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Stroke and atherosclerosis

Stroke is an umbrella term that covers all diseases related to the sudden death 
of brain cells due to ischemia caused by diminished or blocked blood flow or by 
rupture of a brain artery. Ischemic stroke is one of the major subtypes as in 80% 
of the cases, stroke is caused by a clot in a supplying artery to the brain, resulting 
in oxygen starvation, loss of function and brain damage. In 2013, a striking 3.3 
million individuals died of ischemic stroke worldwide. Stroke comes second in the 
global causes of death and is a leading cause of long-term disability worldwide.1  
Carotid artery disease is at the origin of 20-30% of ischemic strokes.2 Formation of 
atherosclerotic plaques in the carotid artery will lead to thickening of the vessel wall and, 
consequently, luminal narrowing.3 

Current clinical guidelines for treatment

The current treatment of patients with carotid artery stenosis depends mainly on 
the degree of luminal narrowing by a carotid artery plaque and symptomatology.4 
Large randomized clinical trials have shown that carotid endarterectomy (CEA) is 
highly beneficial for symptomatic patients with a carotid stenosis between 70% and 
99%.4 However, in a subgroup of symptomatic patients with a moderate stenosis (50-
69%), the benefit of CEA is less clear.4 The North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) showed that the number needed to treat (NNT) for 
patients with a 70-99% stenosis was 6 patients 5 while for patients with a stenosis of 
> 50% the NNT was 9 for men and 36 for women.6 Due to the high NNT for patients 
with a mild to moderate carotid stenosis, methods other than degree of stenosis are 
needed to identify the patients with an increased risk for future stroke in this population. 

Vulnerable atherosclerotic plaque

Extracranial carotid atherosclerosis accounts for 15 to 20% of ischemic strokes (2). The 
development of atherosclerosis can be initiated by the entry of low density lipoprotein 
(LDL) and oxidized LDL in the intimal layer of the vessel wall.7-9 The LDL trapped in the intima 
is oxidized by enzymes or heme, bound to iron.10, 11 Endothelial cells become activated by 
the oxidized LDL particles and stimulate the entry of monocytes. The monocytes mature 
into macrophages that will take up these lipids and thereby become foam cells.11, 12 When 
foam cells undergo apoptosis, their content, cholesterol, is released into the extracellular 
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space. Released cholesterol attracts even more macrophages, initiating a vicious circle, 
finally resulting in the formation of a lipid-rich necrotic core.8

A layer of connective tissue overlying the lipid-rich necrotic core separates the 
thrombogenic material in the lipid-rich necrotic core from the blood in the lumen and is 
referred to as a fibrous cap. Thick, collagen-rich fibrous caps are more likely to withstand 
traumatic mechanical forces, whereas thin fibrous caps are more prone to rupture.  
Early recognition of plaques with an increased risk of rupture has become one of the main 
strategies over the last few decades to improve risk stratification. A large lipid-rich necrotic 
core is, along with a thin fibrous cap, an important feature characterizing a vulnerable 
plaque.8, 13-15 The term ‘vulnerable plaque’ describes plaques that are prone to rupture.16 
Rupture of the fibrous cap causes blood to come into direct contact with the thrombotic 
content of the lipid-rich necrotic core (LRNC). This can lead to a thrombogenic cascade of 
thrombosis, subsequent embolization and acute ischemic syndromes.17

Intraplaque hemorrhage

A key characteristic of a vulnerable plaque is the presence of intraplaque hemorrhage 
(IPH).18 IPH has been shown to be an crucial factor in the growth and destabilization of the 
atherosclerotic plaque.17 Presence of IPH increases the risk of ischemic cerebrovascular 
events in both symptomatic and asymptomatic patients.18-20 It is thought that IPH initiates 
several biological processes including phagocytosis of erythrocytes and platelets, as well 
as local inflammation, leading to the release of proteolytic enzymes and deposition of 
free cholesterol.21, 22 Red blood cells contain a cell membrane enriched in unesterified 
cholesterol 21, 23, 24, which can accumulate when it is released and thereby enlarges the 
LRNC.21 This results in plaque growth, plaque destabilization and can ultimately lead to 
plaque rupture. 21

 

Plaque microvasculature and IPH

Besides the aforementioned features of carotid atherosclerotic plaques, microvasculature 
has been suggested as a marker of plaque vulnerability.25 Development and progression 
of atherosclerotic plaques is greatly influenced by inflammatory cells.26 Activated 
macrophages inside atherosclerotic plaques are known to have a high metabolic rate, 
which will induce hypoxia. This process will result in the formation of microvessels.27 
In general, these microvessels have poorly formed endothelial cell junctions and have 
therefore been suggested to contribute to the development of IPH.28, 29 The low integrity of 
the endothelium of the microvessels may also provide an entry point for inflammatory cells 
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into the plaque tissue.27 Previous studies showed only a moderate correlation between 
plaque microvasculature and inflammation in symptomatic plaques and no correlation 
in asymptomatic plaques.30, 31 These results indicate a complex interplay between leaky 
microvessels and plaque inflammation. The relationship between plaque microvasculature 
and plaque destabilisation is incompletely understood.

 
Disrupted fibrous cap and IPH

Next to leaky plaque microvessels, fissures into and or ruptures of the overlying fibrous 
cap can lead to IPH development. Histopathological evidence showed that fissures in the 
fibrous cap in CEA patients are frequently co-localised with IPH.32 In line, an in vivo study 
using computed tomography angiography (CTA) and magnetic resonance imaging (MRI) 
data demonstrated that IPH on MRI was associated with a disrupted fibrous cap on CTA 
(fissure or ulceration).33 The occurrence of fissures or fibrous cap rupture can appear when 
wall stress exceeds the tissue strength. Tissue strength is defined by plaque composition, 
while the biomechanical load (wall stress) is affected by blood pressure and plaque 
morphology. Every plaque consists of an proximal (upstream) and distal (downstream) 
region, with respect to the narrowest lumen. With every heartbeat, the arterial pressure 
wave will arrive first at the proximal region of the plaque. Due to pulse wave reflection 
at a stenotic plaque, there will be a higher biomechanical load at this side, which could 
ultimately lead to fissures in the fibrous cap and/or rupture of plaque microvessels and, 
consequently, intraplaque hemorrhage. 

Coagulation and IPH

IPH development may also be affected by a disturbance in the coagulation cascade. 
Thrombin is an essential enzyme in this pathway, converting fibrinogen into fibrin and 
also plays a role in platelet activation and aggregation.34 On-going active coagulation 
can be assessed with several blood markers. Thrombin generation tests allow for the 
measurement of the amount of thrombin being formed.35 More thrombin is associated with 
hypercoagulability, while less production is associated with a bleeding tendency.36 Both, 
experimental animal studies as well as human data have shown conflicting results. Several 
animal studies provide support for the idea that increased thrombin production in blood 
alters the plaque phenotype towards plaque vulnerability. The latter could be reversed 
by the administration of direct thrombin inhibitors, while another mice study showed a 
stabilizing effect of thrombin on atherosclerotic plaques.37-40 Loeffen et al.41 described 
decreased thrombin generation as an independent predictor for stroke in a population 
with pre-existing vascular disease or vascular risk factors. In contrast, Carcaillon et al.42 
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showed an association between an increase in thrombin generation and an increased 
stroke risk in subjects over 65 years old. 

Platelets also play an important role in the wound healing process because of their 
function in hemostasis and inflammation.43 Due to the role of platelets in atherosclerosis 
and thrombus formation, anti-platelet therapy is given as a standard treatment to patients 
with a history of transient ischemic attack (TIA) or stroke to prevent secondary myocardial 
infarction or recurrent ischemic stroke.44, 45 Although they show benefit in reduction of clot 
formation, it also has adverse effects. The anti-thrombotic effect can also reverse and 
thereby increase the risk of bleeding complications.46 This has led to the hypothesis that 
platelet aggregation inhibitors could also initiate the formation of IPH. 

 
MR imaging

Histopathological studies are limited because of the representation of a snapshot in 
time only. Also, histopathological examination of human plaques can only be performed 
in surgery specimens or in autopsy studies. Imaging of the plaque in vivo will allow to 
identify patients with an increased risk of developing a (recurrent) event. A main goal 
is to offer personalised patient risk stratification for the improvement of the different 
treatment options for carotid atherosclerosis. Technical advances in non-invasive imaging 
modalities have paved the way for studying the vulnerable plaques. Due to its superior 
soft-tissue contrast, MRI allows us to study all the key features of plaque vulnerability 
(thin or ruptured fibrous cap, large LRNC, IPH, and plaque microvasculature).47-50 The 
degradation of intraplaque hemorrhage into methemoglobin results in T1 shortening and 
correspondingly causes a high signal intensity on T1-weighted (T1w) MR images.51 Scoring 
of IPH presence on T1w inversion recovery-turbo field echo MR images, also known as 
MP-RAGE images, has been validated with histopathology.52 Us and others have shown 
that MRI can identify IPH with a high sensitivity and specificity (specificity >86%, sensitivity 
≥80%).47, 53 The presence of a LRNC can be identified as a region within the bulk of the 
plaque that does not show contrast enhancement on post-contrast T1-weighted black 
blood MR images. On these same post-contrast T1-weighted black blood MR images, the 
fibrous cap can be detected as a high signal area between the lipid-rich necrotic core 
and the lumen of the carotid artery.49 When a continuous high signal area between the 
LRNC and the lumen is observed, the fibrous cap status is “intact and thick”. When no or 
an interrupted high signal area is present, the fibrous cap status is “thin and/or ruptured”.20 
The use of dynamic contrast-enhanced MRI allows us to calculate pharmacokinetic 
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modelling parameters, such as Ktrans, which describes the amount of leakage of the 
contrast medium from the plaque microvasculature into the plaque tissue 54, 55. This volume 
transfer coefficient reflects microvessel flow, density, and permeability and has shown 
good correlation with the relative microvessel density in histological specimens 56. 

Aim of this thesis

The overall aim of this thesis is to unravel different factors that contribute to IPH and 
plaque destabilisation in stroke patients by use of multi-sequence MR imaging 
More specifically the research questions were:

1. What is the relation between plaque microvasculature and IPH?
2. Are there differences in plaque microvasculature in a symptomatic versus a 

contralateral asymptomatic plaque?
3. Does the proximal part of the plaque show more IPH?
4. Is there an association between thrombin generation or antiplatelet medication and 

the presence of IPH?

Outline of this thesis

Chapter 2 describes the relation between the presence of intraplaque hemorrhage and 
leaky plaque microvasculature. 

Chapter 3 provides a comparison of leaky plaque microvasculature in the symptomatic, 
ipsilateral carotid plaque and the opposite, asymptomatic or contralateral plaque. 

A comparison in volume of intraplaque hemorrhage in the proximal region versus the 
downstream region of a carotid atherosclerotic plaque has been made in chapter 4.

In chapter 5, a potential effect of antiplatelet therapy on development of intraplaque 
hemorrhage is explored.

We have studied the association between the presence of intraplaque hemorrhage and 
thrombin generation (an essential enzyme in the coagulation cascade) in chapter 6. We 
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hypothesize that increased thrombin generation affects the human plaque phenotype 
towards reduced plaque vulnerability.

In chapter 7 the results of this thesis are discussed and directions for future research are 
given.
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Abstract

Background

The presence of intraplaque hemorrhage (IPH) has been related to plaque rupture, is 
associated with plaque progression, and predicts cerebrovascular events. However, the 
mechanisms leading to IPH are not fully understood. The dominant view is that IPH is 
caused by leakage of erythrocytes from immature microvessels. The aim of the present 
study was to investigate whether there is an association between atherosclerotic plaque 
microvasculature and presence of IPH in a relatively large prospective cohort study of 
patients with symptomatic carotid plaque.

Methods

One hundred and thirty-two symptomatic patients with ≥2mm carotid plaque underwent 
cardiovascular magnetic resonance (CMR) of the symptomatic carotid plaque for 
detection of IPH and dynamic contrast-enhanced (DCE)-CMR for assessment of plaque 
microvasculature. Ktrans, an indicator of microvascular flow, density and leakiness, was 
estimated using pharmacokinetic modelling in the vessel wall and adventitia. Statistical 
analysis was performed using an independent samples T-test and binary logistic regression, 
correcting for clinical risk factors.

Results

A decreased vessel wall Ktrans was found for IPH positive patients (0.051 ± 0.011 min− 1 versus 
0.058 ± 0.017 min− 1, p = 0.001). No significant difference in adventitial Ktrans was found in 
patients with and without IPH (0.057 ± 0.012 min− 1 and 0.057 ± 0.018 min− 1, respectively). 
Histological analysis in a subgroup of patients that underwent carotid endarterectomy 
demonstrated no significant difference in relative microvessel density between plaques 
without IPH (n = 8) and plaques with IPH (n = 15) (0.000333 ± 0.0000707 vs. and 0.000289 
± 0.0000439, p = 0.585).

Conclusions

A reduced vessel wall Ktrans is found in the presence of IPH. Thus, we did not find a 
positive association between plaque microvasculature and IPH several weeks after a 
cerebrovascular event. Not only leaky plaque microvessels, but additional factors may 
contribute to IPH development.

Trial registration

NCT01208025. Registration date September 23, 2010. Retrospectively registered (first 
inclusion September 21, 2010).
NCT01709045, date of registration October 17, 2012. Retrospectively registered (first 
inclusion August 23, 2011). 
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Background

Rupture of a vulnerable atherosclerotic plaque is very likely to be an important cause of 
clinical ischemic events such as stroke or myocardial infarction.1-3 The presence of intraplaque 
hemorrhage (IPH) has been identified as a key pathological factor that is associated with 
plaque rupture, plaque progression, and predicts cerebrovascular events.4-9  The predictive 
value of carotid intraplaque hemorrhage on MRI for cerebrovascular events was confirmed 
in several meta-analyses5-7 , showing a hazard ratio of 5.7 (95% confidence interval of 3.0 to 
10.9).5  However, the pathophysiological origin of IPH is poorly understood. The dominant 
view is that IPH originates from erythrocytes that extravasate from plaque microvessels 
into the plaque.10, 11 These microvessels, mainly originating from the adventitia, have poorly 
formed endothelial cell junctions, making them prone to leakage of erythrocytes and 
inflammatory cells into the plaque.10  Neovessel sprouting from the lumen into the plaque 
tissue has also been identified and could play a contributing role to IPH.12, 13  Alternatively, 
it has been suggested by us and others that plaque rupture/fissure is important in the 
development of IPH.2, 14, 15 Indeed, recently we found that IPH occurs often in the proximity 
of fissures in the fibrous cap.16 

MRI has been established as the preferred imaging method for non-invasive in vivo 
detection of IPH.17-19 In addition, dynamic contrast-enhanced (DCE)-MRI has emerged 
as a non-invasive method to assess carotid plaque microvasculature. Quantitative 
pharmacokinetic DCE-MRI parameters, in particular Ktrans (a reflection of the microvessel 
flow, density, and permeability), correlate well with the extent of plaque microvasculature 
on histology as demonstrated by ourselves and others.20-23 In addition, it has been 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).23 Since MRI allows non-invasive 
assessment of IPH and plaque microvasculature, it is uniquely suited to investigate the 
relation between microvessels and IPH in patients. DCE-MRI has also the advantage that 
Ktrans is not only dependent on microvessel density, but also on plaque microvasculature 
flow and leakiness. Moreover, MRI allows to study patients with a mild to moderate stenosis, 
who rarely undergo carotid endarterectomy so that these plaques are usually not available 
for histopathological studies. A recent MRI study 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.24  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.
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The aim of the present study was to investigate whether there is an association between 
the atherosclerotic plaque microvasculature and presence of IPH in a relatively large 
prospective cohort study in symptomatic patients with carotid plaque.

Materials 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 with a thickness of at least 2-3 
mm were considered for inclusion in a prospective, observational imaging study. Degree 
of stenosis was determined with clinically obtained Doppler US on the ipsilateral side. 
Patient demographics and clinical risk factors were collected during follow-up. 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 
protocol25 was used to study plaque composition, 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 quadruple 
inversion recovery QIR) TSE. The MRI protocol is listed in Table 1. In short, 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 T1w-TFE MRI pulse sequence 
was acquired centred 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 with a 
slice thickness of 2 mm.26 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 a 

24

2



small molecular contrast medium (GBCM), Gadobutrol (Gadovist, Bayer HealthCare, Berlin, 
Germany), was injected with a power injector (Spectris Solaris, Medrad, Warrendale, PA, 
USA) at 0.5 ml/sec followed by a 20 ml saline flush at the same rate. DCE-MRI acquisition 
was continued for six minutes after contrast injection. Positioning of the center of the DCE-
MRI slices at the position with the highest plaque burden was done by visual assessment 
by a trained researcher. Table 1 gives an overview of the used MRI sequences in this study. 

Table 1 Carotid MRI scan parameters

Pulse sequence 3D TOF 2D T1w 
IR-TFE

T2w TSE T1w DIR FSE T1w QIR TSE 3D T1w IR TFE 
(for DCE-MRI)

Acquisition plane Trans-versal Trans-versal Trans-versal Trans-versal Trans-versal Trans-versal

TR (ms) 20 9.1 4800 1 RR 800

TE (ms) 5 5.5 49 5.2 10 5.7

TI (ms) - 304 - Auto 282

Flip angle (°) 20 15 - - - 35

Number of slices 15 15 15 15 15 5

Slice thickness 
(mm)

2 2 2 2 2 2

FOV (mm) 160x160 160x128 160x160 160x160 130x130

Reconstruction 
matrix

528x528 528x528 528x528 256x256 528x528 512x512

ECG triggered No No No No No Yes, 
end-diastolic

Fat suppression Yes Yes Yes Yes Yes

TOF, time of flight; IR TFE, inversion recovery turbo field echo; TSE, turbo spin echo; QIR TSE, quadruple 
inversion recovery turbo spin echo; TR, repetition time; TE, echo time; TI, inversion time; FOV, field of view; ECG, 
electrocardiogram

MR Image Review

Contours of the plaque and plaque components were drawn on the ipsilateral side by a 
single experienced observer as described previously, using dedicated vessel wall analysis 
software (VesselMass, Leiden, the Netherlands).26 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 and outer vessel wall contours are annotated 
on the pre-contrast QIR T1w TSE images. In case of artefacts in the pre-contrast images, 
the post-contrast QIR T1w TSE, T1w TFE or T2w TSE are used, subsequently. 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 on the T1w QIR sequence. IPH was 
scored present by trained readers if a hyperintense signal (compared with the adjacent 
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sternocleidomastoid muscle) was observed on the T1w TFE or TOF images in the bulk of 
the plaque, as previously described.27-29 Figure 1 illustrates a plaque with IPH (Fig. 1a) as 
well as a plaque without IPH (Fig. 1b). The lipid-rich necrotic core is also delineated on the 
MR images (by comparison of pre- and post-contrast T1W QIR images; in case of absence 
of post-contrast images, the T2w TSE images were used), using previously published 
criteria.30-32 On the post-contrast T1w TSE image, the fibrous cap (FC) can be identified 
as a high signal area between the lipid-rich necrotic core and the lumen of the carotid 
artery.2 The FC was dichotomized according to previously published categorization.12 
When a continuous high signal area between IPH and the lumen was identified, FC status 
was classified as being ‘thick and intact’. When no or an interrupted high signal area was 
identified, FC status was classified as begin ‘thin and/or ruptured’. 

