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INTRODUCTION

The prevalence of chronic diseases is rising globally as a result of improved medical 
care and a higher overall life-expectancy. ‘Chronic disease’ is an umbrella term used 
to describe long-standing conditions that require ongoing medical attention1. No 
formal criteria exist for defining a condition as a chronic disease, but frequently 
mentioned conditions include diabetes mellitus, HIV, chronic kidney disease, and 
rheumatoid arthritis. Chronic diseases are nowadays the major cause of death 
and disability worldwide, which is partially driven by an increase in cardiovascular 
complications2.

Cardiovascular disease (CVD) includes conditions that affect the heart or blood 
vessels, such as coronary artery disease, heart failure, cerebrovascular disease, and 
aneurysms. A common feature of these conditions is that vascular wall injury leads 
to an impaired vascular function, which in turn contributes to the risk of clinically 
relevant disease.

In many chronic diseases, although involving different organs and systems, vascular 
wall injury persists and progresses over time. Even when the primary disease is 
treated adequately, vascular damage accumulates with time. For example, in diabetes 
mellitus micro- and macrovascular damage occurs despite adequate glycemic control 
and in giant cell arteritis subclinical vascular inflammation can persist despite clinical 
remission, thereby increasing the risk for cardiovascular complications. Vascular 
complications usually have a significant effect on patients’ quality of life and survival. 
Therefore, detection and control of vascular damage in a pre-clinical stage are essential.

In this thesis, a number of markers suitable for the detection of vascular injury are 
investigated and discussed. These markers have the potential to help in advancing 
our understanding of vascular injury related processes, which is the first step 
towards a better risk assessment and disease control. This general introduction 
provides background information on the pathophysiology of arterial damage and 
the markers we investigated.

Artery structure and function
Blood vessels involved in CVD are usually the arteries. Arteries transport oxygen 
from the heart to the body. Besides, nutrients and immune cells are transported to 
the periphery through the arterial system. Arteries are classified as elastic arteries 
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and muscular arteries3. The elastic arteries, consisting of the aorta and its branches, 
directly receive the output of the left ventricle. The elastic arteries distend during 
the systole and retract during the diastole, thereby pushing the blood forward to the 
periphery. Muscular arteries are medium-sized arteries that control the distribution 
of blood throughout the body by vasoconstriction, and dilatation.

The wall of each artery is composed of three layers. The innermost layer is called the 
tunica intima and consists of a monolayer of endothelial cells and an elastic lamina. 
A healthy endothelium has a ‘vascular protective’ function and actively regulates 
platelet and monocyte adhesion, coagulation and vasoconstriction.

The middle layer of the artery wall, the tunica media, consists of concentric layers of 
smooth muscle cells, collagen fibers, and elastic fibers. Elastic arteries contain more 
elastin, while muscular arteries contain relatively more smooth muscle cells. The outer 
layer, the tunica adventitia, is mainly composed of collagen tissue. Large arteries 
contain vasa vasorum (‘vessels of the vessels’) to supply the outer part of the vessel 
wall. The inner parts receive oxygen and nutrients by diffusion from the vessel lumen.

Arterial disease: inflammation is a key process
A key process in the initiation and development of arterial pathology is inflammation. 
In vasculitis as well as atherosclerosis development and plaque rupture, local 
activation of immune cells drives the progression towards clinical relevant disease4,5. 
Atherosclerosis is a very common, slowly progressive condition, while vasculitis 
is a rare disease in which arterial damage generally develops in days to weeks. In 
atherosclerosis, inflammation is generally found in the tunica intima, but the tunica 
media can be involved as well. In vasculitis, the whole vessel wall, from tunica intima 
to adventitia, can be involved5. However, in both conditions local inflammatory 
responses contribute to injury and dysfunction. Without treatment the clinical 
complications are usually serious.

Pathophysiology of atherosclerosis
Endothelial dysfunction is the earliest detectable arterial change in the development 
of atherosclerosis. All classical cardiovascular risk factors, namely smoking, 
hyperglycemia, dyslipidemia, hypertension and diabetes mellitus are associated 
with endothelial dysfunction6. As a consequence of endothelial dysfunction a 
complex pathologic response occurs, which involves the accumulation of cholesterol-
containing lipoproteins and white blood cells, mainly monocytes, in the tunica intima7. 

1
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The monocytes differentiate into macrophages, which take up oxidized lipids. Lipid-
loaded macrophages, called foam cells, actively form inflammatory mediators and 
are involved in tissue remodeling. Foam cells are the hallmark of the first visible 
atherosclerotic lesions, the so-called ‘fatty streaks’8. Most fatty streaks will develop 
to advanced stages of atherosclerosis during lifetime. Advanced atherosclerotic 
plaques are characterized by a large lipid-rich/necrotic core (LR/NC), presence of 
intraplaque hemorrhages (IPH) and a thin fibrous cap9.

Pathophysiology of vasculitis
Vasculitis forms a spectrum of disease characterized by the presence of inflammatory 
cells in the vessel wall and reactive vascular damage10. Vasculitis can be a primary 
disease or occur secondary to an infection, autoimmune disease or malignancy. 
Primary vasculitis is classified based on the size of the predominantly affected 
vessel. Major categories are large-, medium-, and small-vessel vasculitis. The innate 
and adaptive immune system contributes to the pathogenesis of vasculitis. Most 
secondary forms of vasculitis are immune complex-mediated, which means that 
an antigen-antibody complex triggers vascular inflammation. In primary vasculitis 
cell-mediated, immune complex-mediated and ANCA-mediated pathways have 
been described, but underlying mechanisms are largely unknown. An infectious 
or environmental trigger is thought to be the initiating event in individuals with 
a genetic predisposition. The contribution of the various inflammatory cell types 
and cytokines differ per form of vasculitis and is outside the scope of the thesis. 
Various forms of systemic vasculitis are associated with an accelerated development 
of atherosclerosis11. It has been suggested that endothelial damage due to vasculitis 
stimulates atherosclerosis development.

Arterial inflammation is related to arterial calcification
Vascular inflammation is closely related to vascular calcification12. Vascular 
calcification particles are composed of various calcium salts, but hydroxyapatite 
(Ca10(PO4)6OH2) forms the largest component, as in bone13. Inflammatory factors 
are thought to promote osteogenesis within the vessel wall. In turn, the presence of 
calcium deposits itself might also initiate or promote vascular inflammation14.

Calcification is thought to be the consequence of active bone formation by osteoblast-
like cells15. These cells might derive from differentiated vascular smooth muscle cells 
(VSMC) or from stem cells from the circulating blood. Various local and circulating 
calcification promoting and inhibiting proteins have been identified that influence the 
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severity and progression of vascular calcification. However, the interaction between 
the players involved in vascular calcification is incompletely understood. Calcification 
develops in the intimal, but also in the medial layer of the vascular wall.

Intimal calcification
Intimal calcification is related to the atherosclerotic burden. The process of 
calcification starts in the early stages of atherosclerosis development and accelerates 
during disease progression. Therefore, intimal calcium is an important marker of 
atherosclerosis. The exact impact of calcium on the atherosclerotic plaque is 
unsure. In recent years, it has been discovered that the size of the calcium particles 
relates to plaque stability. Small calcification particles, called microcalcifications, 
seem to destabilize the atherosclerotic plaque, while larger areas of calcification, 
macrocalcification, might increase plaque stability16.

Medial calcification
Calcification of the medial layer of the arterial wall is a condition also known as 
ʻMönckebergʼs arterioslerosisʼ17. Calcium deposits accumulate in the elastic fibers 
of the tunica media. Medial arterial calcification (MAC) typically develops in the 
peripheral muscular arteries and the aorta. Medial arterial calcification and intimal 
calcification frequently co-exist, but medial arterial calcification can exist on its 
own18. In contrast to atherosclerosis, MAC does not obstruct the arterial lumen. 
MAC is associated with aging, diabetes mellitus and chronic kidney disease.

Clinical consequences of arterial damage
Arterial damage can lead to clinical symptoms due to narrowing or occlusion of 
the lumen, increased stiffness of the vessel wall or weakening of the vessel wall. 
In atherosclerosis, luminal narrowing or occlusion occurs when intimal thickening 
impairs the arterial blood flow or when an arterial thrombus is formed. In vasculitis, 
inflammation can lead to severe arterial wall thickening and consequently narrowing or 
occlusion of the lumen. The clinical presentation of ischemia is similar between patients 
with vasculitis and atherosclerosis, although the affected organs can be different.

An increased arterial stiffness occurs in MAC. The arteries lose their elasticity due to 
fragmentation of the elastic fibers and deposition of collagen and calcifications. An 
increased arterial stiffness leads to various hemodynamic changes, including a rise in 
systolic blood pressure and a subsequent increase in cardiac afterload, which causes 
ventricular hypertrophy17. Besides, a decrease in the diastolic blood pressure leads 

1
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to a decreased coronary perfusion. In diabetes mellitus and chronic kidney disease, 
MAC is an independent predictor of future cardiovascular events and mortality19-22.

A localized weakening in the arterial wall of the arteries can result in the formation of 
an aneurysm. This occurs in atherosclerosis as well as in vasculitis as a consequence 
of severe inflammatory injury23. Aneurysms usually develop somewhere along the 
aorta, but also occur in the intracranial vessels. An aneurysm is asymptomatic until its 
rupture causes an internal bleeding. In some forms of vasculitis bleedings occur from 
damaged, permeable small vessels, visible as small hemorrhagic spots on the skin.

Vulnerable plaque hypothesis
How the presence of an atherosclerotic 
plaque eventually can lead to the for-
mation of a superimposed thrombus is 
not completely understood. Disruption 
of the endothelial layer of the vessel wall 
is thought to trigger platelet activation 
and thrombin generation. Therefore, 
plaque rupture, which exposes the sub-
endothelial matrix to the circulating 
blood, is seen as a key event in the 
pathophysiology of acute CVD24.

The vulnerable plaque hypothesis is based on the assumption that some plaques 
are more prone to rupture than others. Plaques that are prone to rupture are 
called vulnerable plaques or high-risk plaques. In order to improve risk prediction, 
identification of the vulnerable plaque has become a major focus in cardiovascular 
research. Due to advances in imaging techniques plaque composition and plaque 
metabolic activity can be visualized, rather than only the plaque thickness. As 
consequence, several features of vulnerable plaques have been identified (table 1)9,25.

Detecting arterial damage
During the past decades, various non-invasive markers have become available that 
give an impression of the state of the arteries for diagnostic, prognostic or research 
purposes. Those markers can visualize the structure of the artery wall, inform on 
inflammatory processes involved in arterial damage or reflect local pathology. The 

Table 1. Morphological plaque characteristics 
associated with vulnerability

Plaque thickness
Thin fibrous cap

Intraplaque hemorrhage

Lipid-rich necrotic core

Microcalcification
Active inflammation
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markers that we have evaluated in this thesis are described in more detail in the 
following paragraph.

Imaging markers

18F-FDG PET/CT
Positron emission tomography/computed tomography (PET/CT) with 
18F-fluorodeoxyglucose (18F-FDG) is a sensitive method for the detection of 
inflammation in the vascular wall. 18F-FDG is a radiolabeled analogue of glucose 
that accumulates in activated inflammatory cells26. Pathologic studies showed that 
especially macrophages and neutrophils have a high 18F-FDG-uptake.

In clinical practice, 18F-FDG PET/CT has been proven an accurate tool for the early 
diagnosis of large vessel vasculitis 27. In this condition, the pattern of 18F-FDG uptake 
is diffuse and involves the aorta and its main branches. In contrast, a locally high 18F-
FDG uptake can be found in atherosclerotic plaques28. The extent of atherosclerotic 
18F-FDG uptake has been associated with the risk of future CVD29.

18F-NAF PET/CT
Another tracer used in PET imaging is 18F-sodium fluoride (18F-NaF). This tracer 
identifies areas of calcification and has been used in routine clinical care for bone 
imaging. However, growing evidence suggests a role for 18F-NaF in the identification 
of atherosclerotic calcification as well30. 18F-NaF binds to the surface area of calcium 
particles31. Because a group of small calcium particles has a larger total surface area 
than one large calcium particle, an intense 18F-NaF signal is especially seen in plaque 
regions with microcalcifications. In contrast, CT imaging shows only larger calcium 
particles. 18F-NaF PET imaging offers new opportunities to study the process of 
atherosclerotic calcification and to identify the vulnerable plaque.

Ultrasound
Ultrasound investigation of the carotid arteries allows for the detection of early 
atherosclerotic lesions by measuring the intima-media thickness (IMT). The IMT is 
the distance between the lumen-intimal border and the medial-adventitial border, 
which are both easily recognized with ultrasonography. An increased wall thickness 
is a hallmark of atherosclerosis. In research, carotid artery IMT has been used to 
evaluate the effect of treatment, for example statins, on atherosclerosis development. 

1
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Carotid artery IMT is also an indicator 
of generalized atherosclerosis and is 
associated with the development of 
CVD32.

