ) future cerebrovascular ischemic events (such as stroke).
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Stroke is a large, health problem accounting for five million deaths and an additional five million 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 randomized 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 experienced 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 specific plaque characteristics are associated with an increased stroke incidence in symptomatic
patients compared to asymptomatic patients (7-11). These “vulnerable plaques” are characterized by a large lipid-rich necrotic core (LRNC) with a thin fibrous cap, presence of inflammatory 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 determination 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 visualization 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 personalized 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 microvasculature and plaque inflammation (25,26) and the presence of intraplaque hemorrhage
(27). However, it was shown that the correlation between plaque inflammation and microvasculature 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 additional information compared to other vulnerable plaque features.
The hypothesis of the present thesis is that non-invasive imaging of the plaque microvasculature 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 heartrate reducing therapy on features of plaque vulnerability
In chapter 2, an overview of the current state of DCE-MRI in the evaluation of plaque microvasculature 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 microvasculature 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 microvasculature 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 therapeutic 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 underestimation of the CM concentration in the vessel lumen. Analysis of the model parameters determined 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 plaque 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 absolute 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 previously 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 microvasculature may be linked to each other. In chapter 6, the interchangeability of DCE-MRI and
18
F-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 modalities 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 between 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 compared 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 describes 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 reduction 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-rate 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 microvasculature 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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Relevance
An estimated number of 240,000 people in the Netherlands are living with the consequences
as a result of a stroke (1). In 2014, stroke accounted for 21% of all cardiovascular deaths, with
a total number of nearly 10.000 deaths (2). Yearly, approximately 44,000 people are admitted
to a hospital due to a stroke (1). Additionally, the medical costs involved in the diagnosis and
treatment of stroke are substantial, accounting for 27.4% of the costs involved in cardiovascular care and 2.5% of the total medical costs in the Netherlands (3). It is expected that these
numbers will increase over the coming decades, mainly because of the ageing population.
Hemorrhagic strokes account for approximately 10% of all strokes, while the remaining 90%
are ischemic strokes (4). A considerable amount (15-20%) of ischemic strokes is caused by
rupture of an atherosclerotic plaque in the (internal) carotid artery (5). Currently, risk stratification of patients with a stenosis of the carotid artery is based on the degree of luminal
stenosis and symptomatology of the patient. Based on this, it is determined whether a carotid
endarterectomy (CEA) is advised. Results from randomized trials have shown that CEA is
beneficial for symptomatic patients with a carotid stenosis of 70-99% with a number needed
to treat (NNT) of 6 to prevent one stroke in five years. However, for symptomatic patients
with a stenosis of 50-69% CEA is only marginally effective with a NNT of 22 (6).
Histological studies on CEA specimens have shown that specific characteristics of atherosclerotic plaques have an increased incidence in symptomatic patients compared to asymptomatic
patients (7-11). Features already identified as important hallmarks of plaque vulnerability are
a lipid-rich necrotic core (LRNC) with a thin/ruptured fibrous cap (TRFC), presence of inflammatory cells, ulcerations, and intraplaque hemorrhage (IPH) (12). Additionally, it has been
suggested that an increased microvasculature of the atherosclerotic plaque is an important
marker of plaque vulnerability (13).
Identification of these “vulnerable plaques” with non-invasive imaging of the atherosclerotic
vessel wall may provide opportunities for improved patient stratification. In particular patients
with a mild to moderate stenosis may benefit from increased personalized treatment since for
this patient population CEA is only marginally effective. Over the past years, technical improvements of non-invasive imaging methods have enabled in vivo visualization of these vulnerable plaque characteristics.. Dynamic contrast-enhanced magnetic resonance imaging (DCEMRI) can be used to study and quantify the plaque microvasculature non-invasively (14).
The hypothesis of the present thesis was that non-invasive imaging of the plaque microvasculature with DCE-MRI may provide further insight in the atherosclerotic process. An increased
insight in the role of the plaque microvasculature in the atherosclerotic process, may not only
aid in identification of patients at increased risk, but may also provide novel targets for therapeutic interventions in the prevention and stabilization of atherosclerotic lesions.