Figure 1A Transversal magnetic resonance (MR) images of a patient with carotid plaque in the right 

carotid artery with intraplaque hemorrhage (IPH). The following MR sequences were acquired: (A) pre-

contrast T1-weighted (T1W) quadruple inversion recovery (QIR) turbo spin echo (TSE), (B) post-contrast 

T1W QIR TSE, (C) time of flight (TOF), (D) T2W TSE and (E) T1W inversion recovery (IR) turbo field echo 

(TFE). Three regional saturation slabs were positioned on T1W QIR TSE and T2W TSE sequences; 

one on the throat to reduce swallowing artefacts and another two on the subcutaneous fat, with an 

angle of approximately 45 degrees with respect to the regional saturation slab that is positioned on 

the throat (both left and right) to reduce ghosting. A lipid-rich necrotic core was identified as a region 

within the bulk of the plaque that does not show contrast enhancement (* on B) on the post-contrast 

T1W QIR images. On the T1W IR TFE image, a hyper-intense signal in the bulk of the plaque can be 

clearly observed, indicating the presence of IPH (* on panel E). Panel F shows the plaque contours 

on the post-contrast T1W QIR TSE images (green = outer vessel wall, red = inner vessel wall, yellow = 

lipid-rich necrotic core, blue = IPH, orange/brown = calcifications).
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Figure 1B Transversal MR image of a carotid plaque in the right carotid artery without IPH but with a 

small lipid-rich necrotic core. All panels consist of the same sequences as in Figure 1a.

 

DCE-MR Image Review

Luminal and outer vessel wall contours were transferred to the DCE-MR images and for 
each time frame adjustment of these contours was deemed necessary when small patient 
displacements had occurred during the dynamic acquisition. To avoid partial volume 
effects, luminal contours were corrected by keeping sufficient distance from the vessel 
lumen, as described in previous studies.33 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, 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).24

Carotid endarterectomy and histological preparation

Indication for carotid endarterectomy (CEA) was based on the 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.23 In short, after CEA the carotid plaques were immediately fixed 
in 10% buffered formalin, transversely cut in 3-mm slices, decalcified, embedded in 
paraffin, and cut in 4-mm (transverse) slices. Plaque microvasculature was detected with 
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immunohistochemistry using primary antibodies against CD31 (clone JC70A, Dako North 
America, Carpinteria, CA) for identification of endothelial cells. Plaque microvasculature 
was quantified on high spatial resolution digital images by using morphometric analysis 
software (QWin V3, Leica, Cambridge, UK). 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. Figure 
2 illustrates the Hematoxylin and Eosin (HE) staining (demonstrating IPH)as well as the 
corresponding CD 31 staining (demonstrating microvessels) for a patient without IPH (Figure 
2A) as well as a patient with IPH present (Figure 2B). Fibrous cap integrity was defined as 
a disruption of the endothelial layer and evidence of luminal thrombus formation at that 
location, and was scored by 2 independent readers (vascular biologists) with more than 15 
years of experience in carotid plaque scoring. The outcome of fibrous cap integrity (intact 
or disrupted) was reported on the plaque level. 

Figure 2A Hematoxylin and eosin (HE) staining (demonstrating the absence of IPH) and the 

corresponding CD 31 staining (black arrows show presence of microvessels) from a histological 

specimen obtained during carotid endarterectomy. 
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Figure 2B Hematoxylin and eosin (HE) staining (demonstrating IPH) and the corresponding CD 

31 staining (no presence of microvessels) from a histological specimen obtained during carotid 

endarterectomy, the black arrow points towards the area were intraplaque hemorrhage is present.

Data Analysis

Pharmacokinetic Modelling

Pharmacokinetic parameters were estimated using the Patlak model34 on a voxel-wise 
basis as previously described23 with a phase-based population averaged vascular input 
function determined in the carotid artery.26 Shortly, gadolinium-based contrast medium 
(GBCM) 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 tissue35 and the r1 and r2 relaxation rates of contrast medium (CM) 36 

similar as in previous studies.23, 24, 37, 38 

Statistical Analysis

For descriptive purposes, nominal and categorical variables are presented as absolute 
numbers and percentages and continuous variables as mean with standard deviation (if 
normally distributed) or as median with range (if not normally distributed). Differences in 
proportions between IPH positive and IPH negative patients were tested for significance 
using the Chi square test. For testing differences in continuous variables, such as vessel 
wall Ktrans and adventitial Ktrans, the t-test for independent samples was used. 

Multivariable linear regression analyses with vessel wall Ktrans or adventitial Ktrans as 
dependent variable were performed to adjust for differences in baseline characteristics 
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between IPH positive and IPH negative patients. IPH (yes vs. no) and clinical risk factors 
with a statistically significant association with IPH were entered as independent variables. 
The regression coefficient corresponding with IPH group represents the adjusted mean 
difference Ktrans values between IPH positive and IPH negative patients. 

P-values <0.05 were considered to indicate statistical significance. SPSS (version 23) was 
used for the statistical analyses. 

Results

Patient Characteristics

Within the present study, a total of 181 patients were enrolled. Fifteen patients did not 
receive an MRI scan (claustrophobia: n=5, patient does not want MRI: n=3, obesity: n=2, 
ferromagnetic or other electronic implants: n=2, technical MRI problems: n=1, patient 
retrieved informed consent: n=1, exclusion because this patient had no carotid plaque n=1). 
In twenty five patients an DCE-MRI could not be performed due to ECG arrhythmias. Prior 
to analysis, nine additional patients were excluded due to insufficient MR image quality. 
Hence, we could analyse the MRI data of 132 patients (92 male, age: 69.5 ± 8.6 years). 
Clinical characteristics of these patients are presented in Table 2. The MRI examinations 
were performed at a median of 28 days with a range of 2-215 days after the ischemic 
event. IPH was detected in 54 (41%) patients. Histological specimens were collected from 
23 patients who underwent CEA. Relative microvessel density could be calculated for all 
23 patients, however fibrous cap integrity assessment was only possible in 16/23 patients 
due to fragmentation of the histological slides due to calcifications. 

Table 2 Patient characteristics

Subjects [n] (%) Total  
N = 132 (100) 

IPH present 
N = 54 (40.6) 

IPH absent 
N = 79 (59.4) 

p-value 

Age [y] 69.5 ± 8.6 69.4 ± 8.8 69.6 ± 8.5 0.918 

Male sex [n] (%) 69.2% 45 (83.3) 47 (59.5) 0.004 

Body mass index [kg/m2] 26.7 ± 3.8 26.3 ± 3.0 27.0 ± 4.3 0.296 

Currently smoking* [n] (%) 21.1% 8 (14.8) 20 (25.6) 0.015 

Diabetes mellitus [n] (%) 18.0% 10 (18.5) 14 (17.7) 1.000 

Hypertension [n] (%) 65.4% 43 (79.6) 44 (55.7) 0.005 

Hypercholesterolemiaa 
[n] (%) 

51.9% 32 (60.4) 37 (47.4) 0.158 
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Subjects [n] (%) Total  
N = 132 (100) 

IPH present 
N = 54 (40.6) 

IPH absent 
N = 79 (59.4) 

p-value 

Normalized wall index 0.32 ± 0.23 0.43 ± 0.18 0.24 ± 0.23 < 0.001 

Statin use before most 
recent cerebrovascular 
event* [n] (%) 

58.6% 35 (66) 43 (54.4) 0.209 

Time between event and 
MRI [days] (range) 

28 (2–215) 22.5 (2–215) 34 (3–122) 0.676 

Degree of stenosis 

 mild (0–29%) 0.8% 0 1 (1.3) 0.056 

 moderate (30–69%) 66.2% 30 (55.6) 58 (73.4) 

 severe (> 70%) 31.6% 22 (40.7) 20 (25.3) 

 occlusion 1.5% 2 (3.7) 0 

Vessel wall K trans (/min) 0.055 ± 0.015 0.051 ± 0.011 0.058 ± 0.017 0.001 

Adventitia K trans (/min) 0.057 ± 0.018 0.057 ± 0.017 0.057 ± 0.018 0.980

*Data known for 131 out of 132 patients. a Data known for 130 out of 132 patients. Data are presented as mean ± 
standard deviation or n (%).

The association between IPH and plaque microvasculature

Representative DCE-MR images are presented in Figure 3. 

Figure 3 Pre-contrast T1 weighted (T1w) quadruple inversion recovery (QIR) turbo spin echo (TSE) 

image (A) from a patient with intraplaque hemorrhage (IPH). Note that a Regional Saturation Technique 

(REST) slab is visible on the right side, which was placed over the subcutaneous fat tissue to prevent 

ghosting artefacts. Three-dimensional T1w inversion recovery turbo field echo (IR TFE) image (B) from 

Table 2 continued.
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the same patient with IPH. A hyperintense signal is visible within the bulk of the plaque compared with 

the adjacent sternocleidomastoid muscle (*), indicating the presence of IPH. Parametric Ktrans map of 

the plaque is overlaid on IR TFE image shown in B (C). In this parametric map voxelwise determined 

Ktrans values are colour encoded from 0 to 0.25 min-1. Within this plaque, the IPH exhibits low Ktrans 

values, shown in dark red, while higher Ktrans values (brighter red) are observed in the outer vessel 

wall (adventitial layer). Pre-contrast T1w QIR TSE image from a patient without IPH (D). 3D T1w IR TFE 

image (E) from the same patient without IPH. Parametric Ktrans map is overlaid on IR TFE image shown 

in B (F). In this parametric map voxelwise determined Ktrans values are colour encoded from 0 to 0.25 

min-1. Within this plaque, higher Ktrans values are observed, shown in bright red/yellow/white.

Decreased mean Ktrans of the entire vessel wall was found for patients with IPH 
(0.051±0.011min-1) compared to patients without IPH (0.058±0.017min-1, p=0.001) (Figure 4, 
Table 2). No difference was found for mean adventitial Ktrans in plaques with and without IPH 
(0.057±0.017 min-1 and 0.057±0.018 min-1, respectively). Table 2 shows the differences in 
relevant baseline characteristics between IPH positive and IPH negative patients. Males, 
current smokers, hypertensive patients, and a higher NWI showed an positive association 
with IPH. Adjustment for differences in sex, current smoking, hypertension and NWI using 
multivariable linear regression analysis resulted in an adjusted mean difference for vessel 
wall mean Ktrans of -0.008 (95% CI: -0.13-0.002, p=0.007) and an adjusted mean difference 
for adventitial mean Ktrans of 0 (95% CI: -0.007-0.007, p=0.925), (Table 3). 

Out of the 132 included patients, 59 had a thin or ruptured fibrous cap (TRFC) on MRI 
(44.7%). In the plaques with IPH, in 47 (90.4%) cases a TRFC was identified, while in the 
plaques without IPH only 12 (15.2%) plaques had a TRFC (p=0.001).

Histological analysis demonstrated a relative microvessel density of 0.000333 ± 0.0000707 
in the group of patients without IPH (n=8), and 0.000289 ± 0.0000439 (n=15) in the IPH 
positive group. This difference was not significant (p=0.585). Patients who had an intact 
endothelial layer overlying the fibrous cap on histology (n=9) showed higher mean Ktrans 
values (vessel wall Ktrans: 0.054/min ± 0.003 versus 0.048/min ± 0.004; p = 0.243) adventitial 
Ktrans (0.063/min ± 0.003 versus 0.050/min ± 0.003, p = 0.018) compared to patients with 
a disrupted endothelial layer overlying the FC. There was no significant difference in 
microvessel density between patients with or without an intact fibrous cap on histological 
specimens (0.00025 ± 0.00005 versus 0.00030 ± 0.00005, p = 0.522) (n=16). There was 
no significant association between presence of IPH on MR images and fibrous cap integrity 
assessed on the histopathological specimens (Spearman 0.2, p = 0.463, n=16). 
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Figure 4 Vessel wall and adventitial Ktrans versus IPH status. Vessel wall and adventitial Ktrans (mean ± 

standard error) for patients with (IPH+) and without intraplaque hemorrhage (IPH-).

Table 3 Results of the univariate and multivariate regression analysis

Univariate Multivariate

Beta coefficient p-value Beta coefficient p-value

IP
H

 
pr

es
en

ce Mean vessel wall Ktrans -42.14 0.01 -33.21 0.05

Mean adventitial Ktrans -0.26 0.98 -3.08 0.79

Discussion

The present prospective imaging study in symptomatic patients demonstrated a negative 
association between vessel wall Ktrans, a measure of microvascular density, flow and/or 
permeability, and the presence of IPH in carotid atherosclerotic plaques. There was no 
association between adventitial Ktrans and the presence of IPH. We could not confirm a 
positive association between (leaky) adventitial microvasculature (Ktrans) and IPH.

Previously, several histopathological studies reported a link between IPH and increased 
microvessel density.39, 40 However, 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.39 reported a 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. Their study also demonstrated that 50% of the carotid 
plaques with IPH had a low microvascular density, showing that IPH also occurs frequently 
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in plaques with low microvascular density. McCarthy et al.40 observed 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.41 

studied microvasculature in 15 hearts, obtained from autopsy and found a positive (Kendall-
Tau beta rank) correlation between microvessel density in the coronary vessel wall and 
glycophorin A score (histological staining for erythrocyte fragments) of 0.65 (p<0.01). It 
should be noted 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 recent histopathological study described a non-
lipid driven process in which alternative (M2) macrophages promote plaque progression. 
They demonstrated significantly increased microvessels per unit in areas containing high 
CD163, a marker of M(Hb) macrophages, suggesting a relation with plaque angiogenesis.42 

Another reason why our results differ from histopathological studies might lay in the 
difference of how microvasculature was measured. The DCE-MRI parameter Ktrans does not 
only reflect the microvascular density, but also microvascular flow and leakiness, while in 
histopathological studies the microvascular density is measured.

Scoring of IPH presence on MR images has been proven to be an accurate method to 
identify IPH presence and has been validated with histopathology.17-19, 28 Reproducibility of 
the pharmacokinetic variables has been validated in animals, using different contrast media 
and in patients, showing correlation between Ktrans and microvessel density on histological 
slices.23, 43-45 Sun et al found an increased adventitial Ktrans when IPH was present in a study 
of 27 symptomatic patients with carotid plaque, while we found no difference in adventitial 
Ktrans between plaques with and without IPH in our study of 132 patients.24 Our analysis 
differed from this previous study because 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, confirmed the lack 
of a significant difference in adventitial Ktrans plaques with and without IPH. We also looked 
at Ktrans of the entire vessel, since IPH is located in the bulk of the plaque. We found lower 
mean 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 and thus a 
decreased microvessel density in plaques with IPH. Indeed, a significant negative Pearson’s 
correlation coefficient (ρ=-0.20, p=0.021) was found for mean vessel wall Ktrans with the lipid-
rich necrotic core (LRNC) volume. These results indicate a decrease of the atherosclerotic 
plaque microvasculature in plaques with a larger LRNC. In the aforementioned study of Sun 
et al, the time interval between carotid MRI and the most recent event was 16.3±18.7 days 
whereas in the present study this time interval was 34.8±23.3days. A sub analysis within 
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our study of patients in the group with a time interval below the median (≤28 days, mean 
17.4±7.4 days) showed also no significant difference in adventitial Ktrans between IPH positive 
and IPH negative plaques. 

The prevailing hypothesis is that IPH originates from leakage of erythrocytes out of 
immature microvessels into the atherosclerotic plaque tissue.10 The present study could 
not confirm increased microvasculature in plaques with IPH of recently symptomatic 
patients. In fact, we observed the opposite effect, possibly related to a larger amount of 
necrotic tissue in plaques with IPH. Additional processes may thus 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.46 A histopathological study14 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 hemorrhage 
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.47 In the 
present study, we also found that; patients with a disrupted fibrous cap on histological 
specimens demonstrated a higher relative microvessel density compared to those with an 
intact fibrous cap. These findings support that disruptions of the fibrous cap may contribute 
to IPH.15 The lack of association that was found in the present study between IPH and 
fibrous cap integrity and microvascular density as assessed on the histopathological 
specimens may be due to the limited sample size, since only a limited number of patients 
was scheduled for carotid endarterectomy. Furthermore, the technique used in our study 
(DCE-MRI) not only looks at microvessel density, like histopathological analysis, but also 
takes into account flow and leakiness of the microvessels. 

Another important factor in the formation of IPH might be plaque biomechanics. This is 
supported by several findings in literature. Firstly, a recent study in 80 asymptomatic subjects 
with a 16-79% carotid stenosis showed low diastolic blood pressure to be associated with 
IPH.48 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 
in 80 human carotid specimens from both symptomatic and asymptomatic patients.49 
Secondly, in histopathological studies IPH occurs more frequently in the upstream region 
of the plaque, where the blood pressure is much higher, due to pressure wave reflection.50 

Thirdly, computational models have shown IPH to be associated with higher structural 
wall stress.51 Finally, a recent study from Lin et al showed an association between IPH 
and plaque surface calcification, 52 that has been shown to lead to a local increase in 
biomechanical stress.53
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Apart from a lower vessel wall Ktrans, presence of IPH was positively associated with NWI 
(indicative for plaque burden). This is in line with previous work, that demonstrated IPH to 
be associated with wall thickness, plaque length 48 , and plaque progression.9, 54-56

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. Several studies showed that the use of this population averaged, phase-based 
VIF is accurate and correlates with microvessel density on histological slices.23, 26, 57, 58 

Scoring of IPH presence on T1-weighted IR TFE MR images, also known as MP-RAGE images, 
has proven to be an accurate method to identify IPH presence and has been validated with 
histopathology by us and others (specificity >86%, sensitivity ≥80%).17, 59 The degradation 
of hemorrhage into methemoglobin results in T1 shortening and correspondingly causes a 
high signal intensity on T1-weighted MR images.60 Methemoglobin is particular present in 
fresh and recent intraplaque hemorrhage. Therefore, we cannot exclude that lesions have 
been classified as IPH negative despite having old IPH. However, previous work from our 
group has shown that in a similar patient population (stroke patients with ipsilateral <70% 
carotid stenosis) the hyperintense signal on IR TFE images is very persistent in time.61 Out 
of 92 included patients, a hyperintense signal in the bulk of the plaque on T1w IR TFE MR 
images was detected in 20 patients at baseline. One year later, the hyperintense signal 
was still present in 16 of these 20 patients.