Arterial wall thickening also occurs in 
vasculitis. In large vessel vasculitis, 
a dark shadow around the vessel 
lumen can be seen with ultrasound. 
This shadow, the so-called ‘halo’, is 
thought to be caused by edema in the 
vessel wall and surrounding tissue 
due to inflammation33. In giant cell 
arteritis (GCA), a form of large vessel 
vasculitis, the presence of a halo in the 
temporal arteries is frequently found. 
In a relatively large, prospective, multicenter study, ultrasound showed a better 
sensitivity for the clinical diagnosis of GCA than temporal artery biopsy, which was 
considered the gold standard for confirming artery wall inflammation34.

Magnetic resonance imaging
High-resolution magnetic resonance imaging (MRI) can visualize wall thickening of 
large and smaller vessels, such as cranial and intracranial arteries. Therefore, MRI 
may be used for the detection of luminal changes in atherosclerosis or in some forms 
of vasculitis35. The great strength of MRI is the ability is to visualize the phenotype 
of atherosclerotic plaques, rather than only the narrowing of the vessel lumen. By 
combining multiple pre- and post-contrast weightings different plaque components 
can be identified with a high accuracy when compared to histology36,37.

Non-imaging markers

Ankle-brachial index
The ankle-brachial index (ABI) is the ratio between the systolic blood pressure at the 
ankles and the arms. The ABI is a widely accepted test to diagnose peripheral arterial 
disease38. A high, as well as a low ABI, are related to vascular pathology. A high ABI 
points to increased vascular stiffness, caused by calcification of the tunica media17. A 
high ABI is the consequence of the increased pressure that is needed to compress the 

Figure 1. Concentric hypoechoic vessel wall 
thickening around the arterial lumen; the so-
called ‘halo sign’. 
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relatively stiff arteries of the legs. In contrast, a low ABI is found when the peripheral 
blood flow is reduced due to atherosclerotic luminal obstruction. Besides being a 
marker of local pathology, the ABI is a strong predictor of adverse cardiovascular 
outcomes in high-risk individuals as well as the general population39-42.

Calcium propensity – T50 test.
The T50 test is a recently developed assay that measures the calcification propensity 
of serum in vitro43. The T50 test measures the time of the transformation from primary 
calciprotein particles (CPP) to secondary CCPs in serum that is supersaturated 
with calcium and phosphate. CPPs are complexes of calcium and phosphate ions 
with serum proteins, such as fetuin-A and albumin. When blood contains increased 
amounts of calcium and phosphate ions, CPPs are formed in order to prevent ectopic 
precipitation of calcium-phosphate. The initially formed CPPs, called primary CPPs, 
are amorphous. After time primary CPPs will transform to secondary CPPs, at least in 
vitro. Secondary CPPs are crystalline and contain hydroxyapatite. Secondary CPPs are 
thought to induce inflammation, oxidative stress and calcification in susceptible cells43.

A long T50 time reflects a high resistance to ectopic calcification and vice versa a 
short T50 time reflects an increased calcification propensity. In patients with chronic 
kidney disease, who are at increased risk of vascular calcification, a shorter T50 time 
has been related to all-cause mortality44,45. Besides, T50 time is associated with 
cardiovascular mortality in kidney transplant recipient46,47.

Arterial damage in high-risk groups
Low-grade vascular inflammation occurs with ageing and contributes to phenotypic 
and functional arterial changes48. However, in some chronic conditions, vascular 
inflammation occurs abundantly or at a younger age. Makers of arterial damage can 
be used to identify those individuals. Lessons learned from these patient groups 
might provide insight into the complex, multifactorial pathology of CVD.

Giant cell arteritis
Giant cell arteritis (GCA) is the most common form of vasculitis in adults from 
Western countries49. GCA typically affects individuals aged over 50 years, with a 
peak incidence at the age of 70 - 80 years. Diagnosing GCA is challenging because 
the disease can present with a wide range of symptoms. The classical symptoms 
of GCA are related to inflammation of the cranial arteries and include headache, 
jaw claudication and visual disturbances. However, the large body arteries can be 

1
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affected as well. This is called large vessel vasculitis or extra-cranial GCA. Patients 
with predominantly extra-cranial involvement often present with non-specific 
symptoms such as weight loss, fever, malaise and muscle weakness.

Early treatment of GCA with corticosteroids is important to prevent serious vascular 
complications. However, diagnosing GCA can be challenging due to the heterogeneous 
presentation of the disease. Various clinical symptoms and laboratory values help to 
predict the likelihood of GCA, but no formal diagnostic criteria for diagnosing GCA 
exist. Confirmation of arterial wall inflammation is therefore highly recommended50.

Temporal artery biopsy (TAB), which is an invasive procedure, has long been seen 
as the gold standard for assessing vascular inflammation. However, this is changing 
now that various imaging techniques have become available for the assessment of 
vascular wall inflammation. Recently, colour duplex ultrasonography (CDU) has been 
recommended as the first imaging modality in patients with predominantly cranial 
symptoms50. CDU is safe, patient-friendly and usually quickly available. Besides the 
temporal arteries, the axillary arteries, which are frequently involved in GCA, can 
also be easily scanned with CDU. However, the diagnostic value of CDU in extra-
cranial GCA is still unsure. Currently, 18F-FDG PET/CT scanning is frequently used 
as the gold standard for extra-cranial involvement. This method is accurate, but also 
expensive and not always immediately available.

Diabetes mellitus type 1
In type 1 diabetes mellitus (T1DM) an autoimmune-mediated destruction of insulin-
producing cells in the pancreas leads to an absolute insulin deficiency51. Over the last 
decades, the lifespan of patients T1DM has rapidly increased due to improvement in 
glycemic control. Nevertheless, morbidity and mortality from CVD is still a concern 
in this population. A large prospective trial shows that with the aggressive treatment 
of cardiovascular risk factors, the risk for mortality approaches that of the general 
population52. However, the risk for coronary artery disease still stays higher than in 
controls, even when all risk factors are on target. The pathophysiologic mechanisms 
are largely unknown.

Hemophilia
Hemophilia is a rare bleeding disorder caused by the lack of functional clotting factor 
VIII (hemophilia A) or clotting factor IX (hemophilia B)53. In the Netherlands, around 
1600 persons are living with hemophilia. Hemophilia is an X-linked genetic disorder. 
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The symptoms of hemophilia depend on the degree of clotting factor deficiency. In 
severe deficiency (< 1% of normal clotting factor) spontaneous bleeds occur, mainly 
in the joints and muscles.

The treatment of hemophilia consists of replacement of clotting factor VIII or IX. In 
the early seventies, plasma-derived factors concentrates were used that were not 
adequately treated to destroy active viruses54. Hemophilia patients became infected 
with HIV and hepatitis and many of them eventually died. Since that tragic time, the 
treatment of hemophilia has enormously improved. Safe replacement therapy has 
become available and prophylactic treatment has become standard care in severe 
hemophilia in Western countries. Due to the improvements in medical care the life 
expectancy of persons with hemophilia now approaches that of the normal population.

With the increasing age of the hemophilia population, the prevalence of age-related 
comorbidities is rising as well. Because of their hypocoagulable state persons with 
hemophilia were historically considered to be protected against acute CVD55. It was 
hypothesized that an arterial thrombus could not be formed. However, we now know 
that persons with hemophilia are not protected against atherosclerosis and that CVD 
does occur56,57. Cardiovascular risk factors are highly prevalent. Hypertension is even 
more frequently found in persons with hemophilia than in the general population 
for unknown reasons58,59.

The increasing incidence of CVD in hemophilia raises two issues. First, treatment of 
CVD in hemophilia is challenging, because antiplatelet therapy further increases the 
risk for bleeding. Second, the exact relation between the coagulation system and 
atherosclerosis is still poorly understood. We know that the extent of atherosclerosis, 
as measured with carotid artery IMT, is similar between PWH and controls56,60. 
However, studies among elderly PWH are lacking and the plaque morphology is 
unknown. It is possible that a higher prevalence of vulnerable plaques neutralizes 
the potential protective effect of being less thrombogenic. However, this has not 
been investigated before.

1
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CONTENT OF THIS THESIS

As stated, vascular diseases are common in many chronic conditions. Vascular 
diseases are characterized by pathological alternations in the vascular wall, which 
contribute to an increased risk of clinically apparent CVD. A better understanding 
of the mechanisms and meaning of these vascular changes is a necessary, first step 
in the development of accurate risk assessment tools and therapeutic interventions. 
In this thesis, several imaging and non-imaging markers of arterial wall damage are 
evaluated in a new clinical context. The overall aim is to improve our understanding 
of the processes involved in arterial disease.

In chapter 2 we studied 18F-NaF as a marker of microcalcification and plaque 
vulnerability. We compared in vitro 18F-NaF uptake between culprit carotid plaques 
(plaques that caused a stroke) and non-culprit carotid plaques of patients scheduled 
for carotid artery surgery. Furthermore, we analyzed to what extent the pattern of 
18F -NaF uptake on microPET differed from the pattern of calcification on microCT.

Chapter 3 describes the association between serum T50, as a measure of overall 
calcification propensity, and other parameters of increased mineral stress in persons 
with type 1 diabetes mellitus. Vascular calcification progresses faster in diabetes 
mellitus than in the general population. Disturbances in mineral metabolism could 
be one of the factors that predispose them to calcification. The association between 
T50 and micro- and macrovascular complications was evaluated as well.

Chapter 4 and chapter 5 address the relationship between hypocoagulability, as 
seen in persons with hemophilia, and atherosclerosis. Chapter 4 describes two cross-
sectional studies on the ankle-brachial index (ABI) in persons with hemophilia. The 
first study showed an unexpectedly high prevalence of high ABI, which points to an 
increased vascular stiffness due to medial arterial calcification. A high ABI is rare in 
the general population. Therefore, we hypothesized that hemophilia predisposes to 
a high ABI and that high ABI relates to hypertension, which has a high prevalence 
in hemophilia. In the second study, we aimed to confirm our previous findings in 
unselected persons with hemophilia and age-matched controls. In chapter 5, we 
compared MRI assessed plaques components between persons with hemophilia 
and controls without bleeding disorder. We hypothesized that an increased plaque 
rupture due to high-risk morphological features explains the occurrence of acute 
CVD despite the lifelong hypocoagulability.
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In chapter 6 we evaluated the performance of color duplex ultrasonography (CDU) 
of the axillary arteries in patients with extra-cranial GCA. First, we compared axillary 
CDU findings with axillary 18F-FDG PET/CT findings, which we considered the gold 
standard for large vessel inflammation. Second, we compared the diagnostic value 
of temporal and axillary artery CDU, to temporal artery CDU only.

In chapter 7 the results of this thesis are summarized and discussed.
1
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ABSTRACT

Background: 18F-NaF positron emission tomography (PET) targets microcalcifications. 
We compared in vitro microPET assessed 18F-NaF uptake between culprit and non-
culprit human carotid plaques. Furthermore, we compared 18F-NaF uptake with 
calcification visualized on microcomputed tomography (microCT).

Methods: Carotid plaques from stroke patients undergoing surgery were incubated 
in 18F-NaF and scanned using a microPET and a microCT scan. The average PET 
assessed 18F-NaF uptake was expressed as percentage of the incubation dose 
per gram (%Inc/g). 18F-NaF PET volume of interest (VOI) was compared with CT 
calcification VOI.

Results: 23 carotid plaques (17 culprit, 6 non-culprit) were included. The average 
18F-NaF uptake in culprit carotid plaques was comparable with the uptake in non-
culprit carotid plaques (median 2.32 %Inc/g [IQR 1.98-2.81] vs. median 2.35 %Inc/g 
[IQR 1.77-3.00], p=0.916). Only a median of 10% (IQR 4-25) of CT calcification VOI 
showed increased 18F-NaF uptake, while merely a median of 35% (IQR 6-42) of 18F-
NaF PET VOI showed calcification on CT.

Conclusions: 18F-NaF PET represents a different stage in the calcification process 
than CT. We observed a similar PET assessed 18F-NaF uptake and pattern in culprit 
and non-culprit plaques of high-risk patients, indicating that this method may be of 
more value in early atherosclerotic stenosis development.
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INTRODUCTION

Surgical removal of atherosclerotic plaques from the carotid artery highly reduces 
the risk of future stroke in symptomatic patients with ≥70% stenosis1. However, 
most of these patients will not have a new event when treated with best medical 
therapy2. Furthermore, the role of surgery in moderate symptomatic stenosis (50-
69%) and asymptomatic stenosis is under debate3-5. Therefore, taking into account 
the potential risk for surgical complications, the selection of patients who will benefit 
most from surgery is challenging.

In order to improve risk stratification, research has been focused on the identification 
of plaques at risk for rupture, so-called vulnerable plaques6-8. Currently, plaque 
thickness and intraplaque processes, such as inflammation and microcalcification, 
are seen as important contributors to vulnerability. These processes have become 
targets of various molecular imaging techniques, as they potentially allow non-
invasive risk stratification of individual patients with carotid artery stenosis9,10.

Recently, several studies have shown the feasibility of 18F-sodium fluoride (18F-NaF) 
positron emission tomography (PET) for imaging of atherosclerotic plaques11-13. 
18F-NaF predominantly binds to areas of microcalcification within the plaque14. 
Appearance of microcalcifications indicates the active formation of calcification and 
is associated with plaque vulnerability15,16. In contrast, established calcifications 
are seen as atherosclerotic end stage products and are associated with plaque 
stability17-20.