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Target groups
The results of this thesis are of interest for a broad range of professionals. First, it is of interest for scientists investigating the development of atherosclerotic plaques. Results from
the present thesis and previous studies show that plaque microvasculature is an important
determinant of atherosclerosis, since it is related to a number of processes related to plaque
destabilization. Pharmacokinetic modelling of DCE-MRI data allows assessment of plaque
microvasculature in a non-invasive manner. Therefore, the plaque microvasculature can be
investigated in animal models and patients at multiple time points during the various stages of
plaque development, even before the onset of clinical symptoms. This is of great advantage
compared to histopathological studies, in which investigation of the plaque microvasculature
can be performed only after euthanasia in animal studies and after CEA or at autopsy in patients. Non-invasive imaging of the microvasculature using DCE-MRI can contribute to the
reduction of the amount of animals used in research.
Next to this, the results of this thesis are of interest for clinicians with a (research) interest in
cerebrovascular disease. Currently, patients suffering from a recent ischemic cerebrovascular
event undergo imaging of the carotid arteries for determination of the degree of carotid
stenosis. Based on the results, patients may be referred to vascular surgery for CEA. However, there is increasing evidence, from the present thesis and other research, that patient
stratification may be improved by assessment of the plaque components, including the plaque
microvasculature. For further advancement of carotid plaque imaging, longitudinal studies are
needed to investigate the predictive value of various plaque components, including plaque microvasculature for recurrent cerebrovascular events. For this purpose, the PARISk consortium
in the Netherlands has performed longitudinal follow-up of patients that have suffered from a
recent cerebrovascular event with patient follow-up of this trial finalized in December 2016,
with results following in due time. The development of plaque microvasculature in relation to
recurrent cerebrovascular events will be studied in a subgroup of these patients. After this
prospective longitudinal study, it is important to investigate the potential value of dedicated
imaging of carotid plaque microvasculature in a randomized surgery trial. Currently, imaging
of various other carotid plaque components is already included in the recently started large
randomized European Carotid Surgery Trial-2.
In addition to clinicians with a research interest in cerebrovascular diseases, the present thesis is also of general interest for clinicians. The results described in the present thesis may
have impact on future guidelines for treatment of patients with carotid atherosclerotic plaque.
Currently, patients with a mild to moderate stenosis are generally not referred to a vascular
surgeon for surgical removal of the plaque, since randomized surgery trials performed in the
early 90s of the last century have shown that CEA is only marginally effective for them. These
patients in particular may benefit from improved personalized treatment.
The present thesis is also of interest for companies within the medical imaging industry. The
results described in this thesis show the current state of DCE-MRI of the atherosclerotic
plaque microvasculature. The development of advanced MR imaging protocols and analysis
methods for quantification of the plaque microvasculature is expected to further advance
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the clinical application of DCE-MR imaging. Additionally, companies developing (pharmacological) treatments or interventions targeted to the atherosclerotic plaque microvasculature
may express interest in the results described in this thesis. DCE-MRI enables the investigation
of the atherosclerotic plaque microvasculature non-invasively in animal models and patients.
Compared to histopathological analysis, this enables evaluation of the treatment effect at
multiple time points in the same subject, even before the onset of clinical symptoms. Thus,
non-invasive imaging of the microvasculature using DCE-MRI can contribute to the reduction
of the number of subjects, either animals or volunteers, that are required to study potential
new treatments and their effect on the plaque microvasculature.

Activities / products
In the present thesis, analysis of the DCE-MRI data is performed using custom built software
in Matlab (Natick, Mathworks, Massachusetts, United States). In addition, drawing of the lumen and vessel wall contours is performed manually by an experienced observer using the
Vesselmass software package (Leiden University Medical Center, Leiden, The Netherlands).