Development of the plaque microvasculature is a dynamic process, which is thought to 
be related to inflammation in the plaque tissue.37, 62, 63 Increased activity of macrophages 
within the plaque tissue is associated with hypoxia and subsequent angiogenic stimuli 
64, 65 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.55, 56, 

66 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. It cannot 
be excluded that IPH and the resulting healing process after the bleeding can lead to a 
reduction in plaque microvasculature.
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Conclusions

In this DCE-MRI study of symptomatic carotid atherosclerosis, we found an inverse 
association between IPH and vessel wall Ktrans (indicative for microvascular flow, density, 
and leakiness). This indicates that no on-going leakage of erythrocytes from plaque 
microvasculature occurs in plaques with IPH several weeks after a cerebrovascular event. 
This is not in line with the dominant view that IPH develops as a consequence of leaky 
microvasculature. Additional factors, such as a 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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Abstract

Background

Rupture of a vulnerable carotid atherosclerotic plaque is an important underlying cause 
of ischemic stroke. Increased leaky plaque microvasculature may contribute to plaque 
vulnerability. These immature microvessels may facilitate entrance of inflammatory cells 
into the plaque. The objective of the present study is to investigate whether there is a 
difference in plaque microvasculature (the volume transfer coefficient Ktrans) between the 
ipsilateral symptomatic and contralateral asymptomatic carotid plaque using noninvasive 
dynamic contrast-enhanced magnetic resonance imaging.

Methods and Results

Eighty-eight patients with recent transient ischemic attack or ischemic stroke and ipsilateral 
>2 mm carotid plaque underwent 3 T magnetic resonance imaging to identify plaque 
components and to determine characteristics of plaque microvasculature. The volume 
transfer coefficient Ktrans, indicative for microvascular density, flow, and permeability, was 
calculated for the ipsilateral and asymptomatic plaque, using a pharmacokinetic model 
(Patlak). Presence of a lipid-rich necrotic core, intraplaque hemorrhage, and a thin and/
or ruptured fibrous cap was assessed on multisequence magnetic resonance imaging. 
We found significantly lower Ktrans in the symptomatic carotid plaque compared to the 
asymptomatic side (0.057±0.002 min-1 vs. 0.062±0.002 min-1, p=0.033). There was an 
increased number of slices with IPH (0.9±1.6 vs. 0.3±0.8, p=0.002) and LRNC (1.4±1.9 vs. 
0.8±1.4, p=0.016) and a higher prevalence of plaques with a TRFC (32% vs. 17%, p=0.023) 
at the symptomatic side.

Conclusions

Ktrans was significantly lower in symptomatic carotid plaques, indicative for a decrease of 
plaque microvasculature in symptomatic plaques. This could be related to a larger amount 
of necrotic tissue in symptomatic plaques.

Clinical Trial Registration

http://www.clinicaltrials.gov.uk. Unique identifier: NCT01208025.
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Introduction

Atherosclerosis of the carotid artery accounts for about a fifth of ischemic strokes.1 Rupture 
of a vulnerable atherosclerotic plaque can lead to thrombo-emboli and, subsequently, 
to ischemic events.2-5 During the last decade, it was demonstrated that patients with an 
increased stroke risk can be identified based on plaque composition on MRI rather than 
degree of stenosis.6, 7 These studies focused on the presence of intraplaque hemorrhage, 
a large lipid-rich necrotic core, and thinning or rupture of the fibrous cap. In addition, 
angiogenesis is thought to play a key role in atherogenesis, but its exact role is still unclear. 
Plaque microvessels facilitate leakage of red blood cells and inflammatory cells into the 
plaque tissue due to increased endothelial permeability and can thereby contribute to 
plaque destabilisation.8-12 Pharmacokinetic modelling of dynamic contrast-enhanced 
magnetic resonance imaging (DCE MRI) can be used to quantify plaque microvasculature 
noninvasively using pharmacokinetic modelling.13-18 The pharmacokinetic parameter Ktrans 
(volume transfer constant) is indicative for microvascular density, flow and permeability.19, 20 
A previous study showed a strong positive correlation between vessel wall Ktrans with the 
microvessel endothelium density on histology (ρ=0.71, p<0.001) in 27 patients. We have 
confirmed in 23 patients with recent ischemic stroke and >50% carotid stenosis, scheduled 
for carotid surgery, that Ktrans correlates well with histological quantification of microvascular 
density (ρ between 0.59 and 0.65, p<0.003).21, 22 

In-vivo carotid plaque imaging gives the unique opportunity to study atherosclerotic 
plaques in patients noninvasively, which also enables to study the plaque on the 
contralateral, asymptomatic side, which is usually not operated on and not often available 
for histological studies. 

Increased adventitial Ktrans in carotid plaques is associated with cardiovascular ischemic 
events (CVE).23 Although there was no difference between adventitial Ktrans in symptomatic 
versus asymptomatic plaques in patients with cardiovascular events, the number of 
patients may, however, have been too small to detect a significant difference, since 
only 7 contralateral, asymptomatic, carotid plaques were included in this analysis 23. 
The main objective of our study is to investigate whether there is a difference in 
microvasculature (Ktrans) between the ipsilateral symptomatic and contralateral asymptomatic 
carotid plaques in patients with a recent transient ischemic attack or ischemic stroke.
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Methods

For ethical reasons, the raw data that we collected cannot be made publicly available. The 
study was approved by the Medical Ethics Committee of the Maastricht University Medical 
Center, Maastricht, The Netherlands under the condition that access to the data is granted 
only to 1) members of the research team, 2) the Medical Ethics Committee members 
that approved this study, and 3) authorized personnel of the Health Care Inspectorate. 
Hence, participants did not consent to publicly archiving their data. However, requests for 
anonymized data can be sent to prof. dr. Eline Kooi (eline.kooi@mumc.nl).

Study population

Patients with a recent (<3 months) transient ischemic attack and/or ischemic stroke in the 
anterior circulation and an ipsilateral carotid artery plaque>2mm but less than 70% stenosis 
were prospectively included.24 Exclusion criteria were a probable cardiac source of the 
embolism, a clotting disorder, severe comorbidity, standard MRI contra-indications and 
a renal clearance below 30ml/min. Institutional medical ethical committee approval was 
obtained and all patients provided written informed consent. The degree of stenosis was 
determined with multidetector-row computed tomography based on the NASCET criteria.24 
Approval of the local Institutional Ethical Review Board was obtained and written informed 
consent was obtained for all patients.

 
MR Imaging

Patients underwent an MRI examination on a 3T system (Achieva; Philips Healthcare, 
Best, the Netherlands) using a dedicated 8-channel carotid RF coil (Shanghai Chenguan 
Medical Technologies Co., Shanghai, China). A multisequence MRI protocol, as described 
previously24, was used and consisted of the following sequences: pre-and post-contrast T1 
weighted (T1w) quadruple inversion recovery (QIR) turbo spin echo (TSE), 3D time of flight 
(TOF), T2 weighted (T2w) TSE, and 2D T1w inversion recovery turbo field echo (IR TFE).  
In addition, for DCE MRI, an end diastolic electrocardiogram (ECG)-gated 3D T1 FFE MRI 
pulse sequence was acquired. The central slice was placed at the position with the highest 
plaque burden. The sequence consisted of 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 the heart rate. A 
contrast medium (CM), Gadobutrol (Gadovist, Bayer Healthcare, Berlin, Germany) using a 
dose of 0.1 mmol/kg body weight, was injected at the beginning of the third time frame. 
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The CM was injected with a power injector (Spectris Solaris, Medrad, Warrendale, PA, USA) 
with a rate of 0.5ml/s followed by a 20 ml saline bolus at that same rate. The DCE MRI 
acquisition was continued for six minutes after contrast injection. 

MR Image review

MR image review was performed by a trained observer with dedicated vessel wall 
analysis software (VesselMass, Leiden, the Netherlands)20 blinded to clinical data 
and DCE MRI results. In case of doubt, a second highly experienced observer was 
consulted. The inner and outer vessel wall contours of the ipsilateral symptomatic 
carotid plaque and the contralateral plaque on all slice positions were delineated.  
Per slice, luminal and outer vessel wall contours were drawn on the pre-contrast T1w QIR 
TSE, and in case of image artefacts on post-contrast T1w QIR TSE, or T2w TSE MR images, 
in subsequent order. The DCE MR images were co-registered with the multi-sequence MR 
images. Image analysis was performed in the 5 slices that co-register with the 5 DCE MRI 
slices and also on all 15 multi-sequence MRI slices. The following aspects were assessed on 
the 5 MR slices that co-register to DCE MR images: presence of plaque (i.e. maximum vessel 
wall thickness >1.5mm), presence of a lipid-rich necrotic core, intraplaque hemorrhage, and 
a thin and/or ruptured fibrous cap. The presence of a lipid-rich necrotic core was defined 
as a region within the bulk of the plaque that did not show contrast enhancement on the 
post-contrast T1w quadruple inversion recovery (QIR) images. Presence of intraplaque 
hemorrhage was scored on T1w inversion recovery transient field echo images by the trained 
observer. Intraplaque hemorrhage was considered present in case of a hyper-intense signal 
in the bulk of the plaque, compared with the sternocleidomastoid muscle and is considered 
as part of a lipid-rich necrotic core. On the post-contrast T1w TSE image, the fibrous cap was 
defined as a high signal area between the LRNC and the lumen of the carotid artery.25 Fibrous 
cap status was dichotomized according to a previously published categorization.26 When a 
continuous high signal area between intraplaque hemorrhage and the lumen was identified, 
fibrous cap status was classified as being “intact and thick”. When no or an interrupted high 
signal area was identified, fibrous cap status was classified as being “thin and/or ruptured”. 
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 hyper enhancement 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 
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outer wall contours. The adventitial region of the vessel wall was defined according to 
previously described criteria27, i.e. all pixels within 0.625 mm of the outer wall contour in a 
region of the vessel wall with plaque (i.e. with a wall thickness larger than 1.5 mm).
 
To evaluate potential differences in the positioning of the 5 DCE-MRI slices with respect to the 
position with the largest plaque burden at the symptomatic and asymptomatic side, we have 
identified the slice with the largest plaque burden at the symptomatic and asymptomatic side 
on the 15 adjoining 2 mm slices of the pre-contrast T1-weighted QIR TSE images. We have 
compared this slice position to the position of the middle slice of the 5 DCE-MRI slices.

 
Pharmacokinetic Modelling

Pharmacokinetic parameters were estimated using the Patlak model 28 on a voxel-wise 
basis as previously described 29 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 30 and the r1 
and r2 relaxation rates of the CM31 similar as in previous studies.27, 29, 32, 33 

Statistical analysis

All calculations were made with SPSS version 23 (IBM Corporation, Armonk, NY, USA). A 
p-value <0.05 was considered statistically significant. Data are presented as mean (plus 
minus) standard deviation for normally distributed data or number (n) and percentage (%) 
for categorical data. 

A paired samples t-test was used to investigate the differences in mean Ktrans between the 
symptomatic and the contralateral asymptomatic plaque in each patient and to calculate 
differences in number of IPH and LRNC-positive slices as well as differences in distance 
between the slice with the largest plaque burden and the middle DCE-MRI slice between 
the symptomatic and asymptomatic carotid artery. The difference in presence of IPH, LRNC 
and fibrous cap status was investigated using a McNemar test. Mean vessel wall Ktrans of 
plaques with and without a lipid-rich necrotic core were compared using an independent 
samples t-test. Correlation between Ktrans and time since last clinical event was evaluated 
using Spearman’s correlation analysis for not normally distributed data. 
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Results

We performed MR imaging in 112 patients. Fourteen patients were excluded because of low 
quality ECG signal during scanning, six patients did not undergo an MRI examination (due 
to obesity n=2 and claustrophobia n=4) and four patients were excluded due to insufficient 
DCE MR image quality. 88 patients, 70.1 ± 8.4 years old and 63% males, were available for 
analysis. Baseline clinical characteristics are shown in Table 1. 

Table 1 Patient characteristics

Subjects [n] (%) 88 (100%)

Age [y] 70.1 ± 8.4

Male sex [n] (%) 56 (63.6%)

Body mass index [kg/m2] 26.7 ± 4.1

Currently smoking [n] (%) 16 (21.1%)

Diabetes Mellitus [n] (%) 14 (18.2%)

Hypertension [n] (%) 50 (56.8%)

Hypercholesterolemia [n] (%) 38 (43.7%)*

Statin use before most recent cerebrovascular event [n] (%) 42 (47.7%)*

Time between event and MRI [days] 41 ± 19

Data are presented as mean ± standard deviation or n (%). * one missing value. MRI = Magnetic Resonance Imaging

Lower mean Ktrans of the entire vessel wall was found for the ipsilateral symptomatic 
(0.057±0.0020 min-1) versus the contralateral asymptomatic side (0.062±0.0017 min-1) 

(p=0.033). Mean Ktrans of the adventitia did not differ between the two sides (symptomatic 
0.058±0.0020 min-1 versus asymptomatic 0.061±0.0028 min-1, p=0.29), see Figure 1 and 
Table 2.
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Figure 1 Boxplot showing the significant difference in vessel wall trans using a paired samples 

t-test between the symptomatic (mean±SEM; 0.057±0.002min-1) and asymptomatic (mean±SEM; 

0.062±0.002min-1) side, with a p-value of 0.03. There was no ignificant difference in adventitial 

Ktrans between the symptomatic (mean±SEM; 0.058±0.002min-1) and asymptomatic (mean±SEM; 

0.061±0.0017min-1) side, with a p-value of 0.29. SEM = Standerd Error of the Mean.

An overview of other plaque characteristics that are identified on multi-sequence MRI slices 
that co-register to the 5 DCE-MRI slices is provided for the symptomatic and contralateral 
asymptomatic carotid artery in Table 2. The results show a significant difference in degree 
of stenosis (53.1 ± 1.6 vs. 42.5 ± 1.6; p<0.001) between the symptomatic and asymptomatic 
side, as well as a significant higher prevalence of intraplaque hemorrhage (28% vs. 14%; 
p=0.015) and a thin and/or ruptured fibrous cap (32% vs. 17%; p=0.023) on the symptomatic 
side in at least one of the 5 multisequence MRI slices in the region covered by DCE-MRI. 
A lipid-rich necrotic core was present in this region on the symptomatic side in 41/88 (47%) 
patients and in 31/88 (35%) on the asymptomatic side (p=0.132). Furthermore, there was 
a tendency for a lower Ktrans of the entire vessel wall when a lipid-rich necrotic core was 
present versus no lipid-rich necrotic core (0.057 ± 0.002 min-1 versus 0.061 ± 0.003 min-1, 
p=0.157). The mean difference between the slice with the largest plaque burden and the 
middle slice of the DCE-MRI coverage was not significantly different on the symptomatic 
and asymptomatic side (2.3 ± 0.6 versus 3.1 ± 0.7 slices, p=0.472).

On all 15 adjoining 2 mm multi-sequence MR images, there was a significantly higher 
prevalence of intraplaque hemorrhage 32 versus 15%, p=0.012), and lipid-rich necrotic core 
(55 versus 44%, p<0.001 ) on the symptomatic side, however the prevalence of a thin or 
ruptured cap was not significantly different on the symptomatic versus asymptomatic side 
(39 vs 40%, p=1.0). 
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The median time interval between carotid MRI and last clinical event was 41 ± 19 days. 
There was no significant correlation between Ktrans and the time since the last clinical event 
(rho=-0.036, p= 0.739).

Table 2 Plaque characteristics in the symptomatic and contralateral asymptomatic carotid artery

n=88 Symptomatic carotid artery; 
n (%)

Asymptomatic carotid artery; 
n (%)

p-value

Degree of stenosis % (±SEM) 53.1 (±1.6) 42.5 (±1.6)* <0.001

Presence of lipid-rich necrotic 
core

41 (47) 31 (35) 0.175

Number of slices with lipid-rich 
necrotic core per patient

1.4 (±1.9) 0.8 (±1.4) 0.016

Presence of intraplaque 
hemorrhage

25 (28) 12 (14) 0.015

Number of slices with intraplaque 
hemorrhage per patient

0.9 (±1.6) 0.3 (±0.8) 0.002

Thin and/or ruptured fibrous cap 25 (28) 12 (14) 0.023

Plaque > 1.5 mm on 5 out of 5 
slices

61 (69) 59 (67) 0.291

Plaque > 1.5 mm on 4 out of 5 
slices

15 (17) 13 (15)

Plaque > 1.5 mm on 3 out of 5 
slices

7 (8) 5 (6)

Plaque > 1.5 mm on 2 out of 5 
slices

3 (3) 8 (9)

Plaque > 1.5 mm on 1 out of 5 slice 1 (1) 3 (3)

Plaque > 1.5 mm on 0 out of 5 
slices

1 (1) 0 (0)

Vessel wall Ktrans (±SEM) 0.057 (±0.002) 0.062 (±0.002) 0.033

Adventitial Ktrans (±SEM) 0.058 (±0.002) 0.061 (±0.003) 0.290

Assessed in the DCE MRI region (5 adjoining 2 mm slices). SEM = Standard Error of the Mean. 

Discussion

This study shows a significant lower Ktrans of the entire plaque on the ipsilateral symptomatic 
side, compared to the contralateral asymptomatic side in 88 symptomatic patients with a 
recent TIA or ischemic stroke. There was no significant difference between symptomatic 
and asymptomatic plaques for adventitial Ktrans. As expected, more slices with lipid-
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rich necrotic core and intraplaque hemorrhage and a higher prevalence of a thin and/
or ruptured fibrous cap were found in symptomatic plaques. Thus, the plaques at the 
symptomatic side were more complicated and, these plaques demonstrated less plaque 
microvessels. 

Although our finding of less (leaky) plaque microvasculature in the entire vessel wall on the 
symptomatic side may seem contra intuitive, since microvasculature is usually considered 
as a vulnerable plaque characteristic34, 35, an earlier study also reported that Ktrans in the 
entire vessel wall was not higher in symptomatic versus contralateral asymptomatic 
plaques.23 In our study, the symptomatic plaques tended to have a higher prevalence of 
lipid-rich necrotic core. In addition, we found a significant larger number of slices with lipid-
rich necrotic core on the symptomatic side. The lipid-rich necrotic core consists of a large 
amount of necrotic tissue, which may explain less leaky microvessels in these plaques. The 
finding in the present study is also in line with a previous contrast-enhanced ultrasound 
study, that detected plaque microvasculature in fibrous and fibro-fatty tissue, while plaque 
microvasculature was not observed in calcified, necrotic, and hemorrhagic tissue.36 A 
large lipid-rich necrotic core increases the risk for plaque rupture and subsequent clinical 
symptoms.37-40 

In the adventitial region, no difference in Ktrans between symptomatic and asymptomatic 
plaques was found, which is in concordance with a previous study who also reported 
no differences in adventitial Ktrans between asymptomatic (n=7) and symptomatic carotid 
plaques (n=26) in patients with cerebrovascular events 23. Previous studies have shown 
that the lipid-rich necrotic core is mostly present in the intimal layer and hardly in the 
medial and adventitial layers, which may explain the lack of difference in microvasculature 
for the adventitial microvasculature.3, 41

In the two previous studies by Wang et al different parameters to study plaque 
microvasculature were used. Their first study used entire vessel wall Ktrans 42, while the 
later study only reported adventitial Ktrans values.23 Therefore, we reported both vessel wall 
Ktrans, as well as adventitial Ktrans values in the present study, similar to our previous studies 
43 and in concordance with other DCE MRI studies.22, 23, 27, 42 Defining the adventitial region 
has been done using previously described criteria 22, 27, i.e. all pixels within 0.625 mm of 
the outer wall contour in a region of the vessel wall with plaque (i.e. with a wall thickness 
larger than 1.5 mm). True differentiation between adventitia and media/intima remains 
challenging with MR imaging techniques. 
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Wang et al 42 demonstrated that Ktrans in carotid plaques is associated with myocardial 
infarction and cerebrovascular events. Therefore, there may be a systemic increase in 
plaque microvasculature in patients with cardiovascular ischemic events. 