It has been suggested that 18F-NaF may additionally be a useful marker for plaque 
vulnerability21. Indeed, a clinical study by Joshi et al. showed that ruptured and 
high-risk coronary plaques have a significantly higher 18F-NaF uptake than non-
culprit and low-risk coronary plaques22. However, data on 18F-NaF uptake in 
carotid plaques is limited and its usefulness for the prediction of future stroke is 
unclear23-25. Additionally, limited data has been published on the relation between 
active microcalcifications and established calcifications in human carotid plaques26,27.

The primary objective of this study is to compare in vitro microPET assessed 18F-
NaF uptake between culprit and non-culprit carotid plaques from stroke patients, 
using non-macrocalcified renal arteries from healthy kidney donors as negative 
controls. The secondary objective is to compare the distribution of 18F-NaF uptake 
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on microPET with calcification visualized on a high-resolution microcomputed 
tomography (microCT) in carotid plaques.

MATERIAL AND METHODS

Study subjects
Carotid plaques were collected from stroke patients who underwent carotid 
endarterectomy (CEA) at the Department of Surgery (Division of Vascular Surgery) 
of the University Medical Center Groningen (UMCG), between July 2015 and March 
2016. Indication for CEA was decided by a surgeon expert panel and was based on 
the presence of symptomatic (culprit) stenosis (≥50%) or asymptomatic (non-culprit) 
stenosis (≥70%) of the internal carotid artery, according to internal guidelines28,29. 
One patient with <50% stenosis was selected for CEA because of an irregular aspect 
of the plaque surface.

In order to increase the reliability of our measurements, we used renal artery 
specimens from healthy kidney donors as negative controls. The specimens were 
obtained during living donor nephrectomy. Clinical and demographic data from the 
included patients were collected from medical records. In the group with culprit 
plaques, medication use and history of cardiovascular diseases prior to the recent 
event were registered. The study was reviewed by the ethics committee of the 
UMCG (METc 2015/258). All patients gave written informed consent.

Study procedure
Immediately after excision, carotid plaques and renal artery specimens were placed 
into phosphate buffered saline (PBS) and kept on ice. Both were incubated for 
one hour in 49.4±7.2 MBq 18F-NaF in 20 mL. After incubation, the plaques and 
renal arteries were carefully rinsed 5 times with 10 mL PBS. Then, tissue samples 
were weighed and microPET and microCT scans were performed. After the 
imaging procedure, the carotid plaques were cut transversely into segments of 
3-4 millimeters. The renal arteries had a maximum thickness of 5 millimeters and 
therefore no cross-sections were made. The segments were embedded in paraffin 
for histological analysis.
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Production of 18F- NaF
18F-NaF was produced by passing a solution of 18F-fluoride in water over a quaternary 
methyl ammonium (QMA) light anion exchange cartridge (Waters Chromatography 
B.V., Etten-Leur, The Netherlands). After washing the QMA with water, [18F]-fluoride 
was eluted with saline and passed over a sterile Millex GS 0.22 µm filter (Millipore 
B.V., Amsterdam, The Netherlands). The radiochemical purity for all runs was >95%.

PET and CT acquisition
Carotid plaques and renal arteries were positioned into a microPET scanner 
(MicroPET Focus 220, Siemens Medical Solutions USA, Knoxville, TN, USA), and 
an emission scan of 30 minutes was performed. After the PET scan was finished, the 
bed of the PET scanner was transferred to a microCT scanner (Inveon CT, Siemens 
Medical Solutions USA, Knoxville, TN, USA) without moving or touching the tissue 
samples. The CT exposure settings were 50 keV and 500 µAs, and a 100-ms 
exposure time for 360 projections during one 360° rotation.

The PET scans were reconstructed into a single frame of 30 minutes, using OSEM2D 
(4 iterations and 16 subsets), after being normalized and corrected for attenuation 
and decay of radioactivity. The CT images were reconstructed with the Feldkamp 
algorithm30.

Data analysis
The PET and CT images were automatically registered using PMOD 3.7 (PMOD 
Technologies LLC, Zürich, Switzerland). The registration was visually inspected 
and manually corrected when necessary. For quantification of the average 18F-NaF 
uptake, three-dimensional volumes of interest (VOIs) were drawn around the whole 
tissue samples. The uptake (in kBq/cc) was corrected for weight of the specimen 
and the incubation dose, and expressed as percentage uptake of total incubation 
dose per gram of tissue (%Inc/g). It was assumed that 1 cubic centimeter equals 1 
gram of tissue.

VOIs were also automatically drawn around 18F-NaF PET areas with a threshold 
of ≥50% of the maximum 18F-NaF uptake and assigned as 18F-NaF PET VOI. VOIs 
were automatically drawn around CT areas with a Hounsfield Unit (HU) ≥1000 and 
assigned as CT calcification VOI. The threshold of 50% of the maximum uptake 
value was chosen in order to select the volume with the highest 18F-NaF uptake, and 
thereby minimize the bias of a partial volume effect27. The HU of 1000 was based 
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on the CT scan of a phantom with various known calcium hydroxyapatite densities, 
whereby a lower threshold was chosen in order to not miss any calcification. To 
determine the overlap between the 18F-NaF PET VOIs and CT calcification VOIs, an 
intersection VOI was automatically drawn. Then, the CT calcification area (HU≥1000) 
within the 18F-NaF PET VOI was measured and expressed as a percentage of the 
18F-NaF PET VOI; and the other way around; 18F-NaF PET uptake area (≥50% 
of maximum 18F-NaF uptake) within the CT calcification VOI was measured and 
expressed as a percentage of the CT calcification VOI.

Histological staining
To validate our data, von Kossa and alizarin red stainings for calcification were 
performed on two plaque segments without any CT calcification, but with clear 18F-NaF 
uptake. The pattern of 18F-NaF uptake on PET images was compared with the results 
of histology. Furthermore, the two renal arteries with the highest 18F-NaF uptake were 
selected for staining (negative controls). Only negligible 18F-NaF uptake was expected 
and no calcification in the renal arteries, because only healthy kidney donors with a 
renal vasculature without any signs of atherosclerosis are eligible for transplantation.

To obtain further information on the vulnerability of included carotid plaques, 
segments of five culprit and three non-culprit plaques were assessed for histological 
features of vulnerability. The segments were stained with Martius Scarlet Blue 
(MSB) using histochemistry and for CD68- and CD34-expressing cells using 
immunohistochemistry31. With these markers, the presence of intraplaque thrombus 
and collagenous fibrous cap (MSB), inflammation (CD68-positive macrophages) and 
intraplaque microvessels (CD34-positive endothelial cells) could be identified. One 
observer, highly experienced in vascular pathology, visual inspected and interpreted 
the histological features, and compared the culprit and non-culprit plaques. For a 
detailed description of the staining procedures, see supplemental data.

Statistical analysis
Descriptive data are presented as frequencies (percentage), median (interquartile 
range) or mean ± SD. Based on the distribution of data (tested by normal probability 
plots), differences between data were analyzed with non-parametric tests. For 
continuous data the Mann-Whitney U test (two groups) or the Kruskal-Wallis test 
(≥two groups) was used. Categorical data were analyzed with the Chi Square test. A 
Spearman Correlation was used to test the association between continuous data. A 
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two-sided p-value <0.05 was considered statistically significant. Statistical analyses 
were performed using SPSS for Windows (version 23.0).

RESULTS

Patient characteristics
We included 23 carotid plaques (17 culprit and 6 non-culprit) from 23 patients 
(median age 72 years, interquartile range [IQR] 61-75, 85% male) who had 
undergone CEA, and 15 renal artery specimen from healthy kidney donors (Table 
1). The demographic and clinical characteristics were comparable between stroke 
patients with culprit and non-culprit plaques (Table 2). Only BMI was higher in the 
non-culprit group (p=0.020). The mean time between the cerebrovascular event 
(stroke, TIA or amaurosis fugax) and CEA in the group with culprit plaques was 
21±14 days. All patients in the non-culprit group had a history of stroke related to 
the contralateral carotid artery. The time range between that stroke and the recent 
non-culprit CEA was 2-23 months. The healthy kidney donors (from whom renal 
artery segments were obtained) were younger than CEA patients (p=0.001) and 
had no history of cardiovascular disease.

Visual assessment of PET and CT images
PET images of all 23 plaques, showed a heterogeneous 18F-NaF uptake distribution 
and clear hotspots (Figure 1). The registered PET and CT images (n=16) showed a 
discordant pattern between CT assessed calcification and 18F-NaF PET assessed 
calcification. In all plaques, 18F-NaF uptake was seen in regions without calcifications 
visualized on CT scan. In the largest CT calcification volumes 18F-NaF uptake was 
only seen at the outer surface (Figure 2). The 18F-NaF uptake in the renal arteries 
was only visible when a low 18F-NaF uptake threshold was chosen compared with 
the carotid plaques, and no calcification was visible on the CT (n=8).
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Figure 1. 18F-NaF microPET and microCT images of human carotid plaque.

(A, E) Human carotid plaque after carotid endarterectomy. (B, F) Sagittal view of ex vivo PET 
showing a heterogeneous distribution of 18F-NaF uptake with a clear hotspot (red/yellow). (C, G) 
Sagittal view of corresponding microCT images. On the background of example G are the contours 
of the CT bed visible. (D, H) Fused images showing different distributions of microcalcification 
(18F-NaF PET) and established calcification (microCT). Scale PET images in %Inc/g, scale CT 
images in HU

Figure 2. Sagittal views of 18F-NaF microPET and microCT of human carotid plaques. (A, D, G) 
PET areas with 18F-NaF uptake. (B, E, H) CT images showing calcification. In image B only one 
small calcification can be seen in the areas of 18F-NaF uptake. (C, F,I) Fused images. Volumes of 
interest are drawn around CT calcification areas (white calcification, pink line). The relatively large 
calcifications (white arrows) show the most intense 18F-NaF uptake at their surface. In the smaller 
calcifications this cannot be observed due to the limited resolution. Scale PET images in %Inc/g, 
scale CT images in HU.
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Table 1. Included specimens

Culprit plaque Non-culprit plaque Renal artery specimen

Number included 17 6 15

Number PET performed 17 6 15

Number CT performed 15 1 8

Table 2. Clinical characteristics

Culprit
plaques (n=17)

Non-culprit
plaques (n=6)

Renal
arteries (n=15)

Age (years) 72 (64-76) 71 (55-72) 55 (41-63)

Male gender 14 (82) 5 (83) 5 (33)

Stenosis degree (%)

 70 – 99 14 (82) 6 (100) -

 50 – 69 2 (12) - -

 < 50 1 (6) - -

Presenting symptoms

 Stroke 9 (53) - -

 TIA 7 (41) - -

 Amaurosis fugax 1 (6) - -

Cardiovascular history 8 (47) 6 (100) 0

 Coronary artery disease 3 (18) 3 (50) -

 Cerebrovascular diseasea 4 (24) 6 (100) -
  Peripheral artery disease 4 (24) 2 (33) -

Diabetes mellitus 1 (6) 3 (50) 0

Current smoker 6 (34) 2 (33) 6 (40)

BMI (kg/m2) 25 (23-30) 31 (29-31) 26 (24-28)

SBP (mm Hg) 139 (132-150) 144 (127-173) 134 (127-148)

DBP (mm Hg) 76 (60-83) 73 (68-78) 76 (70-83)

Total cholesterol (mmol/L) 4.4 (3.5-6.1) 4.2 (3.4-10) 5.5 (4.8-6.2)

LDL cholesterol (mmol/L) 3 (2.2-3.8) 2.5 (2.0-8.2) 3.1 (2.7-4.1)

Medicationb

Antihypertensives 9 (53) 3 (50) 3 (20)

Statins 7 (41) 6 (100) 1 (6)

Antiplatelet therapy 5 (29) 6 (100) 0

Anticoagulation 3 (18) 0 0

Data are expressed as number (%) or median (interquartile range)
a in culprit plaques: other than current event
b in culprit plaques: medication use prior to the recent cerebrovascular event
TIA, transient ischemic attack; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; LDL, low-density lipoprotein.
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Figure 3. 18F-NaF uptake, as measure of microcalcification, in human carotid plaques and controls. 
PET assessed 18F-NaF uptake in culprit and non-culprit carotid plaques. Renal arteries of healthy 
kidney donors are used as negative controls. Data is expressed as percentage 18F-NaF uptake 
of the total incubation dose per gram of tissue (% Inc/g). Horizontal line represents the median.

18F-NaF uptake in culprit and non-culprit plaques
The average 18F-NaF uptake was similar in culprit and non-culprit carotid plaques 
(median 2.32 %Inc/g [IQR1.98-2.81] vs. median 2.35 %Inc/g [IQR 1.77-3.00], 
p=0.916), while the uptake in carotid plaques was significantly higher than in renal 
arteries (median 2.32 %Inc/g [IQR1.86-2.80] vs. median 0.44 %Inc/g [IQR 0.18-
0.68], p<0.001) (Figure 3).