This process may be suitable in a research environment, in which analysis is performed by
experienced observers. However, this may be challenging in multicenter studies with analysis
being performed by an increased number of observers. Therefore, development of a software package in which the lumen and vessel wall contour drawing and data analysis can be
performed (semi-)automatically is of great interest. This software package is likely to be of
added value for the potential success of DCE-MRI in a research or future clinical setting with
less experienced observers, which is needed for implementation of the technique in a wider
setting. On this topic, substantial progress has already been made based upon data from the
PARISK consortium (15) and a spin-off company from the University of Washington (16).
However, main focus of previous studies was the identification of the various plaque components on MR images while work on semi-automatic analysis tools for DCE-MR data has been
limited. Extension of this with methods to perform (non-rigid) transformations of DCE-MRI
data might be an important step in the development of DCE-MRI software packages. These
transformations may be useful to correct for (small) patient movements during the MR acquisition, enabling improved (local) quantification of the plaque microvasculature. Additionally,
integration of the developed methods into current software packages of the major MR vendors will be an important improvement in the availability of these methods.

Innovation and Insights
Direct in vivo visualization of the plaque microvasculature is complicated due to the small size
of the atherosclerotic plaque microvasculature (up to approximately 100 μm in diameter).
However, pharmacokinetic modelling of DCE-MRI allows voxelwise estimation of microvascular properties. In the present thesis several innovations are presented and applied to increase insights in the role of the plaque microvasculature in atherosclerotic plaques.
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Firstly, a novel, method for determination of the vascular input function (VIF) from phase MR
images is described and applied for carotid DCE-MRI. The results from this thesis showed
that VIFs derived from magnitude MR images were influenced by local blood flow velocity,
leading to an underestimation of the contrast medium concentration in the vessel lumen. In
turn, absolute values of determined pharmacokinetic parameters were influenced by the VIF,
making direct cross-study comparisons of different studies difficult. Additionally, the results of
the present thesis showed that the absolute values of the pharmacokinetic parameters determined may differ between different regions of the vascular wall. Therefore, the results of the
present thesis clearly showed that the use of a standard imaging and data analysis protocol is
essential, in particular for longitudinal studies of plaque microvasculature and for the future
determination of risk thresholds.
One study described in the present thesis aimed to confirm the potential positive association
between the plaque microvasculature and the presence of IPH, which has been suggested in
previous research. However, the results of this chapter showed a decreased microvascular
flow, density, or leakiness of the vessel wall in patients with IPH. Therefore, not only plaque
microvasculature contributes to the development of IPH in carotid atherosclerosis. Based
on our results, it is likely that additional factors, such as a disrupted plaque surface, also play
an important role and should be investigated in future studies to fully understand the pathophysiology. Another important insight of the present thesis is that patients with a recent
ischemic stroke showed an increased microvascular flow, density, or leakiness of the adventitia
compared to patients with a recent transient ischemic attack (TIA) or ocular TIA (also known
as amaurosis fugax). This association was independent of clinical risk factors. The potential association between plaque microvasculature and the type of recent cerebrovascular event has
to be further confirmed in a prospective longitudinal study, however this finding may provide
additional information on the value of DCE-MRI in the risk stratification of patients.
Finally, the present thesis demonstrated the ability of DCE-MRI as an evaluation tool for
potential therapies in the treatment of atherosclerosis. The results showed that heart-rate
reducing therapy was associated with a reduction in vulnerable plaque features. Therefore, the
results of the present thesis added to current insights that plaque biomechanics and deformation may play an important role in the development of vulnerable plaque features. Therefore,
heart rate reduction may be a potential target for plaque stabilization. To investigate the potential relationship between the plaque microvasculature and plaque biomechanics, including
the underlying mechanisms, longitudinal studies incorporating both measurements should be
performed in the future.
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Dankwoord

Een promotie wordt vaak gezien als een individuele prestatie, net zoals wielrennen door veel
mensen als een individuele sport gezien wordt. Beiden zijn echter niet correct! Een promotie,
en mijn promotie is daar geen uitzondering op, is te vergelijken met het rijden van een grote
meerdaagse (wieler)koers als kopman. Het behalen van de overwinning in deze wielerkoers,
de promotieplechtigheid, zou niet mogelijk zijn geweest zonder de (directe of indirecte) medewerking en/of steun van vele betrokkenen.