We did find a significant lower degree of stenosis, a lower prevalence of intraplaque 
hemorrhage and a thin and/or ruptured fibrous cap on the contralateral carotid artery, which 
indicates less advanced atherosclerotic plaques on the asymptomatic side. Intuitively, one 
would expect a decrease in leaky plaque microvasculature and thus a lower vessel wall 
Ktrans in less advanced lesions. However, our study demonstrated higher vessel wall Ktrans 
on the asymptomatic compared to the symptomatic side. Therefore, it seems unlikely that 
the higher vessel wall Ktrans is due to the lower degree of stenosis or the lower prevalence 
of intraplaque hemorrhage and a thin and/or ruptured fibrous cap on the asymptomatic 
side. This also indicates that the relation between Ktrans and plaque vulnerability is complex, 
since symptomatic plaques are known to have a higher risk of future clinical events. 
The rationale behind our study is to explore whether Ktrans can contribute to a better risk 
stratification of patients with carotid atherosclerosis for surgical intervention. To be able 
to address the risk differences of plaques, plaque features (such as microvasculature) 
need to be reported on the whole plaque level and not on different regions of plaques. 
Therefore, we have used the mean Ktrans values, similar as in previous studies.8, 21-23, 27, 44 

A strength of our study is the relatively large sample size compared to earlier DCE 
MRI studies of atherosclerotic plaques.23, 27, 42, 45 Our study has a number of limitations. 
First, due to the cross-sectional design of this study, no conclusion on causality can be 
drawn. Therefore, a possible causal relationship between plaque microvasculature and 
plaque symptomatology needs to investigated in prospective studies. Second, the two-
dimensional DCE-MRI sequence that has been used in our study has a limited coverage 
in the longitudinal direction. During the MRI examination, the middle DCE-MRI slice was 
positioned at the level with the largest plaque burden on the symptomatic side by visual 
inspection. We verified that there was no significant difference in distance between the slice 
with the largest plaque burden on the symptomatic and asymptomatic side, respectively, 
and the middle DCE-MRI slice. Third, we have used fixed pre-contrast T1 and T2 relaxation 
times to convert vessel wall signal intensity into concentration. We have chosen this 
approach because a three-dimensional sequence with high spatial resolution T1 mapping 
of the vessel wall was impractical in a clinical setting due to time, temporal resolution, 
and signal-to-noise constraints. A recent study has described a multitasking approach for 
high spatial resolution, high temporal resolution DCE-MRI including T1 mapping and large 
coverage of carotid arteries. 
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Conclusion

The symptomatic carotid plaque shows a significantly lower Ktrans for the entire vessel wall, 
indicative for a decrease of plaque microvasculature in symptomatic plaques. This may 
be related to a larger amount of necrotic tissue in symptomatic plaques. There was no 
significant difference in adventitial Ktrans comparing the symptomatic to the asymptomatic 
side.
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Abstract

Background and aims

Intraplaque hemorrhage (IPH) contributes to enlargement of the lipid-core and plaque 
progression, leading to plaque destabilization. The mechanisms that contribute to IPH 
development are not completely understood. We hypothesise that development of IPH 
is affected by biomechanical and hemodynamic variables and that fissuring or rupture of 
the fibrous cap can contribute to IPH. The biomechanical load and wall shear stress are 
highest in the proximal region of the plaque. We aim to study non-invasively a possible 
difference in volume of IPH in the proximal region of the plaque.

Methods

88 symptomatic stroke patients with carotid stenosis included in the Plaque At RISK 
(PARISK) study demonstrated ipsilateral carotid IPH on multi-sequence MR images. Inner 
and outer vessel wall contours and IPH area (hyperintense signal on MPRAGE/3D-T1-
weighted fat suppressed spoiled gradient echo images in the bulk of the plaque) were 
delineated on the MR images by trained observers. IPH area was calculated with respect 
to the total vessel wall area. Fibrous cap status was scored by comparing pre-and post-
contrast black blood TSE images. Differences in mean IPH percentages between proximal 
and distal regions were calculated using a paired samples t-test, while a McNemar test was 
used to reveal differences in proportions of a thin and/or ruptured fibrous cap. 

Results

We found significantly larger areas of IPH in the proximal part of the plaque at 2, 4, and 6 
mm from the position of maximal luminal narrowing, respectively: 14.4% vs. 9.6% (p=0.04), 
14.7% vs. 5.4% (p < 0.001), and 11.1% vs. 2.2% (p=0.001). Additionally, we found an increased 
proximal prevalence of a thin and/or ruptured fibrous cap on MRI at 2, 4, 6, and 8 mm from 
the MRI slice with maximal luminal narrowing, respectively; 33.7% vs. 18.1%, p=0.007; 36.1% 
vs. 7.2%, p < 0.001; 33.7% vs. 2.4%, p=0.001; 30.1% vs. 3.6%, p=0.022.

Conclusion

We demonstrated that IPH is more prevalent on the proximal side of the plaque compared 
to the distal side. This may indicate that wall stress and wall shear stress play an important 
role in the development of IPH.
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Introduction

Rupture of a vulnerable atherosclerotic plaque has been shown to be an important 
underlying cause of myocardial infarction and stroke.1 Non-invasive visualization of 
plaque vulnerability has demonstrated that intraplaque hemorrhage (IPH) contributes to 
enlargement of the lipid core and plaque progression, leading to plaque destabilization.2-5 

Indeed, we and others have demonstrated that IPH on MRI is a strong predictor for a future 
transient ischemic attack (TIA) or stroke.6-9 Interestingly, the degree of stenosis (luminal 
narrowing), which is the current marker for clinical decision-making, was not associated 
with recurrent TIA or stroke.6 This has led to the recognition of IPH as a key marker and 
pathological factor contributing to plaque vulnerability. 

However, the underlying mechanisms of IPH development are still not completely 
understood. Most often leakage of erythrocytes from intraplaque microvessels is proposed 
as a cause for IPH.10, 11 In contrast, we recently observed less microvessels in carotid 
plaques with IPH.12 This may point out that also damage to the plaque luminal surface such 
as fissures in the fibrous cap and fibrous cap rupture could contribute to development of 
IPH.11, 13, 14 These fibrous cap disruptions can occur when biomechanical wall stress exceeds 
tissue strength. It was demonstrated in histological specimens, that IPH occurs more 
frequently in the proximal part of the plaque15, 16, where the biomechanical load is much 
higher due to arterial pressure wave reflection. In line, in a histopathological study, we 
demonstrated occurrence of IPH in areas without microvessels. Furthermore, we showed 
that IPH occurred in regions with fibrous cap fissures and juxtaluminal calcifications. 
Juxtaluminal calcifications may lead to increased biomechanical wall stress.17 Fissures 
were found in 58% of plaques with grossly intact luminal surface. The region of the plaque 
with increased biomechanical load (i.e. proximal part of the plaque (80%)) showed the most 
fissures, often occurring between two tissue planes, and were connected to IPH (92%) and 
calcifications (43%).17 

Previous histological studies were dependent on patient populations that underwent 
carotid endarterectomy (CEA), usually patients with a severe carotid stenosis. MR imaging 
allows investigation of carotid plaques, also in patients with a lower grade of stenosis.18-21 

The present study aims to study non-invasively whether there is a difference in volume 
of intraplaque hemorrhage and status of the fibrous cap in the proximal versus the distal 
region in a relatively large group of stroke patients with carotid stenosis and IPH.
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Materials & Methods

Study design

Baseline MRI data were analysed from patients included in the Plaque at Risk (PARISK) 
study that demonstrated IPH. PARISk is a large prospective multicenter cohort study 
investigating if plaque imaging enables us to better identify patients with carotid stenosis 
who have an increased stroke risk. A detailed description of the study design can be 
found elsewhere.22 Patients with a recent (<3 months) TIA or ischemic stroke in the anterior 
circulation and an ipsilateral carotid artery plaque >2mm but less than 70% stenosis were 
prospectively included. Exclusion criteria were a probable cardiac source of the embolism, 
a clotting disorder, severe comorbidity, and standard MRI contra-indications. Degree of 
stenosis was determined with Doppler sonography or with CT angiography (CTA). An 
upper cut-off value of 70% was used based on the NASCET (North American Symptomatic 
Carotid Endarterectomy Trial) criteria.23 The lower cut-off value is an atherosclerotic plaque 
with a thickness of at least 2–3 mm, which corresponds to an European Carotid Surgery 
Trial (ESCT) stenosis degree of at least 30%.24 Clinical data (sex, age, history, occurrence of 
last symptoms, and cardiovascular risk factors) were collected. Institutional medical ethical 
committee approval was obtained and all patients provided written informed consent. The 
study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.

MRI 

The Magnetic Resonance Imaging (MRI) protocol has been described previously.22 In 
brief, multi-sequence MRI of the carotid plaque was performed on a 3.0 Tesla whole body 
scanner (Achieva or Ingenia, Philips Healthcare, Best, The Netherlands or Discovery MR 
750, GE Healthcare, Chicago, IL). A dedicated eight-channel phased array coil (Shanghai 
Chenguang Medical Technologies Co., Shanghai, China) or a four-channel carotid coil 
(Machnet B.V., Roden, The Netherlands) was used. Dedicated vessel wall image analysis 
software (VesselMass, Department of Radiology, Leiden University Medical Centre, Leiden, 
The Netherlands) was used to analyse the MR images of the ipsilateral carotid plaque. 
Image quality was rated on a 5-point scale that was previously proposed.25 Patients were 
excluded if mean image quality score was <2. Trained observers delineated vessel wall 
and luminal area on the pre-contrast T1-weighted (T1W) double inversion fast spin echo 
(DIR FSE) images (centre 2) or the quadruple inversion turbo spin echo (QIR TSE) (centre 1, 
3 and 4) images. IPH was manually delineated per slice and was defined as a hyperintense 
signal within the bulk of the plaque compared to the adjacent sternocleidomastoid muscle 
on T1W TFE images (centre 1, 3, and 4) or 3D-T1W fat suppressed spoiled gradient echo 
images (centre 2). The fibrous cap was defined as an area of signal enhancement between 
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the LRNC and the lumen of the carotid artery by comparing pre- and post-contrast black 
blood T1w TSE images.26 Fibrous cap status was dichotomized according to a previously 
published categorization.27 When a continuous signal enhancement between the lipid-
rich necrotic core and the lumen was identified, fibrous cap status was classified as being 
“intact and thick”. In slices without a lipid-rich necrotic core the status of the fibrous cap is 
defined as “intact and thick”. When no or an interrupted area of signal enhancement was 
identified, fibrous cap status was classified as being “thin and/or ruptured”. 

Plaque composition in proximal versus distal regions

The proximal region of the plaque is defined as the region proximal to the imaging slice 
with the narrowest lumen. This smallest luminal area was defined as the lumen with the 
absolute lowest area that is calculated by the dedicated software based on the luminal 
contour. The vessel wall area (i.e. region between inner and outer vessel wall contour) is 
calculated for each MRI slice. We generated a histogram of the distribution of the mean 
IPH area percentage with respect to total vessel wall area. In addition, we also calculated 
differences in absolute areas of IPH between the proximal and distal part of the plaque. 
We also assessed the distribution of MRI slices with a thin and/or ruptured fibrous cap at 
each MRI slice position proximal and distal of the MRI slice with the narrowest lumen. Slice 
positions with data from less than 25 patients are excluded in these histograms because 
of the small statistical power. 

Statistical analyses

Statistical analyses were performed using SPSS 24.0 (IBM Corporation, Armonk, New York, 
United Stated). A p-value < 0.05 was considered statistically significant. To analyse the 
differences between proximal and distal area of IPH, a paired t-test was used to compare 
the slices proximal (-n) and distal (+n) with respect to the slice with the narrowest lumen (i.e. 
slice 0). The paired t-test was also used to test the overall difference in absolute IPH area 
between the proximal and distal region. A McNemar test was used to analyse differences 
in proportions of the fibrous cap status between the proximal and distal slices, per slice 
and overall per patient. 
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Results

Out of 242 included patients, 4 patients withdrew from the study. Of the remaining 238 
patients, another 14 patients were excluded due to bad quality scores of the MR images 
(n=4), incomplete carotid MRI protocol (n =2) and absence of carotid artery MR images due 
to claustrophobia (n=6) or obesity (n=2). Of the remaining 224 patients, 88 patients (39 %) 
demonstrated IPH on the ipsilateral side. Baseline patient characteristics of these patients are 
shown in Table 1. For the analysis of the fibrous cap status another 5 patients were excluded 
because no post-contrast MR images were available to assess the fibrous cap status. 

Table 1 Clinical characteristics of patients with IPH on MRI

(n= 88)

Age, mean in years (± SD) 71.1 (±7.3)

Sex, male (%) 76 (86)

BMI (kg/m2) (± SD) 26.2 (±3.8)

Hypertension, yes (%) 57 (65)

Hypercholesterolemia, yes (%) 51 (58)

 18 (21)

Current smoking, yes (%)b 12 (14)

History of ischemic stroke, yes (%) 23 (26)

History of ischemic heart disease, yes (%) 21 (24)

History of peripheral artery disease, yes (%) b 11 (13)

Data are presented as absolute number of patients (%),and mean ± SD. a 2 missing data on diabetes mellitus. b 3 
missing data about current smoking status and history of peripheral artery disease. IPH=intraplaque hemorrhage, SD 
= standard deviation, BMI=Body Mass Index

Mean IPH area percentage was significantly larger in the proximal part of the plaque 
compared to the downstream part (Figure 1). The largest mean IPH area percentage 
is observed 4 mm proximal of the narrowest lumen. The proximal versus distal area 
percentages of IPH are at 2, 4, and 6 mm from the position of the narrowest lumen, 
respectively: 14.4% vs. 9.6% (p=0.04), 14.7% vs. 5.4% (p < 0.001), and 11.1% vs. 2.2% (p=0.001). 
The MR images at 8 and 10 mm from the narrowest lumen also show a higher mean area 
percentage of IPH proximal compared to distal, however this difference is not significant 
(7.5% vs. 2.3% (p=0.056), 5% vs. 1.1% (p=0.077)) (Table 2). 
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Table 2 Differences in mean IPH area (% of total vessel wall) between proximal and distal region.

Longitudinal 
distance from slice 

with smallest lumen 
(mm)

Number of slices 
where a proximal 
and distal slice is 

available

Mean % IPH with 
respect to total vessel 

wall area in the 
proximal region

Mean % IPH with 
respect to total vessel 
wall area in the distal 

region

p-value

2 66 14.4 ± 1.9 9.6 ± 2.1 0.040

4 59 14.7 ± 1.7 5.4 ± 1.8 <0.001

6 45 11.1 ±1.6 2.2 ± 1.3 0.001

8 39 7.5 ± 1.5 2.2 ± 1.5 0.056

10 34 5.0 ± 1.4 1.1 ±1 0.077

IPH = Intraplaque Hemorrhage

Also the absolute IPH area in the proximal region was significantly higher compared to 
the distal region at 2, 4, 6, 8, and 10 mm from the narrowest lumen, respectively (0.11 
vs. 0.07 cm2, p=0.019; 0.12 vs. 0.04 cm2, p<0.001; 0.10 vs. 0.01 cm2, p<0.001; 0.06 vs. 
0.01 cm2, p=0.005; 0.03 vs. 0.0003 cm2, p=0.004). The absolute vessel wall area was 
only significantly larger on the proximal side in the slices that are further away from the 
narrowest lumen (2 mm: 0.57 vs. 0.61 cm2, p=0.812; 4 mm: 0.66 vs. 0.59 cm2, p=0.753; 6 
mm: 0.66 vs. 0.33 cm2, p<0.001; 8 mm: 0.57 vs. 0.29 cm2, p<0.001 ; 10 mm: 0.50 vs. 0.26 
cm2, p<0.001). 

Figure 1 Histogram showing significantly larger mean IPH areas in the proximal region of the plaque 

compared to the distal region. Mean IPH area percentages are shown for each slice in relation to 

the smallest lumen. The white bar indicates the slice with the narrowest lumen (distance = 0 mm), the 

bars on the left with the negative numbers are slices proximal (proximally) and the bars on the right 
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with the positive numbers indicate the slices distal (distally) to the smallest lumen. Each slice has a 

thickness of 2 mm. An asterisk indicates a statistically significant difference (P < 0.05) between the 

proximal and distal slices using a paired t-test. 

In these patients with IPH, 76% demonstrated a thin or ruptured fibrous cap. The proximal 
region of the plaque in patients with IPH showed a higher prevalence of a thin and/or 
ruptured fibrous cap compared to the distal region at 2, 4, 6, and 8 mm from the MRI slice 
with the narrowest lumen, respectively: 33.7% vs. 18.1%, p=0.007; 36.1% vs. 7.2%, p < 0.001; 
33.7% vs. 2.4%, p=0.001; 30.1% vs. 3.6%, p=0.022. At 10 mm of the narrowest lumen the 
prevalence of a thin and/or ruptured fibrous cap was also higher in the proximal region, 
however there was a lack of statistical significance at this level (19.3% vs. 0%; p=1.0) (Table 
3). Overall, 66 (75%) patients demonstrated a thin or ruptured fibrous cap on the proximal 
side, while this number was 19 (22%) on the distal side (p < 0.001).

Table 3 Differences in prevalence of a thin and/or ruptured fibrous cap between proximal and distal 

region.

Longitudinal 
distance from slice 

with narrowest 
lumen (mm)

Number of slices 
where a proximal 
and distal slice is 

available

Thin and/or 
ruptured FC;  

n (%) proximal 
region

Thin and/or 
ruptured FC; n (%) 

distal region
p-value

2 63 28 (33.7) 15 (18.1) 0.007

4 56 30 (36.1) 6 (7.2) <0.001

6 43 28 (33.7) 2 (2.4) 0.001

8 38 25 (30.1) 3 (3.6) 0.022

10 33 16 (19.3) 0 (0) 1.0

FC = Fibrous Cap
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Figure 2. Prevalence of a thin and/or ruptured fibrous cap plotted for each slice position with respect 

to the slice with the smallest lumen (0). The bars on the left with the negative numbers are slices 

proximal and the bars on the right with the positive numbers indicate the slices distal to the smallest 

lumen. An asterisk indicates a statistically significant difference (P < 0.05) between the proximal and 

distal slices using a McNemar test.