Comparison of 18F-NaF PET VOIs with CT calcification VOIs
The 18F-NaF PET VOIs of the carotid plaques had a size of median 41 mm3 (IQR 20-
74), consisting of median 6% (IQR 3-10) of the total plaque volume (Table 3). The 
binding of 18F-NaF in the 18F-NaF PET VOIs was median 4.7 (IQR 3.9-6.2) %Inc/g 
(Table 4). Overall, only a median of 35% (IQR 6-42) of the 18F-NaF PET VOI areas 
consisted of CT assessed calcification.
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Table 3. Comparison of 18F-NaF PET VOI with CT calcification VOI

18F-NaF PET VOI CT calcification VOI

No. Size 
(mm3)

18F-NaF PET VOI 
of total plaque 

volume
(%)

CT calcification 
volume within 

18F-NaF PET VOI 
(%)

Size 
(mm3)

CT calcification 
VOI of total 

plaque volume 
(%)

18F-NaF PET 
volume within CT 
calcification VOI 

(%)

1 74 15 1 2 0.4 21

2 53 6 38 202 22 10

3 130 2 37 143 13 34

4 12 2 33 86 13 4

5 20 2 14 146 17 2

6 36 4 50 319 33 6

7a 46 9 - - - -

8 71 9 43 342 41 9

9 21 2 38 156 18 5

10b 165 10 40 487 29 14

11 172 17 46 162 16 49

12 35 4 45 152 16 10

13 73 7 4 13 1 22

14 20 6 28 16 3 36

15 17 3 3 16 2 3

16 28 4 24 468 47 1

a in this carotid plaque, no calcifications could be identified on CT scan
b non-culprit carotid plaque
VOI, volume of interest; PET, positron emission tomography; 18F-NaF, 18F- Sodium Fluoride; CT, computed 
tomography; HU, Hounsfield Units.
18F-NaF PET VOI was defined as ≥50% of maximum 18F-NaF uptake; CT calcification VOI was defined as 
Hounsfield Units ≥1000.

The CT calcification VOI had a size of median 149 mm3 (IQR 16-290), consisting of 
median 16% (IQR 3-27) of the total plaque volume (Table 3). The overall binding of 
18F-NaF in the CT calcification VOIs was lower than in the 18F-NaF PET VOI (median 
2.6 [IQR 1.9-3.2] %Inc/g) (Table 4). Overall, a median of 10% (IQR 4-25) of the CT 
calcification VOI areas showed 18F-NaF uptake.

The averaged HU of the 18F-NaF PET VOIs (median 901 HU [IQR 94-1349]) was 
lower than that of the CT calcification VOIs (median 3258 HU [IQR 2465-3616]), as 
these 18F-NaF PET VOIs consist only partially of CT assessed calcification (Table 4). 

2



38 | Chapter 2

In renal arteries no CT calcification VOI could be detected; median HU of total renal 
artery volume was -470 HU (IQR -530 − -390).

No significant association was found between 18F-NaF uptake of the plaque (%Inc/g) 
and the CT calcification VOI (r=0.382, p=0.144), although 18F-NaF uptake seems to 
increase when CT calcification VOI increases in most plaques (Figure 4).

Table 4. 18F-NaF uptake and HU-values in PET VOI and in CT VOI

No. 18F-NaF uptake in 
PET VOI

18F-NaF uptake in
CT VOI

Averaged HU value 
PET VOI

Averaged HU value 
CT VOI

1
2
3
4
5
6
7a

8
9
10b

11
12
13
14
15
16

3.6
5.9
4.8
7.6
5.1
5.8
2.6
4.6
4.0
4.4
3.8
6.2
3.4
7.2
4.1
6.5

1.9
2.5
3.7
3.0
1.5
2.8

-
1.9
1.9
2.8
3.2
3.2
2.6
5.5
1.5
2.6

-295
1367
1293
603
206

1512
-361
1140
1242
1102
1835
1414

57
699
-137
568

2273
3616
3489
3085
2769
3616

-
3258
3755
3312
3645
3115
2465
2152
1885
3289

a in this carotid plaque, no calcifications could be identified on CT scan
b non-culprit carotid plaque
18F-NaF, 18F- Sodium Fluoride; PET, positron emission tomography; CT, computed tomography; HU, Hounsfield 
Units; VOI, volume of interest.
18F-NaF uptake was expressed as percentage uptake of total incubation dose per gram
(%Inc/g). 18F-NaF PET VOI was defined as ≥50% of maximum 18F-NaF uptake; CT calcification VOI was defined 
as Hounsfield Units ≥1000.
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Figure 4. Relation between PET assessed 18F-NaF uptake and CT assessed calcification in human 
carotid plaques. CT assessed calcification VOI was defined as HU-value ≥1000. Data is expressed 
as percentage 18F-NaF uptake of the total incubation dose per gram of tissue (% Inc/g). Spearman 
correlation was used to assess the relation between 18F-NaF uptake and CT assessed calcification.

Histological staining
The von Kossa and alizarin red stainings showed calcification deposits in the two 
selected 18F-NaF-positive, CT negative segments of the carotid plaques. The pattern 
of 18F-NaF uptake on PET images matched with the area of histologically proven 
calcification (Supplemental Figure 1). Areas with negligible 18F-NaF uptake did not 
show any histological evidence for calcification. As expected, no calcifications were 
identified in the segments of the renal arteries (Supplemental Figure 2).

The five culprit and three non-culprit plaques segments showed all at least one 
characteristic of vulnerability. Macrophage infiltration was clearly visible in all 
segments, as was the presence of intraplaque microvessels, without a visual 
difference in culprit or non-culprit segments. Two culprit plaques and one non-
culprit plaque showed a clear thrombus indicative of intraplaque hemorrhage. One 
non-culprit plaque showed a very thin fibrous cap (Supplemental Figure 3).
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DISCUSSION

The present study investigated in vitro microPET assessed 18F-NaF uptake, in culprit 
and non-culprit human carotid plaques. We hypothesized that 18F-NaF uptake in 
culprit plaques was higher than in non-culprit carotid plaques, based on previous 
results in coronary plaques, and the concept of microcalcification and plaque 
rupture15,22. Our results, however, demonstrate comparable 18F-NaF uptake in culprit 
and non-culprit carotid plaques. Interestingly, we found that 18F-NaF uptake was 
present in regions without evidence of calcification on CT scan. Furthermore, most 
of the CT calcification VOIs had low 18F-NaF uptake, confirming that both techniques 
represent a different stage of calcification14,23,32.

Recently, Vesey et al. showed that in vivo 18F-NaF uptake was higher in culprit carotid 
artery stenosis than in the contralateral non-culprit stenosis in 18 patients with recent 
CVA (log10 standardized uptake value, mean 0.29±0.10 versus 0.23±0.11 respectively, 
p<0.001)23. These findings are consistent with the results of a clinical study of Quirce 
et al., in nine patients, where 18F-NaF uptake reported as mean target-to-background 
ratio was higher in culprit plaques (2.12±0.44) than in contralateral non-culprit 
plaques (1.85±0.46 , p=0.220)24. Age and sex distribution were comparable between 
these two studies and our study. Only Vesey et al. provided information about the 
cardiovascular history and other cardiovascular risk factors of the included patients. 
The prevalence of smoking and diabetes mellitus was similar. Furthermore, more 
than 50% of the patients had other manifestations of atherosclerosis, as in our study. 
Since the included patients in both studies were comparable, the remaining question 
is how these contradictive results can be explained.

First, although Vesey et al. did find a significant difference between 18F-NaF uptake 
in culprit and contralateral non-culprit plaques, the differences were small and a 
substantial overlap between the uptake values in both groups was present, as was 
in the study of Quirce et al. Furthermore, the 18F-NaF uptake between patients 
scheduled for CEA and control patients differed to a larger extent (delta 0.17 
SUVmean) than the difference between culprit and non-culprit uptake (delta 0.07 
SUVmean)23. Therefore, we believe that no absolute cut off value for the diagnosis of 
culprit plaques based on 18F-NaF uptake can be determined, only when compared 
with control patients there is a relevant difference. This is in line with the results 
of our study. Although the sample size is small, our data show that 18F-NaF uptake 
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between culprit and non-culprit carotid plaques was comparable while the uptake 
in plaques was significantly higher than in control renal arteries.

Second, there may be differences in the degree of stenosis of the carotid arteries 
between patients in the aforementioned studies and our patients. Vesey et al. found 
that 18F-NaF uptake was related to the degree of stenosis on CT, but they did not 
report the stenosis degree in the separate groups, neither did Quirce et al. In our 
study, the stenosis degree in both, non-culprit and the culprit plaques, was high 
and all plaques showed high-risk features based on histology. This could explain 
the similar 18F-NaF uptake.

In contrast, Joshi et al. did find a difference between culprit and non-culprit coronary 
plaques of patients with myocardial infarction22. This might be the consequence 
of local differences in the mechanical forces exerted to the artery wall and the 
endothelium of the coronary vascular bed, causing local differences in plaque 
initiation and progression33. In contrast to the coronary arteries, both carotid arteries 
are exposed to similar blood flow patterns and mechanical stress. This might result 
in the same pattern of plaque development and progression.

18F-NaF activity was increased in areas without calcification on CT and most of 
the CT calcification VOI showed minimal 18F-NaF uptake. This supports the idea 
that microcalcification, as visualized with 18F-NaF PET, and established calcification 
visualized on CT may reflect different stages of the calcification processes in 
atherosclerotic plaques23,27,34.

Established calcification is a well-known marker of total plaque burden and is 
strongly associated with the risk for cardiovascular events35. However, the amount 
of established calcification, as detected by CT, only provides information about the 
processes in the past and not about the actual biological activity of the plaque36. 
Moreover, larger and denser areas of calcification may even stabilize the plaque37. 
This has, for example, been suggested by Shalaan et al., who found a higher CT 
assessed calcification volume in non-culprit than in culprit carotid plaques38. The 
average percentage of plaque volume that was calcified was comparable with our 
study. Unfortunately, in our study CT assessed calcification volume could not be 
compared between culprit and non-culprit plaques, due to limited availability of 
CT images in the non-culprit group (n=1) because of image reconstruction failures.
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Another important example can be derived from the work of Puri et al., who 
performed a post-hoc patient-level analysis of 8 prospective trials in which coronary 
atheroma were measured with intravascular ultrasound. They showed that although 
statins had a clear plaque-regressive effect, they also promoted coronary atheroma 
calcification, indicating stabilization39.

In this study increased 18F-NaF uptake was related to the calcium volume on CT in 
the majority of the carotid plaques. This is probably caused by binding of 18F-NaF at 
only the surface of the calcifications14. The binding of fluoride to hydroxyapatite is 
based on ion exchange, rather than incorporation by active transport. This probably 
also explains why 18F-NaF uptake can still be found in vitro.

However, in our study a few plaques with low calcium volume had a high 18F-
NaF uptake and vice versa. This suggests 18F-NaF accumulation in areas without 
any evidence of calcification, or at least no calcification with a size above the 
detection limit of the microCT scan14. The presence of calcifications smaller than 
the CT detection limit, i.e. microcalcifications was indeed confirmed by histological 
staining of 18F-NaF positive and CT negative segments. 18F-NaF probably binds 
to the relatively large surface of microcalcifications, causing an intense signal on 
PET images14.

These observations indicate that 18F-NaF imaging can detect biologically active 
plaques, before they can be visualized on CT. This implies that 18F-NaF imaging is 
useful in evaluating disease progression, as was further shown in patients with aortic 
stenosis, where baseline 18F-NaF uptake correlated well with the calcium progression 
after one year40. Especially, 18F-NaF uptake in areas without established calcification 
on CT was the best predictor of calcium progression.

Furthermore, Derlin et al. found a positive correlation was between 18F-NaF uptake 
in the carotid arteries and, age and various cardiovascular risk factors in 269 patients 
with no history of stroke32. Derlin et al. included a heterogeneous population, 
consisting of patients with low or minimal cardiovascular risk as well. In contrast, 
we included only patients with already a history of cardiovascular disease and, 
therefore, at a high-risk for a cardiovascular event. These findings further highlight 
the possibility of 18F-NaF imaging to identify patients at high-risk for cardiovascular 
disease in a low-risk population. In addition, the finding that 18F-NaF uptake in 
carotid plaques exceeded that of controls (renal arteries) and no calcification was 
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visible in renal arteries on microCT or with histological staining, add evidence to the 
hypothesis that the presence of microcalcification identified by 18F-NaF is a feature 
of atherosclerosis. The relation between the extent of 18F-NaF uptake in bilateral 
carotid plaques and features of vulnerability needs to be further investigated.

Strengths of our study are the inclusion of a control group, and the scanning 
of calcium phantoms in order to accurately determine the calcium threshold. 
Furthermore, by comparing calcification identified by 18F-NaF PET imaging with 
calcification visualized on microCT, this study adds knowledge to the relatively new 
field of 18F-NaF imaging in atherosclerosis. Our study has some limitations. First, it 
should be considered that the number of plaques, especially non-culprit plaques, is 
small and a type II statistical error might be introduced. However, given the similar 
distribution of 18F-NaF uptake in both groups, a high number of plaques would need 
to be recruited to find a statistically significant difference if present. We believe that 
small differences in uptake will not have any clinical implication.

Second, the tracer uptake could be underestimated due to partial volume effects, 
as with every imaging study. Third, CT images of 16 plaques (one non-culprit) out 
of 23 were available for analysis due to practical and technical issues. Fourth, we 
did not assess the plaque morphology of the right and left side in the same patient. 
Culprit and non-culprit plaques were derived from different patients.