Als eerste is daar ploegleiding in de vorm van de sportief directeur en ploegleiders. Zij hebben
een belangrijke bijdrage in het opstellen van het tactische plan om de eindzege te behalen. Als
eerste wordt gekeken wat de beste voorbereiding is. Welke wedstrijden worden gereden?
Wel of geen trainingsstage op hoogte? Alles om ervoor te zorgen dat de kopman uiteindelijk zo optimaal mogelijk aan de start kan verschijnen. Dan is daarnaast de ploeg van collega
renners die zullen deelnemen aan de wielerkoers. Welke andere renners zijn er beschikbaar
om de kopman te ondersteunen tijdens de koers? Wat zijn hun kwaliteiten en hoe kunnen
zij hiermee de kopman van dienst zijn? In de voorbereiding kan ook al uitgebreid aandacht
besteed worden aan verkenning van het parcours. Wat is het parcours? Welke cols moeten er
beklommen worden? Wat zijn de scherprechters in het parcours? Dit zijn allemaal belangrijke
aspecten in de voorbereiding waar de ploegleiding een aandeel in heeft.Maar ook als de koers
eenmaal begonnen is, is er een belangrijke rol weggelegd voor de ploegleiding. Als eerste
kunnen zij tijdens de etappe, vanuit de ploegleiderswagen, achter het peloton, het overzicht
op de gehele wedstrijd bewaren en via de communicatie de renners alle benodigde informatie
geven over de kopgroep en hun voorsprong op het peloton. Tegelijktertijd kunnen de renners
via de oortjes communiceren met de ploegleiding en deze op de hoogte brengen van onder
meer mechanische problemen zodat de ploegleiding hier snel op kan reageren. Ten tweede
heeft de ploegleiding tijdens een meerdaagse etappekoers een belangrijke rol bij de evaluatie
na iedere etappe. Wat is er gebeurd in de afgelopen etappe? Welke zaken gingen er goed of
kunnen de volgende keer juist anders? Wat is op het moment de tussenstand in het algemeen
klassement? Is deze tussenstand nog volgens de verwachting? Welke etappes staan er voor
de volgende dag(en) gepland? Zijn er veranderingen waardoor het opgestelde plan aangepast
moet worden? Welke mogelijkheden zijn er nog om de eindoverwinning te behalen? Allemaal
vragen die tijdens de (tussentijdse) evaluaties tussen de kopman en de ploegleiding aan de
orde (kunnen) komen. Tijdens dit proces kan het weleens voorkomen dat er onderling strubbelingen zijn. De kopman wil tijdens de voorbereiding van een grote ronde deelnemen aan een
wielerklassieker of (kleinere) wedstrijd die door zijn “achtertuin” gaat, terwijl de ploegleiding
een hoogtestage wil inplannen in deze periode. Of er zijn, tot ongenoegen van de ploegleiding,
geen renners mee zijn in de ontsnapping. Maar daarnaast zijn er ook veel positieve momenten
zoals wanneer de kopman boven zichzelf uitstijgt in de afsluitende tijdrit en zo de overwinning
in het algemeen klassement binnenhaalt.
Om succesvol te zijn in de koers te zijn is niet alleen de ploegleiding van belang, maar ook
de ploeggenoten zijn onmisbaar tijdens de koers. Ieder van de ploeggenoten heeft zijn specifieke kwaliteiten welke in verschillende situaties optimaal tot hun recht komen. Omdat er
een maximum aantal ploeggenoten aan een wedstrijd kunnen deelnemen moet er voor voor
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iedere wedstrijd een selectie van ploeggenotem gemaakt worden. Zoals gezegd is deze selectie toegespitst op de wedstrijd en de individuele kwaliteiten van de renners. Dit betekent
ook dat een aantal renners maar aan een beperkt aantal wedstrijden zullen deelnemen terwijl
er ook een select gezelschap van ploeggenoten is dat tijdens bijna alle koersen aan de zijde
van de kopman staan. Deze ploeggenoten (ook wel meesterknechten genoemd) hebben dan
ook een belangrijk aandeel in de eindoverwinning. Zonder hun uitzonderlijke inspanningen en
steun op cruciale momenten tijdens de verschillende wedstrijd zou een succesvol resultaat
vrijwel ondenkbaar zijn.