Discussion

The present study demonstrates larger mean IPH areas on the proximal region compared 
to the distal region of carotid plaques, assessed with MR imaging, in TIA and stroke 
patients with mild to moderate carotid artery stenosis. Additionally, we found that thin and/
or ruptured fibrous caps are more frequently located in the proximal region. These results 
suggest that biomechanical and/or hemodynamical factors contribute to the development 
of intraplaque hemorrhage in patients with mild to moderate degree of stenosis. 

The higher prevalence of a thin and/or ruptured fibrous cap on the proximal side of 
the plaques was also reported in a previous study with symptomatic and asymptomatic 
individuals.28 This is likely caused by the higher biomechanical load. Increased prevalence 
of ulcerations in the proximal region of the carotid atherosclerotic plaque has been 
reported.29, 30 The increased prevalence of a thin and/or ruptured fibrous cap in the proximal 
side of the plaque could be related to the increased amount of intraplaque hemorrhage in 
this region, since IPH might also develop from the luminal side via fissures in the fibrous 
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cap or fibrous cap rupture.17 In line, a previous PARISK sub-study has shown a significant 
higher prevalence of fissured fibrous caps on CTA in plaques with intraplaque hemorrhage 
on MRI.31 Previously, Fagerberg et al also described a higher incidence of severe carotid 
atherosclerotic lesions (containing IPH, macrophages, thin or ruptured fibrous cap) proximal 
compared to distal in histopathological specimens.15 Their population consisted of 40 
patients scheduled for carotid endarterectomy (high grade stenosis, ≥70%), while patients 
included in our analysis had a mild to moderate stenosis (NASCET stenosis <70%). Dirksen 
et al. and Yilmaz et al. also demonstrated significantly more macrophages and rupture 
sites proximal in patients with a significant carotid stenosis (>70%) that underwent carotid 
endarterectomy.28, 32 Yilmaz et al. found an equal prevalence of intraplaque hemorrhage 
between the proximal and distal region (22% vs. 23%) in their study of symptomatic and 
asymptomatic carotid endarterectomy patients with >70% carotid stenosis.28 However, they 
did not investigate differences in area of IPH. Our results demonstrate that, in a group of 
patients with lower degree of stenosis where the arterial pressure wave reflection is less 
severe, the proximal region still shows significantly more IPH. Thus, also in this population, 
biomechanical or hemodynamical factors may relate to IPH. 

The larger areas of IPH on the proximal part of the plaque may be related to differences 
in biomechanical load. This load is induced by the arterial pressure wave and is larger 
in the proximal part of the plaque. The local blood pressure is typically three orders of 
magnitude larger than wall shear stress and, therefore, is the dominant factor for plaque 
deformation and plaque rupture.33 A large population study within the Rotterdam Study, 
demonstrated that pulse pressure, the driving force for plaque deformation, is the strongest 
determinant of IPH, independent of cardiovascular disease risk factors and other blood 
pressure components.34 Plaque deformation could lead to local tissue damage such as 
fissures in the fibrous cap or rupture of microvessels, causing development or progression 
of IPH. Interestingly, population studies also show that pulse pressure is an independent 
predictor of coronary heart disease34, cardiovascular mortality in men35, multiple adverse 
cardiovascular outcomes36, and stroke.37 The latter meta-analysis demonstrated that a 
relatively small increase in pulse pressure (10mmHg) was associated with the occurrence 
of stroke.37 Therefore, studies have recently been advocated to assess therapies targeted 
at reduction of pulse pressure.37 Future studies should investigate whether pulse pressure 
reduction coincides with a decreased development of IPH. A better understanding of 
development of IPH may allow personalised therapy and may lead to new clues for the 
development of new therapies. 
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Previous studies have studied plaque biomechanics using computational models with its 
inherent assumptions. Most of these studies focused on plaque rupture, rather than IPH 
development.38, 39 Huang et al showed, using an image-based computational model in five 
patients, that IPH is associated with higher structural wall stress.40 Teng et al. demonstrated, 
using a numerical model based on 4 surgery specimens, that local tissue deformations 
were larger around microvasculature surrounded by red blood cells, indicative of IPH.41 

Wall stress is not to be confused with wall shear stress, caused by frictional (e.g. 
hemodynamic) forces due to blood flow. High wall shear stress promotes apoptosis of 
vascular smooth muscle cells and induces up-regulation of nitric oxide and vascular 
endothelial growth factor of endothelial cells.42 High wall shear stress leads to an 
increased expression of endothelial adhesion molecules, leading to accumulation of 
macrophages.32 Higher prevalence of macrophages will result in an increased amount 
of metalloproteinases, which are able to breakdown the matrix of the overlying fibrous 
cap and therefore contribute to destabilization of the plaque.16, 29, 32 This will tip the scale 
towards matrix breakdown instead of cap-reinforcing matrix synthesis by smooth muscle 
cells.43 

Conclusion

The present study in stroke patients with mild to moderate carotid stenosis shows that 
IPH is more prevalent on the proximal side of the plaque compared to the distal side, 
indicating that biomechanical and/or hemodynamical variables play an important role in 
the development of IPH.
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Abstract

Background

Carotid atherosclerosis is an important cause of stroke. Intra-plaque hemorrhage (IPH) on 
magnetic resonance imaging (MRI) increases stroke risk. Development of IPH is only partly 
understood. Thrombin is an essential enzyme in haemostasis. Experimental animal studies 
have shown conflicting results on the relation between thrombin and plaque vulnerability. 
We hypothesize that decreased thrombin generation (TG) is associated with IPH and 
plaque vulnerability.

Objective

This article investigates whether TG is associated with IPH and other features of plaque 
vulnerability in stroke patients.

Methods

Recently symptomatic stroke patients underwent carotid MRI and blood sampling. MRI 
plaque features include plaque burden, presence of IPH, amount of lipid-rich necrotic 
core (LRNC), calcified tissue and fibrous tissue (% of total wall volume). TG was assessed 
in platelet-poor plasma and expressed as: peak height (PH) and endogenous thrombin 
potential (ETP). MR images could be analysed in 224 patients. Blood samples were 
available in 161 of 224 patients. Binary multivariate logistic and linear regression were used 
to investigate the association between TG and MRI plaque features.

Results

IPH and LRNC were present in 65 (40%) and 102 (63%) of plaques. There were no 
significant associations between TG and IPH; PH odds ratio (OR) = 1, 95% confidence 
interval (CI): 0.76 to 1.45 and ETP OR = 1, 95% CI: 0.73 to 1.37. After correction for age, sex 
and hypercholesterolaemia, the association was weak but non-significant; PH: OR = 0.76, 
95% CI: 0.52 to 1.10 and ETP: OR = 0.73, 95% CI: 0.53 to 1.37.

Conclusion

Features of carotid plaque on MRI show no significant association with TG in stroke 
patients. Systemic TG does not seem to be an important factor in IPH development.
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Introduction

Atherosclerosis of the carotid artery is an important cause of ischemic stroke. 1 The degree 
of luminal narrowing and the presence of symptoms are currently leading in the treatment 
decisions in patients with carotid artery disease. 2 Numerous histopathological studies 
have shown that rupture of a vulnerable atherosclerotic plaque is the main underlying 
cause of stroke in patients with carotid artery disease. 3 Magnetic resonance imaging (MRI) 
allows non-invasive semi-quantitative visualization of the hallmarks of plaque vulnerability 
including intra-plaque hemorrhage (IPH), lipid-rich necrotic core (LRNC) and a thin or 
ruptured fibrous cap (FC). 4, 5, 6, 7, 8 

An important feature of plaque vulnerability is IPH. 8, 9, 10 Meta-analyses have demonstrated 
that IPH in carotid atherosclerotic plaques on MRI is a strong predictor for ischemic stroke. 
11, 12, 13, 14 Plaques with IPH also show accelerated plaque progression. 10 

The development of IPH is only partly understood. Several factors, or a combination of 
these factors, could contribute to the development of IPH. First, neo-vessels growing 
from vasa vasorum in the adventitia into the plaque are known to be immature and are 
highly susceptible to leakage of erythrocytes into the plaque, which may result in IPH. 15 

Second, on the luminal side, plaque rupture and subsequent healing may play a role in 
the development of IPH. 16, 17, 18 At the site of plaque disruption or ulceration, the coagulation 
system will be activated and a luminal thrombus will be formed. During healing, the 
erythrocyte-rich thrombus can be incorporated into the vessel wall. 18, 19 Additionally, fissures 
in the FC may contribute to IPH. 17, 20 Fissures, defined as minor luminal surface disruptions 
that otherwise do not alter the overall luminal shape, are very common in advanced carotid 
plaques and are frequently connected to IPH. 21 Last, impaired coagulation could play a role 
in the development of IPH, since IPH is associated with anti-platelet therapy and vitamin K 
antagonists (VKAs). 22, 23 

Thrombin is a central protease in the coagulation cascade. Its most important function is 
the conversion of fibrinogen into fibrin, a key step in clot formation. 24 Other pleiotropic 
actions of thrombin are inducing pro-inflammatory mediators as well as oxidative stress 
and mediating the migration and proliferation of vascular smooth muscle cells (VSMCs). 25 

Thrombin generation is dependent on almost all coagulation factors and can be associated 
with a bleeding tendency, that is, less production of thrombin, as well as hypercoagulability, 
that is, increased thrombin generation. 26 
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Recent animal studies have shown conflicting results on the relation between thrombin 
generation and atherosclerotic plaque vulnerability. Direct thrombin inhibition showed an 
inhibitory effect on atherosclerosis, most likely via lowering vascular oxidative stress and 
reducing macrophage infiltration. 27, 28, 29 In line, apolipoprotein E-deficient mice treated 
with a thrombin inhibitor showed a thicker FC and decreased plaque lipid content. 30 A 
recent study showed that hypercoagulability promotes more severe atherosclerosis, 
including large necrotic cores, signs of IPH, thin FCs and increased thrombin generation. 
After administration of a thrombin inhibitor, this mouse model showed less extensive 
atherosclerosis of a more stable plaque phenotype. 31 In sharp contrast, another study 
suggested that thrombin has a stabilizing effect on atherosclerotic plaques via decreased 
monocyte transmigration. The plaques from the mice models carrying a pro-thrombotic 
mutation, showed larger plaques but with a more stable phenotype (less necrotic cores, 
more smooth muscle cells and fewer macrophages). 32 

While experimental studies provide support for the idea that increased thrombin 
production in blood alters the plaque phenotype, while genetic or pharmacological 
inhibition of coagulation attenuates atherogenesis, human data are scarce. Human 
data on the relation between thrombin generation and stroke show conflicting results. 
Carcaillon et al 33 described a positive association between high levels of thrombin 
generation and an increased risk of acute ischaemic stroke, while Loeffen et al 34 showed 
that decreased thrombin generation is an independent predictor for stroke. The abundant 
presence of coagulation proteins in the human atherosclerotic vessel wall 35 suggests that 
local variation in thrombin formation may have an impact on diverse cellular processes 
within the plaque. In conjunction, these findings led us to hypothesize that increased 
thrombin generation would affect the human plaque phenotype, towards reduced plaque 
vulnerability. Therefore, the present explorative, cross-sectional study aims to investigate 
whether there is an association between the morphological plaque features (i.e. presence 
of IPH and plaque burden, percentages of LRNC, calcified tissue and fibrous tissue) as 
assessed by carotid MRI and thrombin generation parameters.

Materials and Methods

Study Population

Baseline data from stroke patients included in the Plaque at Risk (PARISK) study were 
used (clinical trials.gov NCT01208025). 36 Patients were enrolled in the PARISK study 
from September 2010 until November 2014. Consecutive patients who had recent (< 3 
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months) neurological symptoms due to ischemia, and an ipsilateral carotid atherosclerotic 
plaque with a stenosis of < 70% according to the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) criteria were eligible for inclusion. The lower cut-off value 
is an atherosclerotic plaque with a thickness of at least 2 to 3 mm, which corresponds 
to an European Carotid Surgery Trial (ECST) stenosis of 30%. 37 Exclusion criteria were 
clotting disorders, a probable cardiac source of embolism, standard contraindications for 
MRI, severe comorbidity or a carotid revascularization procedure. If the renal clearance 
was below < 30 mL/min, no contrast medium was injected. Institutional medical committee 
approval was obtained and all patients provided written informed consent.

MR Imaging Data Acquisition and Analysis

Patients underwent an MRI examination on a 3T system (Achieva; Philips Healthcare, Best, 
the Netherlands; or Discovery MR 750; GE Healthcare, Milwaukee, Wisconsin, United 
States) using a dedicated phased-array carotid radiofrequency coil (Shanghai Chenguang 
Medical Technologies Co, Shanghai, China; or Machnet B.V., Roden, The Netherlands). A 
multi-sequence MRI protocol, as described previously, 36 was used to obtain 15 transverse 
adjoining slices of 2 mm each covering the entire plaque. Dedicated vessel wall imaging 
analysis software (VesselMass, Department of Radiology, Leiden University Medical 
Centre, The Netherlands) was used to delineate plaque components. The presence of 
IPH was scored on T1-weighted (T1W) inversion recovery transient field echo or spoiled 
gradient echo MR images within the symptomatic carotid plaque by trained observers ([Fig. 
1]). IPH was considered present in case of a hyper-intense signal in the bulk of the plaque, 
compared with the sternocleidomastoid muscle. A LRNC was identified as a region within 
the bulk of the plaque that did not show contrast enhancement on the post-contrast T1W 
double or quadruple inversion recovery images. Calcifications were defined as areas with 
hypo-intense signal relative to the signal of the adjacent sternocleidomastoid muscle in at 
least two different MRI weightings. The fibrous content of the atherosclerotic plaques was 
calculated as the difference between the total wall volume and the volume of the LRNC 
and calcifications together.
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Figure 1 Transversal magnetic resonance (MR) images of a carotid plaque in the right carotid artery. 

The following MR sequences were acquired (A) pre-contrast T1-weighted (T1W) quadruple inversion 

recovery (QIR) turbo spin echo (TSE), (B) post-contrast T1W QIR TSE, (C) time of flight (TOF), (D) T2W 

TSE and (E) T1W inversion recovery (IR) turbo field echo (TFE). A lipid-rich necrotic core was identified 

as a region within the bulk of the plaque that does not show contrast enhancement (* on B) on the 

post-contrast T1W QIR images. On the T1 IR-TFE image, a hyper-intense signal in the bulk of the 

plaque can be clearly observed, indicating the presence of intra-plaque hemorrhage (* on panel E).

Thrombin Generation

Citrated platelet-poor plasma (PPP) samples were derived from the blood samples taken at 
baseline. The thrombin generation test analyses the amount of thrombin being formed in 
time in a certain amount of plasma after coagulation activation. Venous blood was collected 
in 3.2% citrate (Greiner Bio-One) and PPP was prepared by two centrifugation steps: the first 
at 2,500 × g for 5 minutes and the second at 15,280 × g for 10 minutes. Plasma aliquots were 
snap-frozen in liquid nitrogen, stored at –80°C until use. All samples were thawed at 37°C 
for 15 minutes before analysis and analysed batch wise. The assay was performed using 
the validated calibrated automated thrombogram (CAT, Thrombinoscope BV, Maastricht, 
The Netherlands). Tissue factor (TF) (1 pm TF ± thrombomodulin [TM]) and phospholipids are 
added to 80 μL PPP. As described previously, the concentration of in-house recombinant 
expressed and purified soluble TM was chosen such as to inhibit thrombin generation in 
normal pooled plasma by 50%. 38 Parallel, 20 μL calibrator is added to another sample of 
the same 80 μL PPP. Addition of a fluorescent substrate (ZGGR-AMC) and calcium ions 
is used to set off the thrombin generation. The conversion of the fluorescent substrate 
into a fluorophore product is continuously registered using a Fluoroskan Ascent reader 
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(Thermo Labsystems OY, Helsinki, Finland) equipped with a 390/460 filter set. Thrombin 
generation curves were calculated using the Thrombinoscope software (Thrombinoscope 
BV). From the thrombogram or thrombin generation curve, the area under the curve and 
the peak height were derived. The first parameter (area under the curve) reflects the 
potential of active thrombin, also called the endogenous thrombin potential (ETP). The 
second parameter (peak height) represents the maximum thrombin generation ([Fig. 2]).

Figure 2 Example of a thrombin generation curve in citrated platelet-poor plasma generated using 

the calibrated automated thrombogram (CAT) method. The two derived parameters are the maximum 

thrombin generation (peak height) and the endogenous thrombin potential (ETP) (area under the 

curve). The data shown are from a subject with intra-plaque hemorrhage (black line), a subject 

without intra-plaque hemorrhage (interrupted line) as well as the normal plasma (grey line).

Statistical Analysis

All calculations were made with SPSS version 23 (IBM Corporation, Armonk, New York, 
United States). A p-value of < 0.05 was considered statistically significant. A chi-square test 
was used to compare categorical variables between groups with and without IPH. A t-test for 
independent samples was used to compare continuous variables between these groups. The 
distribution of continuous MRI parameters was tested for normality before and after logarithmic 
transformation. Linear regression analysis was used if the dependent (log transformed) 
continuous MRI parameters had a normal distribution. If logarithmic transformation did not 
result in a normal distribution, binary logistic regression was performed using the median 
value of MRI parameters as a cut-off value for dichotomization of the relevant MRI parameters.
The association between thrombin generation parameters and dependent MRI parameters 
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is expressed as the regression coefficient per standard deviation increase in thrombin 
generation parameter (in case of linear regression) or the odds ratio (exponentiated 
regression coefficient) per standard deviation increase in thrombin generation parameter 
(in case of logistic regression). Both 95% confidence intervals and p-values were calculated. 
The use of one standard deviation as unit facilitates more meaningful interpretation 
and comparison of the associations with peak thrombin and ETP, which are continuous 
variables with different scales.

Multivariate logistic regression models were performed to adjust for between-group 
differences in relevant clinical variables (age, sex and hypercholesterolaemia) which were 
significantly associated with IPH risk in univariate analyses (p < 0.05).

Results

Carotid MRI data were available in 229 out of the 244 included patients (exclusion due to: 
withdrawn informed consent [n = 6], no MRI carotids due to claustrophobia [n = 6], obesity 
[n = 2] or unknown reason [n = 1]). Another 5 patients were excluded from the analysis due 
to poor quality of the MRI of the carotid artery (n = 4) or due to an incomplete MRI protocol 
(n = 1). A plasma sample was available for thrombin generation analysis in 164 out of the 
remaining 224 patients. Another 3 patients were excluded from the analysis because 
of anti-coagulant use prior to the event (acenocoumarol, n = 3). Thus, final analysis was 
performed in 161 patients.

The distribution of clinical characteristics, thrombin generation levels and imaging 
characteristics for the total study population and for patients with and without IPH are 
shown in [Table 1]. IPH was detected in the ipsilateral carotid plaque in 65 out of 161 
patients (40.4%). A LRNC was detected in 102 of 161 (63.4%) patients. Patients with IPH 
were relatively older, more often male and had more frequently hypercholesterolaemia.