NEW KNOWLEDGE GAINED

We have demonstrated the that the calcification patterns on 18F-NaF PET images 
and CT images are different. Clearly, 18F-NaF PET visualizes a different stage of the 
calcification process than CT. 18F-NaF uptake in carotid plaques exceeded the uptake 
in non-calcified renal arteries, but was comparable between culprit and non-culprit 
carotid plaques, probably due to the advanced nature of atherosclerotic disease in 
our patients.

CONCLUSION

We conclude that 18F-NaF has the potential to identify carotid plaques with active 
calcification. Further prospective studies on 18F-NaF uptake and symptomatology 
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are required to assess the predictive and diagnostic value of 18F-NaF imaging in 
patients with early stage atherosclerosis.
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SUPPLEMENTAL DATA

General staining procedures
Carotid plaques and renal artery segments were cut in sections of 5 µm, 
deparaffinised with xylene, and rehydrated with ethanol and demineralized water. 
The two renal arteries with the highest 18F-NaF uptake and two 18F-NaF positive, but 
CT negative carotid plaques segments were stained for calcification. Furthermore, 
five culprit and three non-culprit plaques were stained for the presence of CD68- 
expressing cells (macrophages) and CD34- expressing cells (endothelial cells). The 
presence of intraplaque thrombus and collagenous fibrous cap was evaluated using 
standardized Martinus, Scarlet and Blue (MSB) staining.

Calcification staining
Calcifications in carotid plaques and renal artery segments were identified with 
Alizarin Red staining and von Kossa staining. In brief, sections were incubated in 
2% Alizarin Red for five minutes at room temperature. After incubation, sections 
were dipped 20 times in 1:1 acetone:xylene, followed by 100% xylene. Then, the 
sections were rinsed with ethanol and dried.

For the von Kossa staining, the sections were incubated in 1% silver nitrate 
solution and exposed to sunlight for 30 minutes. Then, sections were rinsed with 
demineralized water, and 3% thiosulfate was added for five minutes. After the 
sections were rinsed again, Nuclear Fast Red counterstain was added for three 
minutes, after which the sections were washed with ethanol and dried.

Staining of macrophages and microvessels
For the staining of macrophages, segments were incubated with CD68 (mouse 
IgG3 κ monoclonal, Dako, clone KP-1). For staining of microvessels CD34 was 
used (mouse IgG1 κ monoclonal, Dako, clone QBEnd-10, code number M7165). 
After an incubation time of one hour at room temperature, the segments were 
incubated with horseradisch peroxidase (HPR) labeled secondary antibodies. 
Then, 3,3’-diaminobenzidine (DAB) chromogenic staining was used to visualize the 
antibodies. Last, segments were counterstained with hematoxylin.
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Analysis of staining
Digital images of the stained sections were made using the NanoZoomer Digital 
Pathology Scanner (Hamamatsu Photonics K.K., Japan). The images were inspected 
using pathology viewing software (Aperio ePathology, LeicaBiosystems, the 
Netherlands) and were visually reviewed by one observer with broad experience 
in vascular pathology.

Supplemental Figure 1. Calcification staining of carotid plaque segment with 18F-NaF uptake 
but without CT calcification.

(A) Transversal CT image and (B) transversal 18F-NaF PET image of a human carotid plaque. (C) 
Von Kossa staining (brown spots) and (D) alizarin red staining (red spots) of corresponding trans-
versal slices, both showing calcifications. Enlarged pictures: originally x 20.

Supplemental Figure 2. PET images and calcification staining of renal arteries (controls).

(A) Transversal 18F-NaF PET image of a human renal artery, used as negative control. 18F-NaF PET 
assessed uptake was very low and no clear hotspots could be identified. (B) Alazarin Red staining 
and (C) Von Kossa staining of corresponding transversal slices, both showing no calcification 
(Originally x 7). Scale PET images in %Inc/g.
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Supplemental Figure 3. Plaque morphology of representative non-culprit and culprit human 
carotid plaques.

MSB staining shows the fibrous cap (blue =collagen) with intraplaque thrombus (red= fibrin), in-
dicative of intraplaque hemorrhage. Macrophages (brown) were identified by CD68 staining and 
intraplaque microvessels (brown) with CD34 staining. Enlarged pictures: originally x 20.
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ABSTRACT

Background: Increased vascular calcification could be an underlying mecha-
nism of cardiovascular complications in type 1 diabetes mellitus (T1DM). 
Calcification propensity can be monitored by the maturation time of calciprotein particles 
in serum (T50 test). A high calcification propensity (i.e. low T50 value) is an independent 
determinant of mortality in various populations. The aim was to investigate T50 levels 
with indices of calcium metabolism and disease status in T1DM patients.

Methods: As part of a prospective cohort study, T1DM patients were examined 
annually. At baseline T50 was determined in 216 (77%) patients (57% male) with a 
mean age of 45 (12) years, diabetes duration 22 [15.8, 30.4] years and HbA1c of 
60 (12) mmol/mol (7.6 (1.0) %). Baseline data were collected in 2002 and follow-up 
data were collected in 2018.

Results: The T50 time was normally distributed with a mean of 339 (60) minutes. 
Patients in the highest tertile of T50 (range 369 to 466) were older, had lower phosphate 
and PTH and higher magnesium and vitamin D concentrations as compared to the 
middle (range 317 to 368) and lowest (range 129 to 316) tertiles, while eGFR was 
comparable between groups. During follow-up of 15 years, 43 patients developed a 
macrovascular complication and 26 patients died. In regression analysis, T50 was not 
a prognostic factor for the development of complications or mortality.

Conclusions: The T50 time was associated with indices of increased mineral stress, 
but not with the development of long-term macrovascular complications.
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INTRODUCTION

Despite intensive glycemic control and adequate management of cardiovascular 
risk factors, type 1 diabetes mellitus (T1DM) is still accompanied by an excess of 
cardiovascular complications as compared to persons without diabetes1. Persons 
with diabetes are known to be prone to calcifications, which may aggravate the 
progression of vascular disease and result in accelerated clinical manifestations and/
or premature death. Hence, there is a need for improved understanding of underlying 
mechanisms and markers of vasculopathy in T1DM1.

Once thought to be a result from passive precipitation of calcium and phosphate, 
increased vascular calcification is now considered a consequence of a disequilibrium 
between calcification stimulating and inhibiting factors2. Evidence exists that in 
persons with diabetes this equilibrium is unbalanced, leading to ectopic calcification 
in the media of the vessel wall, atherosclerotic plaque progression and subsequent 
cardiovascular events1,3-6. Although increased vascular calcification is mainly 
observed in the coronary arteries and most pronounced among T1DM persons with 
chronic kidney disease (CKD), it may already be present in early stages of diabetes5.

Appreciation of calciprotein particles formation process (CPP) recently led to 
the concept that the phosphate containing forms of CPPs (and not solely blood 
phosphate concentrations) together with the interaction between various minerals 
that results in accelerated or decelerated formation of CPPs, are of importance in the 
aetiology of oxidative stress, inflammation and vascular calcification7. The increased 
formation and maturation and defective clearance of CPP may be an important 
novel cardiovascular risk factor (so called ‘mineral-stress hypothesis’). Indeed, 
amorphous CPP1 exerted minor cellular responses in macrophage cell lines, while 
CPP2 appeared to induce oxidative stress and inflammation in macrophages, and 
oxidative stress, inflammation, and calcification in primary human aortic smooth 
muscle cell cultures8-10.

Recently, a novel test has been described that measures the systemic propensity 
of calcification11. This in vitro test measures the transformation time (T50) of 
primary CPP (CPP1), containing complexes of calcium-phosphate and protein form 
amorphous nanoparticles, to secondary CPP (CPP2), which contain hydroxyapatite, 
in the presence of excess dissolved calcium and phosphate. In patients with CKD on 
hemodialysis and in renal transplant recipients there was a strong and independent 
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association between reduced T50 time and the development of cardiovascular disease, 
cardiovascular mortality and all-cause mortality12,13. Furthermore, shorter T50 times 
were related to disease activity in patients with systemic lupus erythematosus, 
possibly indicating a relation with systemic inflammation14. Furthermore, a low 
T50 was closely associated with progressive stiffening of the aorta15.

Aim of the present study was to test the hypothesis that an increased calcification 
propensity (expressed as a low T50) is associated with parameters of increased 
mineral stress (i.e. high phospate, calcium and parathyroid hormone (PTH) 
concentrations) in persons with T1DM. In addition, the relation of T50 time with 
clinical characteristics of T1DM and the development of long-term macrovascular 
complications and mortality was assessed.

MATERIALS AND METHODS

Study aims, design and population
The FANTA study was designed as a prospective, cohort study to investigate several 
disease factors, including oxidative stress and health-related quality of life (HRQOL) 
in T1DM. Full design of the FANTA study and the results of HRQOL analysis in a 
subset of patients have been published previously16,17. In brief, from January 1995 
to January 1996 consecutive patients with T1DM visiting the diabetes outpatient 
clinic of the Weezenlanden hospital (nowadays Isala; Zwolle, The Netherlands) were 
invited to participate. T1DM was defined as developing diabetes before the age of 
30 years and the absence of C-peptide secretion. In total, 293 patients (out of a 
total population of approximately 450 persons with T1DM) agreed to participate. 
From 1996 to 2002, a total of 32 patients dropped out of the study. Reasons for 
dropping out were: moving out of the area or referral to another physician (n=12), 
unknown (n=10), lack of interest (n=6), death (n=2), and incorrect diagnosis of T1DM 
(n=2). From the remaining 261 patients who were participating in 2002, there was 
insufficient material to perform the T50 test in 45 patients, leaving 216 patients for 
the present analysis.

Outcomes
The primary outcome of the present study was the transversal association of T50 
time with parameters of mineral stress (i.e. phosphate, calcium and parathyroid 
hormone (PTH) concentrations). Furthermore, as secondary outcomes the relation 
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of T50 time with clinical characteristics of T1DM and the development of long-term 
macrovascular complications including mortality was assessed.

Measurements
At baseline, aliquots of serum samples were collected and stored at -80 °C (without 
thawing) until measurement. Data concerning demographics, mode of therapy, height, 
weight, presence of complications, blood pressure and laboratory measurements 
were collected annually during follow-up according to a standardized protocol 
and standardized forms. Blood was drawn in a non-fasting state. Macrovascular 
complications were defined as angina pectoris (AP), peripheral artery disease 
(PAD), myocardial infarction (MI), percutaneous transluminal coronary angioplasty 
(PTCA), coronary artery bypass grafting (CABG), cerebrovascular accident (CVA) 
or transient ischemic attack (TIA). Microvascular complications were defined as 
diabetic retinopathy, albuminuria (both micro- and macroalbuminuria) and diabetic 
peripheral neuropathy. Microalbuminuria was defined as 20-200 mg/L albumin or an 
albumin:creatinine ratio between 2.5-25 mg/mmol in men and 3.5-35 mg/mmol in 
women. Macroalbuminuria was defined as >200 mg/L albumin or a albumin:creatinine 
ratio greater than 25 mg/mmol and 35 mg/mmol for men and women, respectively18. 
An ophthalmologist determined the presence of diabetic retinopathy biannually. Foot 
sensibility was tested with 5.07 Semmes-Weinstein monofilaments. Neuropathy 
was defined as two or more errors in a test of three, affecting at least one foot. For 
patients included before 2007 the eGFR-MDRD values were adjusted for differences 
using the conventional Jaffe creatinine method; for patients included after 2007, the 
IDMS (isotope-dilution mass spectrometry)-traceable enzymatic creatinine method 
was used. Follow-up data concerning the occurrence of macrovascular complications 
and vital status were gathered in 2006, 2010 and 2018 using electronic hospital 
records. HbA1c is expressed in both SI, IFCC-recommended (as mmol/mol) and 
DCCT-derived (as %) units.

Calcification propensity was measured as previously described11. In brief, patient 
serum was exposed to high and supersaturated concentrations of calcium and 
phosphate solutions in 96 well plates. Pipetting was performed using an automated 
high‐precision pipetting system (Freedom EVO 100; Tecan, Männedorf, Switzerland). 
The transformation step was then monitored at 37°C using time resolved 
nephelometry (bmg labtech, Ortenberg, Germany). Nonlinear regression curves were 
calculated, allowing the determination of T50 time. Analytical coefficients of variation 
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of various sera precipitating at T50 values at 130 and 450 minutes were CVmean 3.4% 
and CVmax 5.4%, respectively.

Statistical analysis and ethical considerations
The distributions of all variables were examined using histograms and Q-Q plots. 
Results were expressed as mean (with standard deviation [SD]) or median (with 
interquartile range [IQR]) for normally distributed and non-normally distributed data, 
respectively. Nominal data are presented as n (with percentage [%]). Baseline data 
were compared with the Chi2 in case of categorical data. In case of continuous data, 
Student’s t-test or Mann-Whitney U test were used if the data was distributed 
normally or skewed, respectively. The Pearson correlation coefficient was used to 
investigate correlations between baseline variables and T50. To visualize the relation 
of the tertiles of T50 with the development of macrovascular complications and 
death during follow-up, a Kaplan-Meier curve was constructed. The independent 
association between tertiles of T50 with end-points was assessed with Cox regression 
models using (1) a crude model and models adjusting for (2) age, (3) age and eGFR, 
(4) age, eGFR and HbA1c and (5) age, eGFR, HbA1c and a history of macrovascular 
disease. Variables in this model were chosen based on a previous publication 
concerning T50 in persons with preserved (own) kidney function (as this would 
mostly represent our population)14. In addition, age, the history of a macrovascular 
event and HbA1c were also included as a covariate in the regression model as we 
considered that these variables would influence the outcome variables. All analyses 
were performed using SPSS (version 25.0, Inc, Chicago, Il, USA). A (two-sided) 
p value of less than 0.05 was considered statistically significant. The study was 
performed in accordance with the Declaration of Helsinki. Informed consent was 
obtained from all patients, and the protocol was approved by the local medical ethics 
committee of Isala.