Achter de schermen is een wielerploeg nog veel meer dan alleen de ploegleiding en wielrenners. Zonder ondersteunend personeel kan zelfs de beste ploeg niet optimaal presteren. Als
eerste zijn daar de soigneurs en mechaniciens. Na afloop van de etappe of wedstrijd worden
de coureurs door de soigneurs onder handen genomen zodat zij optimaal kunnen uitrusten
en hersteld aan de start van de volgende etappe staan. Tegelijkertijd zorgen de mechaniciens
ervoor dat de fiets voor de volgende etappe weer tip top in orde is. Terwijl de werkzaamheden van de mechaniciens en soigneurs direct aan het wielrennen gerelateerd is, is er nog meer
ondersteunend personeel dat belangrijk is voor het reilen en zeilen van een wielerploeg. Ondersteunend personeel zoals administratieve medewerkers die ervoor zorgen dat alles goed
georganiseerd is. Door hen worden allerlei hand- en spandiensten rondom de ploeg geregeld,
zoals het regelen van een taxi om de renner bij het vliegveld op te halen tot het verzorgen van
een persconferentie.
Het is natuurlijk wel belangrijk dat een overwinning op een eerlijke manier behaald wordt.
Gelukkig zijn er verschillende overkoepelende organisaties die, als externe partij, op handhaving van de regels toezien. Dit gebeurt zowel voor, tijdens, als na de wedstrijd. Voor de wedstrijd, tijdens de voorbereiding, voeren dopingcontroleurs (onverwachte) out-of-competition
testen uit. Tijdens de koers is er de wedstrijdjury die op een eerlijke wedstrijd toezien. Zo
zullen zij bijvoorbeeld ingrijpen wanneer een wielrenner na een lekke band door (te veel) hulp
van de ploegwagen terug kan keren. En na afloop van de wedstrijd is er natuurlijk de anti-doping controle als laatste controle dat alles volgens de regelementen is verlopen.
Naast een goede professionele begeleiding is een stabiele, privé omgeving van groot belang.
Het begrip en de steun van familie en vrienden is even belangrijk en moet niet worden onderschat. Regelmatig moeten er immers concessies worden gedaan. Dit kan varieren van kleine, relatief onschuldige dingen (bijvoorbeeld het afwijzen van een alcoholische versnapering
op een feestje) tot grote opofferingen zoals het, zonder familie en vrienden, verhuizen naar
Spanje of Italië voor een betere trainingsklimaat. Tegelijkertijd biedt het wielrennen ook veel
gezellige momenten en unieke mogelijkheden. Het bezoeken van de mooiste plaatsen van de
wereld om je werk uit te voeren, van de Tour Down Under tot de Tour of California of de
Grand Prix Cycliste de Quebec et Montreal, iets waar veel mensen alleen maar van kunnen
dromen.
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Via deze weg wil ik graag al mijn sportief directeurs, ploegleiders, ploeggenoten, soigneuers,
mechaniciens, ondersteuners, trainingspartners, vrienden en familie bedanken voor hun vertrouwen, geduld en steun tijdens de wielerkoers die mijn promotie is geweest. Zonder dit
vertrouwen, geduld en steun had ik deze etappekoers met meerdere koninginnenritten niet
kunnen volbrengen. Jullie hebben ervoor gezorgd dat ik deze Cinglé heb kunnen volbrengen.
Jeire, ik ben er helemaal trots op dat we er samen een ‘bicinglette’ van hebben gemaakt.
Als laatste wil ik graag afsluiten met een uitspraak van de grootste wielrenner aller tijden, ‘De
Kannibaal’ Eddy Merckx: “Ride as much or as little, or as long or as short as you feel. But ride.”
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