Table 1 shows that there were no significant differences in peak thrombin and ETP values 
between subjects with and without IPH (p = 0.868 and p = 0.938, respectively). However, 
significant differences in age, sex and hypercholesterolaemia between patients with and 
without IPH necessitated multivariate regression analyses.
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Table 1 Clinical characteristics

Clinical characteristics (n=161) Total (n=161) IPH (n=65) No IPH (n=96) P-value 

Age (years), mean±SD 68.9 (±8.7) 70.6 (±9.07) 67.7 (±9.07) 0.032

Male 117 (73%) 58 (89%) 59 (62%) <0.001

Current Smoking 33 (21%) 9 (14%) 24 (25%) 0.113

BMI, mean±SD 26 (±4) 27 (4) 27 (4) 0.727

Hypertension 103 (64%) 46 (71%) 57 (59%) 0.124

Hypercholesterolemia 91 (57%) 43 (66%) 48 (50%) 0.040

Diabetes Mellitus 35 (22%) 15 (23%) 20 (21%) 0.722

History of CVD and PAD 30 (19%) 39 (60%) 51 (53%) 0.668

Classification of event
•	 TIA
•	 Stroke
•	 Amaurosis fugax

68 (42%)
71 (44%)
22 (14)

21 (32%)
34 (52%)
10 (15%)

 
47 (49%)
37 (39%)
12 (13%)

0.108

Medication prior to event
•	 Antiplatelets
•	 Anticoagulants

68 (42.2%) 
-

33 (51%)
-

35 (37%)
-

0.080
-

•	 Statins
•	 Antihypertensives

76 (47%)
96 (60%)

31 (48%)
43 (66%)

45 (47%)
53 (55%)

0.467
0.165

Blood measurements (n=161), 
mean ± SD 

Interval event-blood withdrawal 
(days) 48 (±22) 50 (±23) 46 (±21) 0.326

Peak Thrombin (nM) 
range (69.81-508.42) 223.45 (±93.46) 224.95 (89.90) 222.44 (96.25) 0.868

ETP (nM/min) 
range (606.10-2208.99)

1344.93 
(±314.50) 1342.56 (±308.19) 1346.53 (±320.30) 0.938

MRI

Interval event-MRI (days), 
mean±SD 49 (±21) 50 (±22) 47 (±21) 0.332

Normalized Wall Index (NWI) , 
mean±SD 0.2398 (±0.23) 0.33 (±0.21) 0.18 (±0.23) 0.424

% Lipid-rich necrotic core tissue, 
median (range) 2.3 (0-43.9) 13.31 (0-43.9) 0.00 (0-18.0) <0.001

% Calcified tissue, median (range) 3.7 (0-22.4) 3.4 (0-22.4) 3.7 (0-21.7) 0.847

% Fibrous tissue, median (range) 91.6 (50.3-100) 80.8 (50.3-98.4) 94.7 (74.88-100) <0.001

Thin/ruptured fibrous cap* 63 (39%) 49 (75%) 14 (15%) <0.001

Data are presented as mean ± standard deviation or absolute numbers of patients (%). Abbreviations: BMI, body 
mass index; CVD, cardiovascular disease; ETP, endogenous thrombin potential; IPH, intra-plaque hemorrhage; MRI, 
magnetic resonance imaging; PAD, peripheral artery disease; SD, standard deviation; TIA, transient ischaemic attack. 
a Data available for 157 out of 161 patients (4 patients had no post-contrast sequence available to analyse the fibrous 
cap status). 
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Table 2 shows the results from uni- and multivariate logistic regression analyses. The odds 
ratios represent the association with different MRI parameters for one standard deviation 
increase in the thrombin generation parameters. Peak thrombin and ETP differ in range 
and the use of one standard deviation as unit was done to facilitate more meaningful 
interpretation and comparison of the odds ratios for peak thrombin and ETP. Crude odds 
ratios for IPH (not adjusted for sex, age and hypercholesterolaemia) are 1, suggesting 
absence of an association between thrombin generation parameters and risk of IPH.

Table 2 Results of the univariate and multivariate binary logistic regression analysis to study the 

association between thrombin generation parameters and the presence of intra-plaque hemorrhage 

(IPH) and other MRI parameters: high versus low percentages of lipid-rich necrotic core (LRNC), 

calcified tissue and fibrous tissue.

Univariate analysis Multivariate analysis

OR (per SD 
increase)

95% CI P-value OR (per SD 
increase)

95% CI P-value

IPH presence
Peak 

thrombin
1 0.76-1.45 0.867 0.76 0.52-1.10 0.200

ETP 1 0.73-1.37 0.937 0.73 0.53-1.37 0.122

% LRNC 
(≥ 2.33 vs <2.33)

Peak 
thrombin

1.2 0.76-1.45 0.697 0.83 0.57-1.20 0.348

ETP 1 0.73-1.37 0.883 1 0.53-1.37 0.089

% Calcified tissue 
(≥ 3.73 vs <3.73)

Peak 
thrombin

1.20 0.83-1.59 0.339 1.20 0.53-1.74 0.292

ETP 1 0.73-1.37 0.398 1.37 1.00-1.87 0.144

% Fibrous tissue 
(≥ 91.58 vs <91.58)

Peak 
thrombin

1 0.76-1.45 0.796 1.32 0.91-1.74 0.186

ETP 1 0.73-1.37 0.535 1.37 1.00-1.87 0.087

Fibrous cap status
Peak 

thrombin
1 0.76-1.45 0.789 0.76 0.52-1.10 0.192

ETP 1 0.73-1.37 0.674 0.73 0.53-1.37 0.090

The odds ratios represent the change in the odds of an event for increase by one standard deviation (SD) in 
peak thrombin (SD = 93 nM) and one standard deviation in ETP (SD = 314 nM/min) with 95 percentage confidence 
interval. Abbreviations: CI, confidence interval; ETP, endogenous thrombin potential; IPH, intra-plaque hemorrhage; 
LRNC, lipid-rich necrotic core; MRI, magnetic resonance imaging; OR, odds ratio. a Corrected for age, sex and 
hypercholesterolaemia.

Table 2 also shows odds ratios per standard deviation increase in thrombin generation 
parameters for high versus low percentages of LRNC, calcified tissue and fibrous tissue. 
Crude odds ratios (not adjusted for sex, age and hypercholesterolaemia) near 1 suggest 
absence of an association with high percentage of lipid, calcified or fibrous tissue. 
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However, after adjustment for potential confounders weak positive associations were 
observed; these were non-significant. The confounding effect could not be appointed to 
sex alone, because also age and hypercholesterolaemia showed a confounding effect on 
these three MRI parameters. 39 

Table 3 shows odds ratios per unit increase in normalized wall index (NWI, plaque burden). 
Since NWI was a continuous MRI parameter with a normal distribution, we used a linear 
regression to investigate associations with thrombin generation parameters. The regression 
coefficient is therefore per unit increase of peak thrombin and ETP. No association was 
found between thrombin generation parameters and NWI.

Table 3 Results of the univariate and multivariate linear regression analysis to study the association 

between thrombin generation parameters and the normalized wall index (NWI, plaque burden).

Univariate analysis Multivariate analysis*

Regression 
coefficient
(per unit 
increase)

95% CI P-value Regression 
coefficient (per 
unit increase)

95% CI P-value

NWI Peak 
Thrombin

-0.001 -0.001-0.000 0.940 0.000 -0.001-0.000 0.255

ETP -0.001 -0.001-0.000 0.614 -0.001 -0.001-0.000 0.135
CI, confidence interval; ETP, endogenous thrombin potential; NWI, normalized wall index. a Corrected for age, sex 
and hypercholesterolaemia.

There was no significant association between thrombin generation and IPH if we 
additionally corrected for LRNC, fibrous tissue and FC status (data not shown). There was 
also no significant association between thrombin generation and MRI parameters when 
TM was added (data not shown).

Discussion

This study shows no significant association between thrombin generation parameters in 
blood plasma and features of carotid plaque on MRI, including IPH, in symptomatic patients 
with a mild to moderate ipsilateral carotid artery stenosis.
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There is clear evidence in the literature that IPH is a key aspect of plaque vulnerability 
contributing to clinical events. However, the development of IPH is only partly understood. 
Impaired thrombin generation may promote IPH development, since Borissoff et al 
demonstrated signs of IPH in hyper-coagulable mice carrying a TM gene mutation resulting 
in diminished TM-dependent generation of activated protein C. 31 On the other hand, we 
and others demonstrated an increased frequency of IPH in patients on coumarin-type anti-
coagulants 23, 40 and anti-platelet therapy. 22, 41, 42 

In this study, we explored a possible role of the plasmatic coagulation cascade to IPH 
development by quantification of thrombin generation. The present results do not show 
a significant association between systemic coagulation factors and IPH. The odds ratios 
for the presence of IPH showed a negative weak association with thrombin generation in 
this study, indicating that an increase in thrombin generation may protect against IPH in 
accordance with our hypothesis; however, the association lacked statistical significance. 
Our sample size may have been too small to reach statistical significance or alternatively 
this may have been a coincidental finding. On the other hand, a positive non-significant 
weak association was found for the other MRI plaque features with thrombin generation. 
This is in line with a previous study, which found a positive association between thrombin 
generation and plaques with a higher content of fibrous and calcified tissue in 128 patients 
with a ≥35% lumen diameter reduction. 43 

The estimation of thrombosis risk using a CAT has been validated in previous research. 
The assay allows for broad scale clinical testing, although it is not yet implemented in daily 
clinical practice. 44, 45, 46, 47 Associations between thrombin generation and atherothrombotic 
events have been studied previously. A positive association was shown with ischemic stroke, 
33 echogenic carotid plaques 43 and intima-media thickness. 48 Besides, histopathological 
evidence shows a pro-coagulant state in early atherosclerotic lesions. 35 However, the 
association between thrombin parameters and morphological atherosclerotic features on 
carotid MRI has not been studied before.

Li et al observed a positive association between the use of coumarins and the presence 
and extent of IPH in coronary plaques. 23 VKAs reduce the level of different pro- and anti-
coagulant proteins, resulting in diminished thrombin generation in plasma. 49 An important 
difference between anti-coagulant-mediated effects and variations in endogenous plasma 
thrombin generation may be in the local, intra-vascular inhibitory effects that may be 
operational with oral anti-coagulants. Atherosclerotic lesions express a range of coagulation 
proteins, including factor VII that is also synthesized by VSMCs. 35 Theoretically, VKA may 
also inhibit the function of such extra-vascular proteins, which might contribute to less 
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thrombin generation potential in the plaque. Consequently, this may reduce pro-coagulant 
and pro-fibrotic actions of thrombin and may promote IPH and plaque vulnerability. This 
additional, local effect may be required to contribute to IPH, whereas variations in systemic 
thrombin generation do not have such impact on plaque stability. Animal experimental 
work with novel oral anti-coagulants also shows strong effects on plaque progression and 
features of stability. 27, 28, 30 

Previously, Liem et al has shown an association between IPH and anti-platelet therapy. 22 

To eliminate the contribution of platelets and to focus on the contribution of plasma factors 
only, we used PPP in our study. Nevertheless, thrombin generation analysis in platelet-
rich plasma might be interesting in future studies, but requires a new study setup as fresh 
material is needed for such an assay.

In addition, the patients in the PARISK study are not scheduled for carotid endarterectomy, 
so we were unable to study the effects of local thrombin concentrations within the 
atherosclerotic lesion. Previous studies in the literature have suggested that local 
coagulation factors may play a crucial role in atherothrombosis and atherosclerotic plaque 
progression. 25, 35 We could not study the relation between IPH and thrombin and clinical 
events during follow-up, since the clinical follow-up of the PARISK study is still on-going. 
However, the main goal of this study was to identify an association between thrombin 
generation and plaque composition in patients with a recently symptomatic carotid 
atherosclerotic plaque. This study was not designed to investigate the relation between 
thrombin and atherosclerotic plaque development.

Conclusion

Features of carotid plaque on MRI show no significant association with thrombin generation 
in stroke patients. Systemic thrombin generation does not seem to be an important factor 
in IPH development.
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Introduction

Carotid atherosclerotic plaques can rupture and may lead to an ischemic stroke or transient 
ischemic attack (TIA). Stroke is an important contributor to public health problems causing 
approximately 3.3 million deaths each year and it is the leading cause of serious, long-
term disability in adults worldwide.1, 2 In the Netherland, 9,176 people died from a stroke in 
2017 of whom almost 60% (5,293) had a cerebral infarction. Atherosclerotic plaques in the 
carotid artery account for around 20% of ischemic strokes.3 Selecting patients for surgical 
intervention is currently based on the degree of luminal stenosis. Carotid endarterectomy 
(CEA) involves the surgical removal of an atherosclerotic plaque and its efficacy to prevent 
new cerebrovascular events has been evaluated in large trials in Europe and North 
America.4, 5 Both trials showed a decrease in stroke risk in patients with severe symptomatic 
stenosis (70-99%). However, even in this group the number needed to treat was 14 to 
prevent one individual having an ipsilateral stroke in the next 5 years.6 A re-analysis of the 
European data several years later demonstrated a reduced risk for recurrent stroke in the 
group of patients with 50-69% stenosis by 5.7% (95% CI 0-11.6) and by 21.2% (95% CI 12.9-
29.4) in patients with 70-99% stenosis. Surgery was of no benefit in 30-49% patients and 
harmful in patients with <30%.7 These results were comparable to those obtained in the 
North American trial.8  Even the numbers needed to treat for patients with stenosis below 
70% are significant, revealing degree of stenosis as an imperfect marker to identify patients 
who will benefit from a surgical intervention to prevent a recurrent stroke. Because of this 
inadequate prediction, the focus on identification of high risk patients has shifted towards 
identification of plaque characteristics associated with rupture (‘’vulnerable plaque’’’). 

This research showed that the vulnerable plaque typically has one or more of the following 
characteristics: a large lipid-rich necrotic core (LRNC), a thin or ruptured fibrous cap (FC) 
and intraplaque hemorrhage (IPH).104-107 All of these plaque features can be identified with 
the use of multi-sequence MR imaging. 118 IPH identified on MR imaging has proven to be 
good predictor for future stroke.9, 10 It is also thought that IPH presence plays a key role in 
the process of plaque destabilisation and subsequent plaque rupture, but its underlying 
pathophysiology still remains incompletely understood. 

The main objective of this thesis was to identify different factors that contribute to IPH and 
plaque destabilisation in stroke patients. 

1. What is the relation between plaque microvasculature and IPH? 
2. Are there differences in plaque microvasculature in a symptomatic versus a 

contralateral asymptomatic plaque?
3. Does the proximal part of the plaque show more IPH?
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4. Is there an association between thrombin generation or antiplatelet medication 
and the presence of IPH?

In the following paragraphs our main findings of this thesis are discussed. Furthermore, 
the use of MRI as a screening tool for symptomatic and asymptomatic carotid disease is 
discussed as well as future perspectives.

What is the relation between plaque microvasculature and IPH?

The most accepted idea is that the development of IPH is attributed to leakage of 
erythrocytes from leaky plaque microvasculature.11-13 However, the results from our study 
in chapter two reveal less leaky microvessels in plaques with IPH compared to plaques 
without IPH. These results insinuate a different origin for the development of IPH. Different 
options have been suggested in the literature. Instead of leakage from erythrocytes from 
the microvasculature into the tissue, IPH might also develop from the luminal side of the 
plaque. A fissure or rupture of the fibrous cap could be an entry point for erythrocytes 
into the plaque tissue.14 Indeed, histopathological specimens demonstrated a connection 
between the presence of a fissured fibrous cap and IPH in plaques.15 These findings are in 
line with our findings which demonstrated increased plaque microvasculature in patients 
with a disrupted fibrous cap compared to those with an intact fibrous cap (chapter two).  
The lower amount of leaky microvessels in plaques with IPH could be related by the large 
lipid-rich necrotic core. Indeed, in our study we found a negative correlation coefficient 
for mean vessel wall Ktrans (indicative for plaque microvasculature) with the LRNC volume 
(chapter two). Intraplaque hemorrhage is usually diffusely distributed in the lipid core. The 
larger amount of necrotic tissue in IPH positive plaques may require less microvessels. 
Development of the plaque microvasculature is a dynamic process, which is thought to 
be related to inflammation in the plaque tissue.16-18 Increased activity of macrophages 
within the plaque tissue is associated with hypoxia and subsequent angiogenic stimuli 
19, 20 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.21-23 
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 (Chapter two) 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. It 
cannot be excluded that IPH and the resulting healing process after the bleeding can lead 
to a reduction in plaque microvasculature. 
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Are there differences in plaque microvasculature in a symptomatic versus an 

asymptomatic plaque?

Atherosclerosis is a systemic disease which means that lesions are not limited to the site 
causing clinical symptoms. In chapter three, we investigated the plaque microvasculature 
on the symptomatic side, as well as on the contralateral asymptomatic side. We found a 
significant higher amount of leaky plaque microvessels on the asymptomatic side. The 
symptomatic side demonstrated a higher prevalence of a LRNC and a thin and/or ruptured 
fibrous cap, resembling a higher prevalence of vulnerable plaque at the symptomatic side. 
One may expect that also the amount of leaky plaque microvessels would be increased 
at the symptomatic side, since it has frequently been proposed as a vulnerable plaque 
characteristic by others.24 We did find a significant lower degree of stenosis, a lower 
prevalence of intraplaque hemorrhage on the contralateral carotid artery, which indicates 
less advanced atherosclerotic plaques on the asymptomatic side. Intuitively, one may 
expect also a decrease in leaky plaque microvasculature and thus a lower vessel wall Ktrans 
in less advanced lesions. However, our study demonstrated higher vessel wall Ktrans on the 
asymptomatic compared to the symptomatic side. Therefore, it seems unlikely that the 
higher vessel wall Ktrans is due to the lower degree of stenosis or the lower prevalence of a 
thin and/or ruptured fibrous cap on the asymptomatic side. The finding in the present study 
is also in line with a previous contrast-enhanced ultrasound study, that detected plaque 
microvasculature in fibrous and fibro-fatty tissue, while plaque microvasculature was not 
observed in calcified, necrotic, and haemorrhagic tissue.25 The larger necrotic core on the 
symptomatic side may be the cause of a decrease in plaque microvasculature on that side 
similar as in chapter 2.23, 26-28

Wang et al 18 demonstrated that Ktrans in carotid plaques is positively associated with not only 
cerebrovascular event but also myocardial infarction. Therefore, there may be a systemic 
increase in plaque microvasculature in patients with cardiovascular ischemic events, 
while the culprit lesion may still show a lower Ktrans than the contralateral asymptomatic 
lesion. Thus, the relation between Ktrans and plaque vulnerability is complex. The cross-
sectional design of chapter three restricts us from drawing any conclusion on causality.  
Timing of plaque imaging remains a very important factor in studying plaque composition. 
As demonstrated in the above mentioned chapter three, symptomatic and asymptomatic 
plaques have a different prevalence of plaque features. The median time interval between 
carotid MRI and last clinical event (TIA or minor stroke) was 41 ± 19 days in chapter three. 
Thus, we cannot exclude that some plaque remodelling had already taken place in the 
symptomatic plaque after the stroke. Therefore, we also studied the correlation between 
Ktrans in the symptomatic plaque and time to event and we did not find a significant 
correlation between these parameters (rho=-0.036, p= 0.739). Although there was no 
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correlation between microvasculature and timing, it is important to emphasize to perform 
imaging of plaque features as soon as possible after the event to be able to use the data 
for risk stratification of a patient. The chance of having a recurrent event is the largest 
in the first couple of days after an event. A longitudinal study design will allow to study 
changes in plaque features over time, which will assist in understanding the underlying 
pathophysiology.