RESULTS

Baseline characteristics of the 216 patients included in the present analysis are 
presented in Table 1. In brief, 57% of patients were male, age was 45 (12) years, 
median diabetes duration was 24 [16, 31] years and HbA1c 7.6 (1.0) % (59.9 [11.8] 
mmol/mol). Fifty-two percent of the patients had a microvascular complication and 
11% had a previous macrovascular complication.
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The serum T50 measured at baseline was normally distributed with a mean of 339 
(60) minutes. The T50 levels were similar between men and women (339 [60] vs. 339 
[60] minutes). At baseline there was a significant positive correlation between T50 
and age (r=0.158, p=0.020), diabetes duration (r=0.151, p=0.027), albumin (r=0.144, 
p=0.039), magnesium (r=0.145, p=0.038), and 25(OH)D (r=0.143, p=0.044). A 
negative correlation of baseline T50 with phosphate (r=-0.387, p<0.001) and PTH 
(r=-0.214, p=0.002) was observed. Dividing the study population into three groups 
according to tertiles of T50, also showed lower phosphate and PTH levels and higher 
age, magnesium and 25(OH)D concentrations in the highest tertile as compared to 
the middle and lowest tertile (Table 1).

During the follow-up period of 15.3 [6.5, 15.8] years 26 patients died. The cause of 
death was cardiovascular for 5 patients, malignancy for 6 patients, infection for 7 
patients, unknown for 7 patients, and liver failure secondary to alcohol abuse for 1 
patient. Forty-three patients developed a total of 99 macrovascular complications: 
22 CVA, 21 PAD, 18 MI, 14 PTCA, 11 CABG, 8 angina pectoris and 5 TIA.

The Kaplan-Meier analysis for the development of macrovascular complications or 
death during follow-up period did not demonstrate any differences between the T50 
tertiles (log-rank p=0.110) (Figure 1). In Cox regression analysis, the hazard ratio 
of T50 for all-cause mortality or developing macrovascular complications was not 
significant in any of the models (Table 2).
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Figure 1. Kaplan-Meier curve for the development of macrovascular complications and death. 
The solid line represents the lowest tertile of T50, the long dashed line the middle tertile of T50 and 
the short dashed line to highest tertile of T50. Log-rank test p=0.110.

Table 2. Multivariable Cox regression analysis

End point (nevents/ntotal)

Tertile 3
Hazard 
ratio

Tertile 2
Hazard ratio 
(95%CI)

Tertile 1
Hazard ratio  
(95%CI)

All-cause mortality (26/216)

Model 1 (: crude) 1 (ref) 0.984 (0.684, 1.417) 1.190 (0.837, 1.692)

Model 2 (: model 1 + adjusted for age) 1 (ref) 0.979 (0.680, 1.409) 1.225 (0.854, 1.758)

Model 3 (: model 2 + adjusted for eGFR) 1 (ref) 0.978 (0.679, 1.407) 1.226 (0.854, 1.760)

Model 4 (: model 3 + adjusted for HbA1c) 1 (ref) 0.978 (0.679, 1.409) 1.267 (0.876, 1.833)

Model 5 (: model 4 + adjusted for a history of 
macrovascular disease)

1 (ref) 0.978 (0.678, 1.410) 1.280 (0.885, 1.851)

Macrovascular complications (43/216)

Model 1 (: crude) 1 (ref) 1.031 (0.526, 2.022) 0.563 (0.429, 1.274)

Model 2 (: model 1 + adjusted for age) 1 (ref) 1.076 (0.548, 2.115) 0.748 (0.324, 1.723)

Model 3 (: model 2 + adjusted for eGFR) 1 (ref) 1.074 (0.546, 2.111) 0.760 (0.329, 1.756)

Model 4 (: model 3 + adjusted for HbA1c) 1 (ref) 1.068 (0.543, 2.100) 0.724 (0.312, 1.677)

Model 5 (: model 4 + adjusted for a history 
of macrovascular disease)

1 (ref) 1.058 (0.538, 2.084) 0.790 (0.338, 1.849)

Model 1: crude. Model 2: adjusted for age. Model 3: adjusted for age and eGFR. Model 4: adjusted for age, eGFR 
and HbA1c. Model 5: adjusted for age, eGFR, HbA1c and a history of macrovascular disease. Abbreviations: 
eGFR, estimated glomerular filtration ratio; HR, hazard ratio; CI, confidence interval.
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DISCUSSION

The present study is the first to explore the relation between calcification propensity 
and parameters of calcification in persons with T1DM. Among the 216 patients 
included in the present cohort, descending T50 tertiles (i.e. reflecting increasing serum 
calcification propensity) were associated with higher phosphate, PTH and lower 
magnesium concentrations, as well as with lower age. Baseline levels of T50 were not 
associated with glycemic control and traditional parameters of cardiovascular risk. 
After adjustment, the serum T50 test levels were not associated with the development 
of macrovascular complications or all-cause mortality in multivariable Cox regression.

Interestingly, we found no relation at baseline between T50 and indices of glucose 
metabolism, inflammation and the traditional cardiovascular risk factors including 
smoking, hypertension and lipids. Importantly, eGFR did not differ between the 
tertiles. In accordance with previous studies, the current data demonstrated that 
PTH, vitamin D (25 (OH)D), magnesium and phosphate influence T50 levels. This 
indicates that the T50 score is able to measure indices of so-called mineral stress in 
this T1DM population without eminent CKD7.

Based on the current study, this finding does not seem to translate in an increased 
incidence of macrovascular disease or mortality in this T1DM population. Although 
the T50 score (as a proxy of mineral stress) was a strong and independent risk factor 
for cardiovascular events in previous studies performed in persons with renal failure 
or in renal transplant recipients, this was not observed in the current study12,13,15,19. 
Obviously, this could be due to the small sample size and subsequent low number 
of events. Although the model in which HbA1c was included did not alter the 
outcomes of the Cox regression analysis, another possibility is that high glucose 
levels are a very strong risk factor and cover the effects related to calcification 
propensity. In accordance with this it could be hypothesized that a high degree of 
acute changes in glucose levels (high glycemic variability) could also be of influence 
here. Finally, differences between populations should be taken into account. In 
particular differences in alterations in calcium-phosphate metabolism subsequent 
accelerated transformation from primary to secondary CPPs, between populations. 
These alterations are more frequent present (and profound) in patients with end-
stage renal disease as compared to the current population should be taken into 
consideration15. Taken together, based on the current data, no firm conclusions can be 
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drawn concerning the capabilities of the T50 test to predict complications or mortality 
in T1DM patients.

Strengths of the study include the long follow-up period and the characterisation 
of the population. Besides the limited sample size with respect to the predictive 
capabilities of the T50 test, the interpretation of this study is limited by several factors. 
Importantly, factors inherent to the design of the study including the magnitude of 
loss of participants during follow-up should be mentioned. The rate of loss during 
follow-up can be partly explained by the relatively young age of our population and 
the accompanied high relocation out of the region; this accounted for almost half of 
the patients lost during follow-up. Furthermore, our study lacks data on the exact 
cause of death, total insulin dose, use of medication and lifestyle factors including 
smoking habits and exercise.
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ABSTRACT

Background: We previously found an unexpectedly high prevalence of high ankle 
brachial index (ABI) in persons with hemophilia (PWH). High ABI is suggestive for 
arterial stiffness, which is related to hypertension. As hypertension is more prevalent 
in PWH, we hypothesized that PWH have an increased risk for high ABI. This study 
aimed to confirm our previous finding of high ABI in unselected PWH.

Methods: In the previous study, ABI was measured in 65 PWH (age: 53 ± 12) as part 
of a study into peripheral occlusive disease. In the present confirmation study, 32 
PWH and 32 age- matched controls (age: 55 ± 8) were included. Systolic (SBP) and 
diastolic blood pressure (DBP) were measured in sitting position. For the ABI, SBP 
was measured at the arms and ankles (dorsal pedis and posterior tibial arteries). The 
ABI was categorized ABI into: low (≤0.9), normal (0.91-1.29) and high ABI (≥1.3).

Results: In the previous study, median ABI was 1.29 (Interquartile range [IQR] 1.24-
1.38); 32 (49%) had a high ABI. In the confirmation study, SBP was higher in PWH 
than in controls (median 147 [136-154] vs. 135 [128-142] mmHg, p=0.01). Contrary 
to our hypothesis, the ABI was lower in PWH than in controls (median 1.22 [IQR 
1.15-1.27] vs. (1.27 [IQR 1.23-1.31], p=0.006). The prevalence of high ABI was 
similar in PWH and controls (16 vs. 31%, p=0.104).

Conclusions: Increased arterial stiffness, as measured by the arterial brachial index, 
does not explain the increased blood pressure in PWH.
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INTRODUCTION

The incidence of age-related cardiovascular diseases has increased in persons with 
hemophilia (PWH) as life expectancy reaches that of the general population1. This 
has challenged the paradigm that lower factor VIII and IX levels protect from arterial 
thrombosis. In order to better understand the relation between cardiovascular risk 
and hypocoagulability, the prevalence of classical risk factors and the extent of 
atherosclerosis in PWH have been studied by several researchers.

In this context, we previously assessed the prevalence of peripheral arterial occlusive 
disease (PAOD) by measuring the ankle brachial index in a Dutch cohort of PWH2. 
The ankle brachial index (ABI), which is the ratio between the systolic blood pressure 
at the ankles and the systolic pressure at the arms, ranges normally from 0.91-1.29. 
A low ABI (≤0.9) has a high sensitivity and specificity for the presence of PAOD3.

While low ABI was very rare, we unexpectedly found a high prevalence of ABI 
≥1.3. This was a remarkable finding, because high ABI is uncommon in the general 
population and had not been described in hemophilia before4-6. An ABI ≥1.3 is 
linked to an increased arterial stiffness, caused by calcifications in the medial layer 
of the arterial wall. Medial arterial calcification is seen as a non-obstructive form of 
atherosclerosis that accompanies several other structural changes in the arterial 
wall, commonly referred to as arteriosclerosis7. As the medial layer is very important 
for the vessel compliance, pathological changes in especially this layer are linked to 
arterial stiffness8.

Previous research has demonstrated that a high ABI is associated with diabetes 
mellitus (DM), BMI and hypertension9,10. In PWH, hypertension is more prevalent 
than in the general population11-13. An increased vascular stiffness and joint damage 
have been suggested as possible links between hemophilia and hypertension12.

Based on these findings, we hypothesized that PWH have an increased risk for high 
ABI and that those with a high ABI would have a higher prevalence of hypertension. 
There are two primary aims of this paper. First, we wanted to present our previous 
findings of high ABI (≥1.3). Second, we aimed to confirm these findings in a 
comparative study of unselected PWH and population controls. Furthermore, as a 
secondary aim, we explored blood pressure in relation with high and normal ABI. 
As high ABI can mask the presence of obstructive atherosclerotic lesions, we aimed 
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to evaluate the toe brachial index as well. Digital arteries are usually unaffected by 
medial calcification14.

MATERIALS AND METHODS

Study design
Two cross-sectional studies were performed at the University Medical Center 
Groningen (UMCG) between 2006 and 2017. In both studies, consecutive PWH 
visiting our hemophilia treatment center were included.

The first study (called: study I) was conducted between 2006 and 2009. The purpose 
of this study was to investigate the extent of atherosclerosis in PWH, as measured by 
coronary CT and carotid artery ultrasound2. Furthermore, the presence of occlusive 
lesions in the peripheral arteries was evaluated by ABI measurement. The ABI data 
has not been published previously and will be described in this paper.

The second study (called: study II) was designed to confirm the ABI findings of 
study I in an unselected PWH cohort. The study procedure was extended with 
measurement of the toe brachial index (TBI) in case of high ABI. Study II was 
conducted between 2015 and 2017. The study participants and procedures of study 
I and study II are described separately.

Subjects study I
A total of 68 PWH were included, of which 65 went through the entire study 
procedure. Inclusion criteria were hemophilia A or B, an age of at least 30 years and 
the ability to give informed consent. There were no exclusion criteria.

Procedures study I
Demographic data and data on severity of hemophilia (severe: <1% clotting factor, 
moderate: 1-5%, mild: >5%), cardiovascular disease, cardiovascular risk factors and 
medication use was collected with questionnaires, completed with data from medical 
records. Fasting LDL-cholesterol, creatinine and fasting glucose were assessed by 
routine blood tests. The estimated glomerular filtration rate (eGFR) was calculated 
according to the formula of the Modification of Diet in Renal Disease Study15. Weight 
and height were measured using a calibrated weighing scale and a wall mounted 
height measure.
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Measurement of blood pressure: for the blood pressure measurements a stethoscope 
and a manually inflatable cuff of with aneroid sphygmomanometer were used. 
Measurements were performed in sitting position at the right upper arm after at 
least five minutes rest. Pulse pressure was calculated as SBP-DBP.

Measurement of ABI: to calculate the ankle brachial index, the systolic blood pressure 
(SBP) was measured at the bilateral arms, posterior tibial arteries and the dorsalis 
pedis arteries in supine position, after at least 10 minutes rest14,16. The measurements 
were performed by a vascular technologist in a temperature-controlled room (22-24 
°C). Blood pressures were obtained using a Doppler device (Angiolab, SPEAD-
Doppler-Systeme GmbH, Germany) and a manually inflatable cuff of appropriate 
size with aneroid sphygmomanometer. Measurements were always performed in the 
same order: right arm, right leg, left leg, left arm. At each measuring point the systolic 
pressure was obtained twice and the mean was used in the further analyses. In case 
the first and second SBP differed ≥10 mmHg, both measurements were repeated.

Subjects study II
For study II we included eligible PWH and controls without bleeding disorder. 
Controls were matched for age on group level. Controls were recruited via poster 
advertisement in the UMCG (patient and staff areas). Inclusion criteria for PWH and 
controls were an age of >30 years or older and written informed consent. Exclusion 
criteria were the clinical diagnosis of diabetes mellitus, PAOD or any kidney disease. 
This study was approved by the ethics committee of the UMCG (METc 2014/257).

Procedures study II
As in study I, data on demographics, cardiovascular risk factors, cardiovascular 
disease and medication use was collected using a questionnaire. In PWH data on 
type and severity of hemophilia treatment, and hepatitis was also obtained through a 
questionnaire, completed with information from medical records. Weight and height 
were measured using a calibrated weighing scale and a wall mounted height measure.

Measurement of blood pressure: blood pressures were measured according to the 
recommendations of the American Heart Association (AHA), using an automatic 
oscillometric device (WatchBP Office, Microlife, Switzerland)17. In brief, cuffs were 
placed around the left and right bare upper arm. Both arms were flexed and rested at 
heart level. After at least five minutes rest, cuffs were inflated simultaneously. In total 
three measurements were performed, with 30 seconds between each measurement. 
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The mean of the three readings was calculated for both arms, and the one with the 
highest mean systolic pressure (either left or right arm) was used in the analyses. 
Pulse pressure was calculated as SBP-DBP.

Measurement of ABI: the ABI was measured using the same procedure as in study I. 
Again, the measurements were performed by vascular technologists in a temperature-
controlled room (22-24 °C) after at least 10 minutes rest. As in study I, all blood 
pressures were obtained using the Doppler-technique, but another device was 
used (Vicorder, Skidmore Medical, UK). In contrast to study I, cuffs were inflated 
automatically. Furthermore, Doppler signs and blood pressures were digitally displayed.

Measurement of TBI: the TBI was measured only in case of high ABI (≥1.3). 
The vascular technologist measured the SBP at the first toes using a photo 
plethysmography-based device (Vicorder, Skidmore Medical, UK). Small cuffs were 
placed at the base of the toes and inflated automatically. Each measurement was 
performed three times and the mean was used in the TBI calculations. When the SBP 
readings within one toe differed ≥10 mmHg, all three measurements were repeated. 
In the case of cold toes (manually tested by the vascular technologist), the participant 
was asked to put his feet in a bowl with warm water for a few minutes. After again 
at least 10 minutes rest in supine position, the measurement was started.

Calculation of ABI
In both studies, I en II, the ABI for each leg was calculated as the higher leg SBP 
(posterior tibial artery or dorsal pedis artery) divided by the higher SBP of the arm 
(left or right), according to AHA recommendations14. Normal values for the ABI were 
considered 0.91-1.29. Values ≤0.9 were categorized as abnormally low, suggestive 
for peripheral arterial occlusive disease (PAOD). Values ≥1.3 were categorized as 
abnormally high, suggestive for peripheral arterial stiffness5,18. The highest ABI value, 
either left or right leg, was used in the statistical analyses. Only for the assessment 
of PAOD the lower ABI was used.

Calculation of TBI
The TBI, which was measured in study II in case of high ABI, was calculated for each 
leg as the toe SBP divided by the higher SBP of the arm (left or right)14. The TBI of 
the leg with the highest ABI value (either left or right) was used in the analyses. A 
TBI ≥0.70 was defined as normal19.
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Endpoints
In study II the primary endpoint was high ABI, suggesting vascular stiffness. PAOD, 
defined as low ABI, was a secondary endpoint. Furthermore, we identified subjects 
who might have both PAOD and vascular stiffness, defined as high ABI and low TBI.

Sample size calculation
For study I, the sample size calculation was not based on ABI, as this was not the 
primary endpoint. For the confirmatory study (study II), our sample size calculation 
was based on the prevalence of ABI ≥1.3 in study I (49%), and the prevalence 
of ABI ≥1.3 in the general population (in literature maximum 9.6%)5. To detect a 
similar difference in prevalence with a power of 90% and a two-sided alpha of 5% 
we required 23 participants in each group. To allow for dropouts or incomplete 
measurements, we aimed to include 30 participants in each group.

Statistical analyses
Data is presented as number and percentages, mean ± SD or median values with the 
25th and 75th percentile. Normality of data was visually tested with Q-Q plots and 
statistically with the Shapiro-Wilk test. For the comparison of continuous variables 
between PWH and controls, Mann-Whitney U test or t-test was used (whichever was 
appropriate). In case of categorical variables the Chi-square or Fisher’s exact test was 
used. The relation between two continuous variables was evaluated with Spearmans 
correlation test. An alpha of 5% was defined as statistically significant in all tests. All 
data was analyzed with SPSS Software 23.0 (IBM Corporation, New York).

RESULTS

Baseline characteristics study I
Of the 68 PWH enrolled in this study, 65 underwent ABI measurements. Forty-eight 
(74%) of them had hemophilia A, the other 17 (26%) hemophilia B. Twenty-five 
PWH (39%) had a severe factor deficiency, and almost half of the study population 
(n=32, 48%) had a mild form of hemophilia. Seventeen out of 25 PWH with severe 
disease received prophylactic treatment. The median age was 52 (IQR 42-64) years. 
All persons were Caucasian. More than half of the PWH (n=36, 55%) had a BMI 
≥25 kg/m2 and 18 (28%) PWH were active smokers. Seventeen PWH (27%) used 
antihypertensive medication. The median systolic blood pressure was 135 mm Hg 
(IQR 127-150) and the median diastolic blood pressure 80 mm Hg (IQR 75-85). 
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Nine (14%) PWH had a history of cardiovascular disease, consisting of myocardial 
infarction (n=7) and (un)stable angina (n=2). Seven (11%) PWH had a history of 
DM, and two others had a fasting glucose ≥7 mmol/L, suggesting impaired glucose 
tolerance. Three PWH had an eGFR lower than 60 ml/min/1.73 m2.

ABI study I
The data on ABI measurement is shown in Fig. 1. The median ABI in the population 
was 1.29 (IQR 1.24-1.38). Only two (3%) PWH had an ABI ≤0.9 in at least one leg, 
suggestive for peripheral occlusive atherosclerosis, while 32 (49%) had an ABI ≥1.3, 
suggesting vascular stiffness.

Relation between high ABI and clinical characteristics study I
The ABI was not correlated with pulse pressure (r=0.01, p=0.952). There was a 
significant negative correlation with age (r=-0,249, p=0.045). No differences were 
found between PWH with a high ABI (n= 32) and PWH with a normal ABI (n=31) 
regarding age, BMI, severity of hemophilia, diabetes, blood pressure or kidney 
function (Table 1).

Baseline characteristics study II
In this study, we invited 43 eligible PWH and 32 of them were included in the study. 
The majority of the PWH had hemophilia A (75%), and 16 persons (50%) had severe 
hemophilia. Almost half of the PWH (47%, 15/16 with severe deficiency) was on 
prophylactic treatment. None of the included PWH was HIV positive. Six PWH 
(19%) had a chronic hepatitis infection; 5 (16%) patients hepatitis C and one (3%) 
other patient hepatitis B.

All included subjects were Caucasian. The systolic blood pressure was significantly 
higher in PWH than in controls (Table 2). The use of antihypertensive medication 
was also higher, but not significantly. Among those treated with antihypertensives, 
5 out of 8 PWH and 1 out of 3 controls had a blood pressure exceeding 150 mmHg 
systolic or 100 mmHg diastolic. PWH had a higher BMI and more PWH were active 
smokers, the latter not significantly. The cardiovascular disease reported in Table 
2 was related to the coronary arteries (one PWH, two controls) and the carotid 
arteries (one PWH).
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ABI and TBI study II
ABI was mostly in the range of normal in PWH and in controls (Fig. 1). Contrary to 
our hypothesis, the ABI was slightly (but significantly) lower in PWH (median ABI 
1.22 [IQR 1.15-1.27]) than in controls ((1.27 [IQR 1.23-1.31]), p=0.006). Three PWH 
had an ABI ≤0.9, while none of the controls had a low ABI. The prevalence of high 
ABI did not differ between PWH and controls (16 versus 31%, p=0.104). Among 
those with a high ABI, only one PWH and 2 controls had a low TBI, suggestive for 
the presence of obstructive lesions as well as stiffness of the arterial wall.

Table 1. Clinical characteristics of PWH with a normal or a high ankle brachial index, study I

Normal ABI 
(n=31)

High ABI 
(n=32)

P-value

Median age, years (IQR)
Mean BMI, kg/m2 (SD)*

Hemophilia A, n(%)
Severe hemophilia, n(%)
History of DM, n(%)
Median systolic blood pressure, mmHg (IQR)*

Median diastolic blood pressure, mmHg (IQR)*

Blood pressure ≥140/90, mmHg, n (%)*

Pulse pressure, mmHg (IQR)*

Median eGFR, ml/min/1.73 m2, (IQR)a

eGFR <90, n(%)

52 (43-66)
25.8 ± 4.4
21 (68)
12 (39)
5 (16)
139 (129-150)
81 (76-89)
14
52 (43-66)
108 (90-121)
6 (19)

51 (41-62)
25.5 ± 3.4
25 (78)
11 (34)
1 (3)
135 (126-150)
80 (75-84)
12
52 (42-62)
100 (90-115)
7 (22)

0.342
0.713
0.405
0.598
0.104
0.995
0.076
0.607
0.516
0.592
0.764

*BMI and blood pressure: 1 missing
a calculated according to the formula of the Modification of Diet in Renal Disease Study15.
Abbreviations: ABI, ankle brachial index; IQR, interquartile range; BMI, body mass index; kg, kilograms; m, 
meter; SD, standard deviation; DM, diabetes mellitus; mmHg, millimeter of mercury; eGFR, estimated glomerular 
filtration rate
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Figure 1. Distribution of low ABI (≤0.9), normal ABI (0.91-1.29) and high ABI (≥1.3) in PWH 
(black) and controls (dotted). (A) Results of 65 PWH (study I). (B) Results of 32 PWH and 32 
age-matched controls (study II).

Relation between high ABI and clinical characteristics study II
When evaluating risk factors for high ABI, no differences were found between all 
participants with a high ABI (n=15) and all participants with a normal ABI (n= 46) 
in age, BMI, smoking or blood pressure (Table 3). No correlation between ABI and 
age was found (r=-0.043, p=0.736). We found no significant differences in type 
or severity of disease between PWH with a high and PWH with a normal ABI 
(hemophilia A in 3 [60%] PWH with high ABI vs. 18 [75%] in normal ABI, p =0.597 
and 1 [20%] severe vs. 12 [50%] severe, p= 0.343 respectively).

Table 2. Clinical characteristics of PWH and controls included in study II

PWH (n=32) Controls (n=32) P-value

Median age, years (IQR)
Mean age, years (SD)
Mean BMI, kg/m2 (SD)
 BMI ≥25 kg/m2, n(%)
Current smoker, n(%)
Former smoker, n(%)
Median systolic blood pressure, mmHg (IQR)
Median diastolic blood pressure, mmHg (IQR)
Pulse pressure, mmHg (IQR)
Use of anti-hypertensives, n(%)
Use of cholesterol-lowering drugs, n(%)
History of cardiovascular disease, n(%)

56 (46-60)
54 (±9)
27.6 ± 3.3
26 (81)
9 (28)
13 (41)
147 (136-154)
85 (81-96)
58 (46-66)
8 (25)
4 (13)
2 (6)

57 (51-61)
55 (±8)
25.7 ± 2.3
20 (63)
4 (13)
12 (38)
135 (128-142)
81 (78-93)
53 (46-57)
3 (9)
3 (9)
2 (6)

0.541
0.559
0.013
0.095
0.213
0.798
0.012
0.068
0.192
0.184
-
-

Abbreviations: PWH, persons with hemophilia; IQR, interquartile range; SD, standard deviation; BMI, body 
mass index; kg, kilograms; m, meter; mmHg, millimeter of mercury
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Table 3. Clinical characteristics of subjects with a high or a normal ankle brachial index, study II

High ABI
(n=15)

Normal ABI 
(n=46)

P-value

Median age, years (IQR)
Median BMI, kg/m2 (IQR)
Active smoker,(n)%
Median systolic blood pressure, mmHg (IQR)
Median diastolic blood pressure, mmHg (IQR)
Blood pressure ≥140/90 mmHg, n(%)
Median pulse pressure, mmHg (IQR)

54(50-62)
25.9 (24-27.1)
3 (20)
139 (134-145)
83 (79-85)
8 (53)
52 (46-60)

56 (49-60)
26.8 (25.1-28.2)
7 (15)
140 (130-152)
86 (78-97)
29 (63)
52 (46-60)

0.769
0.132
0.696
0.782
0.224
0.553
0.374

Abbreviations: ABI, ankle brachial index; IQR, interquartile range; BMI, body mass index; kg, kilograms; m, 
meter; mmHg, millimeter of mercury

DISCUSSION

This paper describes two studies in which the ABI in PWH was evaluated. In the first 
study, conducted to assess the presence of occlusive atherosclerotic lesions, a high 
prevalence of high ABI was found unexpectedly. High ABI can be a sign of arterial 
stiffness, and has been associated with hypertension9,10. Besides, combined elastic 
and muscular arterial stiffness, as measured with the brachial-ankle pulse wave 
velocity, has predictive value for the development of hypertension20. As hypertension 
is frequently found in PWH, we hypothesized that hemophilia is a risk factor for 
high ABI.