Does the proximal part of the plaque show more IPH?

The plaque composition may be affected by hemodynamical and biomechanical factors.29, 30 
Every plaque can be divided into two parts: proximal and distal of the position of maximum 
stenosis. The (pressure-induced) wall stress and wall shear stress (mechanical force exerted 
by the flowing blood on the inner vessel wall) in these two regions (proximal versus distal) 
will differ. Our findings showed a significantly higher IPH volume in the proximal region 
(chapter four). Furthermore, the presence of a thin and/or ruptured fibrous cap was not 
symmetrically distributed. A previous histopathology study also showed more severe 
carotid artery plaque features (IPH and thin or ruptured fibrous cap) in the proximal regions 
of CEA specimens (patients with severe carotid artery stenosis, >70%) compared to distal.31, 

32 Patients eligible for CEA have a higher degree of carotid stenosis and thereby increased 
wall stress due to pressure wave reflection. Wall shear stress will be high in this group of 
patients.33 Patients included in our analysis in chapter four had a lower degree of stenosis 
compared to patients who undergo CEA. Thus, even in patients with a mild to moderate 
stenosis (our study population), there is still an asymmetrical distribution of IPH. Furthermore, 
we also found a significant increased prevalence of a thin and/or ruptured fibrous cap in the 
proximal region in patients with IPH. There might be a relation between IPH development 
and a thin/and or ruptured fibrous cap. Plaque rupture or fissures within the fibrous cap are 
essentially a mechanical failure of the fibrous cap. Due to arterial pressure wave reflection, 
the biomechanical load, and thus the wall stress, will be largest in the proximal part of 
the plaque, were the pressure wave arrives first. Plaque rupture or fissuring of the fibrous 
cap will occur when wall stress exceeds tissue strength. The increased prevalence of a 
intraplaque hemorrhage in this region, may indicate amount of that IPH also develops from 
the luminal side via fissures in the fibrous cap or fibrous cap rupture.15 In line, a previous 
PARISK sub-study has shown a significant higher prevalence of fissured fibrous caps on CTA 
in plaques with intraplaque hemorrhage on MRI.34 Others also demonstrated significantly 
more macrophages and rupture sites proximal in patients with a significant carotid stenosis 
(>70%) that underwent carotid endarterectomy.35, 36 Our results demonstrate that, in a group 
of patients with lower degree of stenosis where the arterial pressure wave reflection is less 
severe, the proximal region still shows significantly more IPH. 
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The pulse pressure, which represents the difference between the systolic and diastolic blood 
pressure, is the driving force for plaque deformation during every heartbeat. During every 
heartbeat, repetitive deformation of the plaque occurs and this may lead to tissue damage, 
such as fissures in the fibrous cap or plaque rupture. Interestingly, the pulse pressure has 
been identified as the strongest determinant of IPH, as well as an independent predictor 
of coronary heart disease, stroke37, and multiple adverse cardiovascular outcomes.38 A 
meta-analysis demonstrated that a decrease of 10 mmHg in pulse pressure resulted in 
an decreased stroke risk, which would advocate for the application of therapies reducing 
the pulse pressure.37 In future studies, it would be interesting to see if pulse pressure 
reduction in a research setting goes hand in hand with decrease in IPH development. 

Next to this biomechanical load (inducing wall stress), wall shear stress could also play a 
role in differences in plaque composition. Wall shear stress is caused by the mechanical 
force exerted by the flowing blood on the inner vessel wall. The local blood pressure (wall 
stress) is typically is three orders of magnitude larger than wall shear stress, and therefore 
wall stress is the ultimate factor that results in cap fissuring and plaque rupture.39

However, high wall shear stress promotes apoptosis of vascular smooth muscle cells and 
induces up-regulation of nitric oxide and vascular endothelial growth factor of endothelial 
cells.40 These impaired endothelial cells will attract more monocytes that have enzymatic 
activities leading to a decrease in fibrous cap strength as well as degradation of collagen.41 
This will tip the scale towards matrix breakdown instead of cap-reinforcing matrix synthesis 
by smooth muscle cells.42

Is there an association between thrombin generation or antiplatelet medication 

and the presence of IPH?

In chapter five the influence of oral antiplatelet therapy on IPH has been investigated. 
Platelets have been identified as contributors to the initiation and progression of 
atherosclerosis.43 They are activated when adhering to the endothelium leading to 
inflammatory responses within endothelial cells and monocytes44  and have a pivotal role in 
the coagulation pathway. Due to their involvement in these processes, platelet aggregation 
inhibitors are given as a standard treatment to patients with a history of transient ischemic 
attack or stroke to prevent secondary myocardial infarction or ischemic stroke. However, 
the administration of these type of drugs can have a reverse effect leading to bleeding 
complications.45 In chapter five, we demonstrated a significant increase in IPH after two 
years of follow-up in symptomatic stroke patients. We distinguished two groups: patients 
already using antiplatelet medication prior to the index event and another group of 
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patients who did not use antiplatelet therapy before the index event. We demonstrated a 
significant increase in IPH in the second group, while IPH prevalence was already much 
higher at baseline in the group of patients that use antiplatelet therapy before the index 
event. Previous studies have shown a cross-sectional relation, however we were the first 
study with a longitudinal design.46-48 Our multivariate regression analysis did not show any 
significant associations between newly developed IPH and previous antiplatelet use. The 
odds ratios were, however, clearly lower than unity, so this may have been due to the small 
sample size. Together, these results imply that use of platelet aggregation inhibitors may 
promote development of IPH. Future studies will be needed to determine the risk-benefit 
ratio of aspirin use in patients with vulnerable plaque components. In our study we have 
only addressed presence of IPH and not the size of IPH in the plaque. This comparison 
between IPH volumes will be needed to better visualize the development and progression 
in both groups of patients. 

Next to the influence of antiplatelet therapy on IPH presence, there might also be an 
effect of coagulation proteases on IPH. In chapter six, a possible association between 
the presence of IPH and thrombin generation has been studied. Thrombin is an essential 
enzyme in the coagulation cascade and its most important function consists of converting 
fibrinogen into fibrin. Impairment of thrombin production might relate to a bleeding 
tendency, while higher amounts of thrombin are associated with hypercoagulability. We 
hypothesized that a decrease in thrombin generation might promote IPH development, 
but we found no significant associations between thrombin generation and presence of 
IPH. This could maybe be partially explained by the measurement method, since thrombin 
generation was tested systemically and not locally in the plaque. However, this also 
demonstrates that MRI still remains a reliable method to identify patients with presence 
of IPH and no replacing biomarker has been identified yet. Another important systemic 
protease in primary haemostasis is Von Willebrand Factor (VWF). Patients with large artery 
atherosclerosis demonstrated significantly higher levels of VWF compared to patients 
with other etiological subtypes of stroke.49 Only in the setting of a randomised trial it will 
be possible to investigate whether the presence of structural and biological correlates 
of plaque vulnerability predicts net benefit from revascularisation in patients with carotid 
artery disease. Furthermore, screening on a broad scale can only be recommended 
for a proven predictive value of a biomarker which also has shown a favourable cost 
effectiveness analysis. 
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Development of IPH

The different chapters in this thesis have contributed to a better understanding of factors 
that could contribute to the development and progression of IPH. We have demonstrated 
a lower amount of plaque microvasculature in plaques containing IPH (chapter two). 
Furthermore, symptomatic plaques showed less plaque microvasculature compared 
to the contralateral asymptomatic carotid artery (chapter three). Most research over the 
last couple of years have suggested that IPH develops through leakage of erythrocytes 
from the plaque microvasculature, but the findings in this thesis show that other causes 
of IPH development (such as fissures and plaque rupture) likely play an important role in 
this process. We showed a possible role for plaque biomechanics and hemodynamics 
in IPH development since we found a higher percentage of IPH volume as well as thin 
and/or ruptured fibrous caps in the proximal region of symptomatic plaques. In contrast, 
we found no association between a systemic measurement of thrombin generation and 
presence of IPH in the symptomatic carotid artery. Lastly, we acquired knowledge about 
IPH formation during two years of follow-up in patients using antiplatelet therapy and 
identified a significant increase in IPH after the onset of antiplatelet therapy compared to 
patients who did not use antiplatelet agents before the index event. Patients who already 
used antiplatelet medication before the index event already showed a higher prevalence 
of IPH at baseline. The multivariate analysis did not show a significant increase in newly 
developed IPH after two years of follow-up between the two groups of patients. However, 
the odds ratios were lower than unity, so the sample size may have been too small to 
achieve sufficient power. This suggests an association between the onset of antiplatelet 
medication and development of carotid IPH, which is known to increase the stroke risk. 
These results may implicate that one should be careful in prescribing antiplatelet therapy 
to patients in which there has not been any proven benefit. 

MRI as an imaging marker for risk prediction

IPH has been identified as an important marker to identify vulnerable plaques.10, 50 Scoring 
of IPH using MR imaging has proven to be an accurate method to identify IPH and has 
been validated with histopathology by us and others (specificity >86%, sensitivity ≥80%).51, 

52 Although manual quantification of IPH is a laborious procedure, we have demonstrated 
high inter-observer agreement values (ĸ=0.95).34 The degradation of hemorrhage into 
methemoglobin results in T1 shortening and, correspondingly, causes a high signal intensity 
on T1-weighted (T1w) MR images.53 Previous studies have shown a persistence of the high 
signal on T1w sequences in symptomatic and asymptomatic individuals after one year of 
follow-up.54, 55 MR imaging is not only able to identify IPH, but scoring of lipid-rich necrotic 
core, fibrous cap, calcification and ulceration is also feasible. In the future there might also 
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be role for deep learning in the analysis of carotid plaque data, to use software that is able 
to automatically detect the different carotid plaque components.56, 57

Furthermore, non-invasive imaging allows investigation of carotid plaques in patients with a 
lower degree of stenosis. MR imaging can be done independently on the availability of carotid 
endarterectomy specimens needed for histopathological examination. As mentioned in the 
introduction, this is an interesting population to study since the treatment strategy for this 
group is less clear. All data presented in this thesis is derived from the Plaque At RISk (PARISK) 
study which is a prospective multicentre cohort study investigating if plaque imaging enables 
us to better identify patients in the 30-69% carotid stenosis group with an increased stroke 
risk.58 The future perspective is to also analyse the prospective data of the multicenter PARISK 
study to relate the imaging data to the clinical follow-up of these patients. A randomised, 
controlled surgery trial with blinded outcome assessment is the next step left necessary 
to investigate if plaque imaging should be implemented in the daily clinical practice.  
Large clinical trials in Europe and North America showed a decrease in stroke risk in 
patients with symptomatic severe stenosis (70-99%) that underwent carotid endarterectomy 
in the 1990s. Since then, medical therapy for prevention of stroke in patients with carotid 
artery disease has evolved. For instance, nowadays there is a widespread use of statins, 
lower targets for blood pressure control and more effective antiplatelet regimes. Subgroup 
analysis from randomised trials and case control studies have shown lower stroke risk 
in patients with cerebrovascular disease 59-61 compared to the data from the period from 
the NASCET and ECST trials in the 1990s.62 Furthermore, patients are often prescribed a 
combination of aspirin with dipyridamole or clopidogrel, in contrast to only aspirin during 
the original trials. In addition, improvements in surgical techniques, technical skills and 
new intraoperative monitoring technologies have decreased the risks of revascularization 
therapies (e.g. carotid endarterectomy).63, 64 All these new developments question whether 
the results of these old trials are still reliable and make it necessary to redo the clinical 
trials to investigate if the current guidelines are still applicable. 

Future perspectives
 
The results from this thesis put plaque biomechanics and hemodynamical variables 
possibly together with the use of oral antiplatelet therapy forward as potential contributors 
to the development of intraplaque hemorrhage. Plaque deformation due to pressure 
wave reflection could lead to tissue damage such as fissures in the fibrous cap or 
rupture of the plaque leaky microvessels, causing development or progression of IPH. 
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As emphasized earlier, atherosclerosis is a systemic disease. When studying carotid 
plaque features, we have to keep in mind, that besides local factors, also systemic 
variables (pulse pressure, systemic blood or serum markers) can play an active role in 
plaque formation and destabilisation. A systemic disease also means a non-uniform 
distribution throughout the vasculature. Future studies should not only focus on the 
symptomatic carotid artery, but also take into account the contralateral side and other 
vascular territories to get a better understanding of the different variables that play a role 
in early plaque formation as well as characteristics that accelerate plaque destabilisation.  
This thesis has shown that MR imaging can be very useful tool in unravelling underlying 
factors contributing to IPH development. The constantly improving techniques will only 
expand its clinical use in the future, e.g. dedicated carotid coils implemented in head coils 
or faster 3D sequences with isotropic spatial resolution that also increase z-coverage.

Furthermore, there is a need for a concise imaging protocol that can be done with a 
limited number of sequences. This will increase general acceptance, implementation, 
training of MR specialists as well as analysis and interpretation of data. Recently, expert 
recommendations on carotid plaque imaging have been published.65 Whereas MR plaque 
imaging is currently mainly used to identify vulnerable plaque features, it can also be 
used to evaluate treatments of new targeted therapies for different plaque characteristics 
(e.g. pulse pressure reduction, the reduction of plaque inflammation resulting from statin 
therapy).66 Results from currently on-going trials on stroke risk in patients with carotid 
artery disease will give more insight into the future treatment of these patients. The 
ECST-2 study aims to determine the best current regime for treating patients with carotid 
stenosis whose estimated 5-year stroke risk is <20%. The current clinical indication for 
revascularisation is uncertain in this group and the following hypothesis will be tested: 
optimal medical treatment alone is as effective in the long-term prevention of cerebral 
infarction and myocardial infarction in patient with carotid artery stenosis at lower risk for 
stroke as compared to a combination of optical medical treatment with revascularisation. 
Imaging of the carotid plaques with MRI in patients included in the ECST-2 study has been 
nested within the trial and the results will be awaited with great interest.

Prevention

An important goal of future research will be to identify patients with an increased risk of 
recurrent events based on vulnerable plaque components. This has already been done in 
a number of single-center studies 9, 10, 50, 67 and will be done in the near future in a multicenter 
study (PARISK). When plaque imaging will be implemented in daily clinical practice, one 
opportunity is in the line of secondary prevention in patients that already had an event. But 
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there may also be a role for non-invasive imaging of asymptomatic individuals (“screening”). 
Results from large population based cohort studies (Rotterdam Study) will represent the 
general population better since there is no selection bias. Symptomatic subjects are 
likely to have atherosclerotic lesions elsewhere in the vascular system and are at risk for 
future cerebrovascular and cardiovascular events. Current guidelines for asymptomatic 
individuals consists of medical treatment (antihypertensive and lipid-lowering drugs).68

 
However, several previous trials have shown a benefit (reduction in stroke risk) from 
carotid endarterectomy in asymptomatic subjects compared to optimal medical treatment, 
only.69, 70 There is a large controversy whether or not to image asymptomatic individuals 
(“over diagnosis”) and the treatment of asymptomatic patients (“overtreatment”). Therefore, 
several guidelines state ‘’highly selected patients’’ who could benefit from surgical 
treatment.68 As accounts for symptomatic atherosclerosis, the results from new clinical trials 
(ACST-2) will reveal the current best treatment options for each patient.71 This trial does 
not take plaque imaging into account, but this could be a recommendation for the future.  
Atherosclerosis is a disease that progresses over decades and only becomes symptomatic 
later in life. A better understanding of the underlying pathophysiology of development of 
different vulnerable plaque components will help to establish individually tailored treatment 
strategies as a step towards personalised management of these patients. 
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Summary

Ischemic stroke results from a clot in the arterial blood supply to the brain, resulting in 
oxygen starvation, loss of function and brain damage. Stroke is a challenging worldwide 
problem as it is the second cause of death globally. 

Atherosclerosis is a chronic inflammatory disease of the large arteries and results in 
thickening of the arterial vessel wall, which will ultimately progress into development of an 
atherosclerotic plaque that causes narrowing of the arterial lumen (stenosis). Rupture of 
the plaque can lead to thrombus formation when the thrombogenic plaque components 
get into contact with the blood, causing thrombo-embolic events. 

Currently, surgical treatment of patients with a carotid atherosclerotic plaque is based on 
the presence of symptoms and the degree of luminal narrowing of the internal carotid 
artery. Previous trials have shown that the benefit is the largest in the group of patients with 
severe stenosis >70% (number needed to treat n = 6), while there is only a marginal effect 
for patients with a stenosis between 50-69% (number needed to treat n = 22). A rather 
substantial amount of patients with a mild to moderate carotid stenosis not undergoing 
surgical intervention, will have a recurrent event in the future. This implicates that the 
degree of stenosis is not able to accurately stratify patients for surgical intervention. Besides 
this, research has also shown that patients with symptomatic carotid atherosclerosis 
have a higher risk for a recurrent event compared to patients with asymptomatic carotid 
atherosclerosis. These observations have shifted the perspective towards investigation of 
other plaque characteristics besides degree of stenosis. 

In vivo identification of patients with plaque characteristics that make the plaque rupture-
prone, the so called vulnerable plaque, has been introduced recently. MRI is able to 
identify the key plaque components that make a plaque rupture-prone, such as intraplaque 
hemorrhage (IPH), a large lipid-rich necrotic core (LRNC) and a thin/ruptured fibrous cap 
(TRFC) . MRI provides the opportunity to also investigate plaques of patients with a less 
severe degree of stenosis (<70%), compared to histopathological studies which can only 
be done in patients undergoing carotid endarterectomy (>70%). 

IPH identified with multi-sequence MR Imaging (MRI) has been proven to be a good 
predictor for future stroke, but the underlying mechanisms of development of IPH remains 
incompletely understood. This thesis focuses on the different factors that contribute to 
IPH and plaque destabilisation in stroke patients using multi-sequence MR Imaging (MRI). 
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What is the relation between plaque microvasculature and IPH?

It is often suggested that IPH develops by the invasion of erythrocytes into the plaque 
tissue through leaky plaque microvessels. However, in chapter two we demonstrated 
that plaques with IPH had less leaky microvessels compared to plaques without IPH. This 
means that other factors, such as fissures or rupture of the fibrous cap overlying the lipid-
rich necrotic core, may also contribute to the development of IPH from the luminal side. 
The lower amount of plaque microvessels in the plaques with IPH might be attributed 
to the fact that these plaques usually have larger lipid-rich necrotic cores. Because of 
the large amount of necrotic tissue, there may be less need for oxygen supply from the 
microvessels. 

Are there differences in plaque microvasculature in a symptomatic versus an 

asymptomatic plaque?

Since atherosclerosis is a systemic disease, stroke patients with a symptomatic plaque 
usually also have a plaque on the asymptomatic side. Plaque microvasculature has been 
suggested to be a vulnerable plaque component. Comparing the symptomatic carotid 
plaque to the contralateral asymptomatic plaques showed several differences in plaque 
composition in chapter three. The symptomatic plaques had a higher prevalence of 
LRNC and TRFC as indicators of more advanced lesions, compared to the contralateral 
asymptomatic plaques that had lower degree of stenosis and lower prevalence of IPH. 
In contrast, we did find higher amount of plaque microvessels on the contralateral side, 
which indicated that the relation between plaque microvessels and plaque vulnerability is 
complex, similarly to the results from chapter two.

Does the proximal part of the plaque show more IPH?

Every plaque can be dived into two parts; proximal of the point of maximal stenosis 
(upstream) and distal of this point (downstream). Biomechanical forces could play a role 
in the development of IPH. Wall stress (blood pressure-induced) and wall shear stress 
(frictional force exerted by the flowing blood on the inner vessel wall) are generally higher 
at the proximal side of the plaque. In chapter four we investigated the differences in IPH 
volume on both sides of the plaque. We found a higher prevalence of IPH and a TRFC in 
the proximal part, in line with previous histopathology studies . Wall stress will be highest 
in this proximal part of the plaque due to the pressure wave reflection of the arterial blood 
pressure. Repetitive deformation of the plaque during every heartbeat, as a consequence 
of pulse pressure (difference between systolic and diastolic blood pressure), may lead 
to fissures in the fibrous cap or plaque rupture. Previous studies have identified pulse 
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pressure as a strong determinant of IPH and predictor of stroke. Wall shear stress may also 
play a role, since elevated wall shear stress has been associated with matrix breakdown 
instead of reinforcement of the overlying fibrous cap.
 

Is there an association between thrombin generation or antiplatelet medication 

and the presence of IPH?

Chapter five describes the relation between oral antiplatelet therapy and IPH. Antiplatelet 
therapy is given as standard treatment to patients with a history of stroke to prevent 
secondary events, however this medication may have reverse effects of bleeding 
complications. We investigated the presence of IPH at baseline shortly after a TIA or 
minor stroke and at follow-up (two years later) using MRI. We demonstrated a significant 
increase in presence of IPH in patients who did not already use antiplatelet therapy 
before the index clinical event, while prevalence of IPH was already high at baseline in 
the group who did use antiplatelet therapy before the index event. This might indicate 
that antiplatelet therapy may promote development of IPH in a subgroup of patients.  
There might also be an effect of coagulation proteases on IPH. In chapter six we studied 
a possible association between presence of IPH and thrombin generation. Thrombin is 
an essential coagulation enzyme converting fibrin into fibrinogen during clot formation. 
High amounts of thrombin are associated with hypercoagulability, while lower amounts 
might relate to a tendency for bleeding complications. Our hypothesis that a lower amount 
of thrombin could lead to development of IPH was not proven in chapter six, since we 
found no association between thrombin and IPH. Future studies might look into thrombin 
generation values within the plaque itself, since our measurements of thrombin generation 
were done systemically in the blood. 

Discussion and conclusion

The findings of this thesis are discussed in chapter seven. This thesis has contributed to 
a better understanding on the development of IPH. Most research has put leaky plaque 
microvessels forward as an important factor for development of IPH. However, the findings 
from this thesis show that plaque biomechanics may have a role in the development of IPH, 
as well as perhaps the use of antiplatelet therapy. 

In this thesis we have used multi-sequence MRI, which enables not only the detection of 
presence of IPH, but also allows quantification of LRNC size, plaque microvessels and 
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scoring of a TRFC. MRI has been proven to identify patients at high risk for a recurrent 
event, who might benefit more from surgical intervention. Future analysis of imaging data 
in relation to clinical follow-up will reveal if plaque imaging should be implemented in the 
daily clinical practice. Future studies should not only focus on the site causing clinical 
symptoms, but should also take into account the contralateral asymptomatic carotid artery 
as well as other sites in the vascular system to better understand the role of different 
variables that play a role in plaque formation and, ultimately, in plaque destabilisation. 
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Samenvatting

Wanneer er zich een klonter bevindt in de arteriële bloedvoorziening naar het brein, zal dit 
resulteren in zuurstofgebrek, functieverlies en brein schade, een zogeheten ischemische 
beroerte. Beroerte is een wereldwijd probleem en staat op de tweede plek als oorzaak 
van overlijden. 

Atherosclerose is een chronische ontsteking van de grote arteriën waarbij er verdikking 
van de vaatwand ontstaat wat uiteindelijk zal leiden tot de ontwikkeling van een plaque 
in de vaatwand die resulteert in vernauwing van het vat. Wanneer deze plaque scheurt 
komt het trombogene materiaal van de plaque in aanraking met het bloed en wordt er een 
klonter gevormd die obstructie veroorzaakt in een arterie naar het brein. 

Operatieve behandeling van patiënten met een plaque in de arteria carotis is momenteel 
gebaseerd op de aanwezigheid van symptomen en de mate van vernauwing van het 
bloedvat. Grote studies hebben laten zien dat de patiënten met een vernauwingsgraad 
van >70% het meeste baat hebben bij een operatieve behandeling, terwijl in de groep 
patiënten met een vernauwingsgraad van 50-69% er veel meer patiënten geopereerd 
moeten worden om hetzelfde effect te bereiken als in de eerste groep. Een substantieel 
deel van de patiënten met deze milde/matige vernauwingsgraad (50-69%) die niet 
operatief worden behandeld, krijgt toch een nieuwe beroerte in de toekomst. Dit laat 
zien dat de vernauwingsgraad van het bloedvat geen goede marker is om patiënten te 
selecteren die in aanmerking komen voor operatieve behandeling. Onderzoek heeft ook 
aangetoond dat patiënten met een symptomatische plaque in de arteria carotis een hoger 
risico hebben op het krijgen van een nieuwe beroerte, vergeleken met patiënten met 
asymptomatische aderverkalking in de arteria carotis. Deze bevindingen hebben ertoe 
geleid dat het onderzoeksperspectief is verschoven naar het identificeren van andere 
karakteristieken van de aderverkalking dan de vernauwingsgraad.

Het in-vivo identificeren van patiënten met kenmerken van de aderverkalking die het 
risico op scheuren van de plaque vergroten, de zogenaamde kwetsbare plaque, is relatief 
recent geïntroduceerd in onderzoek. Het afbeelden van deze karakteristieken, zoals 
intraplaqué bloeding, grote lipiden-rijke necrotische kern en een dunne/geruptureerde 
fibreuze kap is mogelijk met MRI. Het voordeel van MRI is dat ook de plaques van patiënten 
met een lagere vernauwingsgraad (<70%) kunnen worden onderzocht in vergelijking 
met histologische studies die alleen plaques kunnen bekijken van patiënten waarbij er 
operatief is ingegrepen (>70%). 
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Intraplaque bloeding, aangetoond middels magnetische resonantie (MRI), is een bewezen 
voorspeller voor toekomstige beroertes, maar de onderliggende pathofysiologie wordt 
nog niet volledig begrepen. De focus van dit proefschrift ligt op het identificeren van 
verschillende factoren die bijdragen aan intraplaque bloeding en plaque destabilisatie in 
patiënten met een beroerte door gebruik te maken van MRI. 

Wat is de relatie tussen plaque microvaatjes en intraplaque bloeding?

De algemeen geaccepteerde theorie in de literatuur beschrijft lekkage van erythrocyten 
in het plaque weefsel vanuit lekke microvaatjes als belangrijke bijdragende factor in de 
ontwikkeling van intraplaque bloeding. Echter tonen de resultaten in hoofdstuk twee aan 
dat plaques met een intraplaque bloeding minder microvaatjes bevatten in vergelijking 
met plaques zonder intraplaque bloeding. Dit zou betekenen dat andere factoren, 
zoals fissuren of het scheuren van de fibreuze kap, van invloed zijn op het ontstaan van 
intraplaque bloeding. De verklaring voor het verlaagde aantal microvaatjes in de plaques 
waarin intraplaque bloeding aanwezig was, kan worden gevonden in het feit dat deze 
plaques een grote lipide rijke necrotische kern bevatten. Dit maakt dat er minder noodzaak 
is voor de ontwikkeling van microvaatjes in deze plaques. 

Zijn er verschillen in plaque microvaatjes tussen de symptomatische en 

asymptomatische plaque?

Zoals eerder aangegeven is atherosclerose een systemische aandoening, wat maakt 
dat de ontwikkeling van plaques niet alleen beperkt blijft tot de kant die symptomen zal 
veroorzaken. Wanneer we de symptomatische plaque vergelijken met de contralaterale 
asymptomatische plaque vinden we een aantal verschillen in plaque compositie 
(hoofdstuk drie). Om te beginnen hebben de symptomatische plaques een hogere 
prevalentie van intraplaque bloeding en lipiden-rijke necrotische kern, een teken van 
vergevorderde atherosclerotische laesies. Dit in vergelijking met de contralaterale 
asymptomatische plaques die juist een lagere vernauwingsgraad laten zien en een lagere 
prevalentie van intraplaque bloeding. We toonden een hoger aantal microvaatjes aan in 
de asymptomatische plaques, wat erop duidt dat de relatie tussen plaque microvaatjes en 
plaque destabilisatie complex is, net zoals aangetoond in hoofdstuk twee.

Is er meer intraplaque bloeding in the proximale regio van de plaque?

Elke plaque kan worden opgedeeld in twee regio’s; proximaal van het maximale punt van 
vernauwing en distaal van dit punt. Biomechanische krachten kunnen een rol spelen in de 
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ontwikkeling van intraplaque bloeding. Wandspanning (geïnduceerd door de bloeddruk) 
en wandschuifspanning (mechanische kracht uitgeoefend door het bloed op de binnenste 
vaatwand) zullen verschillen in de proximale en distale regio van de plaque. Het proximale 
deel van de plaque liet een hogere prevalentie zien van intraplaque bloeding en dunne/
geruptureerde fibreuze kap, vergelijkbaar met eerdere histopathologische studies 
(hoofdstuk vier). Wandspanning zal het hoogste zijn in het proximale deel als gevolg 
van reflectie van de drukgolf van de arteriële bloeddruk. Met elke hartslag wordt de 
plaque vervormd als gevolg van de polsdruk (verschil tussen systolische en diastolische 
bloeddruk). Dit kan leiden tot het ontstaan van fissuren of ruptuur van de plaque. Eerdere 
studies hebben aangetoond dat polsdruk een belangrijke determinant is voor intraplaque 
bloeding en een voorspeller voor beroerte. De wandschuifspanning kan eveneens 
een rol spelen in de ontwikkeling van intraplaque bloeding aangezien verhoogde 
wandschuifspanning is geassocieerd met afbraak van elementen van de fibreuze kap. 

Is er een associatie tussen trombine generatie of antiplaatjestherapie en de 

aanwezigheid van intraplaque bloeding?

In hoofdstuk vijf beschrijven we de invloed van orale antiplaatjes therapie op intraplaque 
bloeding. Antiplaatjestherapie wordt standaard gegeven aan patiënten met een 
voorgeschiedenis van beroerte om secundaire beroerte of hartinfarct te voorkomen. 
Echter kent deze medicatie ook bloedingscomplicaties. Hierop hebben wij gekeken 
naar de aanwezigheid van intraplaque bloeding middels MRI, vlak na de beroerte en 
eveneens twee jaar later. Wij toonden een significante toename aan in de aanwezigheid 
van intraplaque bloeding in de groep patiënten die voor het index event nog geen 
antiplaatjestherapie gebruikten, terwijl de prevalentie van intraplaque bloeding al hoog 
was in de groep patiënten die wel al antiplaatjestherapie gebruikten voor het index event. 
Dit zou erop kunnen duiden dat het gebruik van antiplaatjestherapie de ontwikkeling van 
intraplaque bloeding kan stimuleren in een bepaalde groep patiënten. 

Er kan mogelijk ook een effect zijn van stollingsenzymen op intraplaque bloeding. In 
hoofdstuk zes hebben we een mogelijke associatie onderzocht tussen de aanwezigheid 
van intraplaque bloeding en trombine generatie. Trombine is een essentieel enzym in de 
stollingscascade en converteert fibrine in fibrinogeen. Hoge waarden van trombine zijn 
geassocieerd met een verhoogde stollingsneiging, terwijl lage waarden juist gerelateerd 
zijn aan een bloedingsneiging.10,11 Onze hypothese dat lage trombine waarden geassocieerd 
zou zijn met intraplaque bloeding is niet bewezen in hoofdstuk zes, aangezien wij geen 
associatie vonden tussen trombine generatie en intraplaque bloeding. Voor toekomstige 
studies is het wellicht interessant om naar de trombine waarden te kijken op plaque 
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niveau, aangezien onze metingen zijn verricht in het bloed van de patiënt. 

Discussie en conclusie

De verschillende hoofdstukken in dit proefschrift hebben bijgedragen tot een beter 
begrip van de verschillende factoren die een rol spelen in de ontwikkeling van 
intraplaque bloeding. Het merendeel van de eerder verrichte studies hebben lekke 
plaque microvaatjes aangewezen als belangrijke bijdragende factor in de ontwikkeling 
van intraplaque bloeding. De bevindingen in dit proefschrift laten echter zien dat andere 
factoren, zoals biomechanica en het gebruik van antiplaatjestherapie een belangrijke rol 
zouden kunnen spelen. 

We hebben gebruik gemaakt van MRI, wat het mogelijk heeft gemaakt om niet alleen naar 
intraplaque bloeding te kijken, maar ook de lipiden-rijke necrotische kern en de dunne/
geruptureerde fibreuze kap mee te nemen in ons onderzoek. Analyse van data verkregen 
middels MRI en de relatie met klinische events zal in de toekomst moeten uitwijzen of 
het gebruik van het afbeelden van de plaque met MRI kan worden geïmplementeerd 
in de dagelijkse klinische zorg. Toekomstige studies zullen niet alleen de focus moeten 
leggen op de plaque die symptomen veroorzaakt, maar ook de contralaterale en overige 
gebieden van het vasculaire stelsel moeten meenemen om te achterhalen welke factoren 
een rol spelen in plaque ontwikkeling en uiteindelijk in plaque destabilisatie. 
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Valorisation

Relevance

Around 240 000 people in the Netherlands suffer from the consequences of a stroke (REF). 
Around 25% of all cardiovascular deaths in the Netherlands can be attributed to stroke. 
Around 4 000 men and 5500 women died in 2016 from a stroke (or the consequences) 
(REF Hartstichting). The total amount of costs related to stroke patients was almost 2.3 
billion in 2011 (CBS). The aging population will only lead to an increase of these numbers.
Occlusion of a supplying artery to the brain due to embolism or thrombosis is the most 
common type of stroke. 15-20% of these ischemic strokes are the consequence of rupture 
of an atherosclerotic plaque in the carotid bifurcation or internal carotid artery (Chaturvedi). 
Currently, the presence of clinical symptoms and the degree of luminal narrowing is used 
as a decision marker to select patients undergoing surgical removal or stenting of the 
carotid atherosclerotic plaque. Previous studies have shown that this operation is of 
benefit to symptomatic patients with a stenosis >70% (number needed to treat = 6). Only a 
marginal effect of surgical intervention is seen in the group of patients with a lower degree 
of stenosis (number needed to treat = 22). This implicates that the degree of stenosis 
is not optimal to stratify patients at risk. Therefore, research focus has shifted towards 
identification of other plaque characteristics that identify a vulnerable, rupture-prone 
plaque. The presence of hemorrhage inside the plaque, intraplaque hemorrhage (IPH), has 
been shown to contribute to plaque destabilisation and has proven to be a good predictor 
for recurrent events (REF). Magnetic resonance imaging (MRI) has been shown well suited 
for the identification of the presence of IPH in vivo (REF). However, the mechanism behind 
the development of IPH are not yet fully understood. This thesis aimed to investigate 
several factors that could have an influence on development of IPH. 

Target groups

Data used in this thesis is derived from the Plaque At RISk study (PARISk). This prospective 
multicenter cohort study focuses on the identification of patients with mild-to-moderate 
carotid artery stenosis with an increased risk of recurrent stroke by using non-invasive plaque 
imaging. The results of this thesis are of interest to all clinicians treating patients with a recent 
ischemic cerebrovascular event. Ultimately they are the ones that decide which patient will 
undergo surgery. Currently patients with a mild to moderate carotid artery stenosis are not 
referred to vascular surgeons because previously performed clinical trials have shown no 
significant benefit in this group of patients. The results from this thesis are another step 
forward to introducing plaque imaging into the daily clinical routine, although results from on-
going randomised clinical trials relating plaque imaging to clinical outcome will be necessary.  
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Another target group consists of the patients. The results of this thesis are part of an 
on-going project to better stratify patients with carotid artery stenosis leading to a more 
individualized treatment. 

Furthermore research groups interested in atherosclerosis, and in particular carotid artery 
disease can use the results described in this thesis to further unravel the rather complex 
process of plaque destabilisation.

Products

The analysis of plaque components has been done using a dedicated software package 
(Vesselmass, Leiden University Medical Center, Leiden, the Netherlands). Assessment is 
currently being done by experienced observers, but more widespread use will lead to 
challenges due to an increased number of required observers. Also the delineation of 
plaque composition on the MR images is currently time consuming. There might be an 
important role for (semi)-automated software development to implement this software 
on a broad scale. Future research and product development by vendors of MRI systems 
will also be focussed on the development and implementation of faster MRI protocols to 
assess plaque composition. 

Innovation and implementation

Previous research has put leaky plaque microvasculature forwards as a vulnerable plaque 
characteristic and important contributor to IPH development. However, several chapters 
from this thesis show that IPH is not always associated with plaque microvasculature. This 
implies that also other factors contribute to the development of IPH and ultimately plaque 
destabilisation. Additionally, the preferential distribution of IPH at the proximal, upstream 
side of the plaque implicates a role for plaque biomechanics or hemodynamics to the 
development of IPH. Furthermore, use of standard antiplatelet therapy might have an 
influence on IPH. These results bring us a few steps closer towards a better understanding 
of carotid atherosclerotic plaques, more specifically IPH. Future results will show if patients 
with a recent ischemic stroke can benefit from plaque imaging in the stratification process 
of undergoing surgery. Identification of those patients with a high risk plaque compared 
to those with a more stable plaque, will lead to personalized treatment and better use of 
surgical interventions compared to the current clinical routine. 
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