In the second study, we aimed to confirm our previous findings. As we wanted to 
test whether or not hemophilia is a risk factor for high ABI, we excluded the most 
well-known risk factors for high ABI: DM and CKD. Furthermore, we included a 
control group of males with a similar age. However, the results of the second study 
did not show any significant difference in prevalence of high ABI between PWH 
and controls. Therefore, our hypothesis that PWH are prone to high ABI could not 
be supported.

Measurement of the ABI is a simple, reliable method to assess arterial impairment 14. 
ABI values form a spectrum and values ≤0.9 and ≥1.3 are seen as the upper limits 
of normal. Normally, the ABI is close to 1.1, as the ankle systolic blood pressure is 
somewhat higher than the brachial systolic blood pressure21. This is caused by a 
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physiological phenomenon called pulse pressure amplification (PPA), which is the 
amplification of the pulse pressure wave during the travel into the periphery.

An ABI ≥1.3 has been linked to cardiovascular disease and even mortality in 
populations with DM, CKD and known cardiovascular disease22-24. However, the 
meaning of a high ABI in healthy people is controversial5,6,24,25. The multiethnic study of 
atherosclerosis (MESA) showed that in persons with an ABI ≥1.3 the PPA is higher than 
in persons with a normal ABI4. This implies that high ABI can be just a consequence 
of hemodynamic variation. Higher PPA is indeed associated with young age and male 
sex, whereas reduced PPA is associated with higher age, hypertension, smoking and 
dyslipidemia21. Therefore it has been suggested that high ABI can be the consequence 
of two different phenomena. First, high ABI can be the physiological consequence of 
increased PPA, without increased risk for cardiovascular disease. Second, high ABI 
can reflect vascular stiffness and is associated with increased cardiovascular disease. 
This pathologic increased ABI might occur only in certain populations.

Confronted with the results of study I, we hypothesized that hemophilia could be 
such a population. This was supported by the increased prevalence of hypertension in 
PWH, which might be related to structural changes in the vascular bed. An increased 
peripheral arterial stiffness could therefore be a manifestation of vascular pathology. 
Further support came from the fact that vascular calcification is associated with 
disorders in mineral metabolism26. Disturbances in bone metabolism have also been 
found in PWH, with and without loss of bone mineral density27,28. One underlying 
mechanism might be chronic joint inflammation caused by hemophilic arthropathy. 
This joint inflammation in hemophilia shares mechanisms with joint inflammation 
in rheumatoid arthritis (RA)29. Remarkably, in RA high ABI has also been reported. 
Del Rincón et al. describe a possible relation between joint damage (bone erosion) 
and peripheral arterial stiffness due to medial arterial calcification in RA30. High ABI 
in predominately PWH with severe disease, i.e. more joint damage, should have 
supported this possibility. However, in our study no differences in severity of disease 
were found between PWH with a high and PWH with a normal ABI.

Regarding our control population, the prevalence of high ABI was higher than in 
previous population-based cohort studies. In the MESA the prevalence of ABI 
≥1.3 was 9.6%, while 31% of the controls in our study had an ABI ≥1.34. In the 
Atherosclerosis Risk in Communities (ARIC) study the prevalence of high ABI was 
5.5%, and in the Cardiovascular Health study (CVH) 3.9%5,6. The difference might 
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be caused by the inclusion of only males in our study. Male sex was associated with 
higher ABI in all three mentioned studies. Another explanation is the difference in 
age (mean age in our study: 54 years vs. MESA: 62, CVH: 73, ARIC: 55). At higher 
age the ABI might decrease as consequence of asymptomatic obstructive artery 
disease in persons with cardiovascular risk factors3.

The prevalence of a low ABI in PWH was 3% (study I) and 10% (study II), indicating 
that PWH are at least not protected against peripheral arterial occlusive disease. 
For the evaluation of obstructive lesions in case of high ABI, we extended the 
measurements in study II with the TBI. However, among those with a high ABI, low 
TBI was hardly found. In other words, it is unlikely that we have missed the presence 
of obstructive disease in the case of hardly compressible arteries.

The prevalence of high ABI among PWH was lower in study II than in study I. This 
large difference is not easily explained. The measurement technique and conditions 
were the same, with the exception of data presentation (analog in study I and digital 
in study II). Furthermore, participants in both studies were of similar age. However, 
DM and CKD, well-known risk factors for high ABI, were exclusion criteria in study 
II, while in study I a total of 14 PWH had either DM or an eGFR <60 ml/min/1.73m2. 
On the other hand; no relation between DM or CKD and high ABI could be found in 
study I. Play of chance seems the most likely explanation.

The strength of this paper is the repeated measurement of ABI in an unselected 
cohort of PWH, instead of describing solely the intriguing results of study I. 
Reproducibility of results gains confidence in the scientific value of data and 
is a key feature of science. Recently, the importance of reproducibility has been 
underlined31,32.

A limitation of the paper is the fact that the sample size calculation of study II was 
based on the finding of an extreme difference in high ABI between PWH and 
controls. Smaller differences might therefore have been undetected. However, the 
data of study II provides no evidence for even a small effect size.

In conclusion, our data supports the existing evidence of increased blood pressure in 
PWH compared to age-matched controls. However, the hypothesis that hemophilia 
predisposes to a high ABI and that high ABI is associated with an increased blood 
pressure, could not be supported.
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ABSTRACT

Background: persons with hemophilia (PWH) have a congenital clotting factor 
deficiency, but this does not protect against acute cardiovascular disease (CVD). We 
hypothesized that the potential benefit of hypocoagulability in hemophilia is offset 
by an increased plaque rupture due to high-risk plaque morphology. The aim of this 
study was to explore whether atherosclerotic plaque composition differs between 
PWH and controls without bleeding disorder.

Methods: 20 PWH and 20 sex- and age-matched controls ≥ 50 years were enrolled. 
Previous stroke and use of anticoagulation were exclusion criteria, antiplatelet drugs 
permitted. All participants underwent 3T-magnetic resonance imaging of the carotid 
arteries. Maximum Wall Thickness (MWT) was measured; in plaques (MWT≥ 2mm) 
intraplaque hemorrhage (IPH) and lipid-rich necrotic core (LR/NC) was assessed. 
Data on cardiovascular risk factors was documented.

Results: Median age was 62 years (IQR 57-69), one PWH and one control had CVD, 
in both groups 15% had diabetes mellitus. Five (25%) PWH and four (20%) controls 
smoked. Median SBP was similar (148[137-162] vs. 149[138-154] mmHg), statin 
use higher in controls (3[15%] vs. 6[30%]). Median MWT was 1.58 mm [1.36 -2.29] 
in PWH and 1.52 mm [1.31-1.81] in controls. Eight PWH (40%) and six controls 
(30%) had a total of 11 and 7 plaques, respectively. No IPH was found in PWH or 
controls. Three PWH had LR/NC, none of the controls.

Conclusion: In this small sample, LR/NC was detected in PWH but no IPH was 
found. We confirmed that older PWH have advanced atherosclerosis despite their 
hypocoagulability.
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INTRODUCTION

Persons with hemophilia (PWH), who have a congenital deficiency of clotting factor 
VIII or IX, are thought to be protected from acute cardiovascular disease (CVD)1,2. 
This protection is hypothesized to be conferred by decreased thrombin generation 
which inhibits the formation of an arterial thrombus. In recent years, it has become 
clear that acute CVD does occur in PWH3-5. This raises the question whether the 
potentially protective effect of hypocoagulability is offset by other, adverse, effects 
on the process that leads to arterial disease.

Atherosclerotic plaque rupture or erosion is a key feature in the occurrence of an 
acute cardiovascular event. Advancements in imaging studies have established that 
plaque burden and high-risk compositional features are strongly associated with 
CVD event risk 6-8. Previously, it has been shown that PWH develop atherosclerosis 
to the same extent as age-matched controls, as measured with coronary artery 
calcium scoring and carotid artery ultrasound9,10. However, these measures reflect 
subclinical changes of the arterial wall rather than a clinical event. Assessment of 
plaque composition could provide deeper understanding of CVD risk in PWH, but 
has not been studied before.

MRI visualizes plaque composition with high accuracy when compared to 
histology11,12. Extensively studied high-risk plaque characteristics include intraplaque 
hemorrhage (IPH), large lipid-rich necrotic core (LR/NC) and a thin or ruptured fibrous 
cap. These morphological characteristics are interrelated and contribute to plaque 
instability13. IPH has been shown to stimulate local inflammation and enlargement of 
the LR/NC, while exposure of the LR/NC to the bloodstream strongly activates the 
coagulation system14. The risk of exposure increases when a thin or fissured fibrous 
cap covers the LR/NC15.

Conflicting results exist on the relation between coagulation and the risk of plaque 
rupture. Animal studies have shown that use of a thrombin inhibitor, which induces 
hypocoagulability, increases plaque stability by decreasing plaque lipid content and 
increasing the fibrous cap thickness16,17. In contrast, hypocoagulability induced by 
vitamin K antagonist has been related to IPH, which increases the risk of rupture18-20. 
Besides, two ultrasound studies among persons with carotid stenosis related plaque 
stability to hypercoagulability rather than hypocoagulability, by showing that an 
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increased plaque echogenicity, a feature a plaque stability, was associated with 
increased thrombin generation21,22.

Whether PWH, who have a lifelong hypocoagulable state, are at an increased risk of 
developing plaques with high-risk features is unknown. The aim of this study was to 
explore whether plaque composition in PWH with atherosclerosis differs from that in 
controls without bleeding disorder. Presence of IPH and LR/NC in the carotid arteries 
was assessed using 3-Tesla magnetic resonance imaging (MRI). Furthermore, the 
fibrous cap was assessed in those subjects with a LR/NC.

MATERIAL AND METHODS

Study design
This was a cross-sectional study conducted in the University Medical Center 
Groningen (UMCG), the Netherlands. Patients and controls were included between 
November 2017 and September 2018. The study was approved by the medical 
ethical committee of our hospital (METc 2013/436).

Study population
Eligible PWH and controls without bleeding disorder were included. Controls were 
individually matched for sex and age (± two years). On group level PWH and controls 
were matched for presence of cardiovascular disease, diabetes mellitus and use of 
antihypertensive medication. PWH were recruited from our hemophilia treatment 
center. Controls were recruited by advertisement in the UMCG and local stores. 
Inclusion criteria for PWH and controls were age ≥ 50 years and written informed 
consent. Exclusion criteria were a history of symptomatic carotid atherosclerotic 
disease and the use of anticoagulants (vitamin K antagonists and direct oral 
anticoagulants; use of antiplatelet drugs was permitted). Furthermore, there were 
MRI related exclusion criteria: presence of a pacemaker, history of claustrophobia, 
previous allergic reaction to a MRI contrast agent, chronic kidney disease (estimated 
glomerular filtration rate ≤ 45 ml/min) and low MRI scan quality (for assessment and 
definitions see ‘MRI analyses’).

Study procedures
In all participants a standardized questionnaire was used to collect data on 
demographics, cardiovascular risk factors, cardiovascular disease and medication. 
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In PWH data on type and severity (severe: <1% clotting factor, moderate: 1-5%, 
mild: >5%) of hemophilia and data on hepatitis infection was collected from 
medical records. Blood pressure was measured according to the recommendation 
of the American Heart Association (AHA), using an automatic oscillometric device 
(WatchBP Office, Microlife, Switzerland). The mean of three measurements was 
used in the analyses. Height and weight were measured with calibrated equipment. 
Venous blood was drawn in order to evaluate a standard lipid profile, HbA1c and 
creatinine. Kidney function was calculated using the MRDR equation23. Smoking 
status was classified as current, former or never. Diabetes mellitus was defined as 
a self-reported history of diabetes mellitus, use of glucose-lowering medication or 
an HbA1c ≥48 mmol/mol (6.5%)24. Cardiovascular disease was defined as a history 
of stroke, coronary artery disease, abdominal aortic aneurysm or lower extremity 
arterial disease.

MRI data acquisition
Patients were imaged with a 3 Tesla MRI scanner (Magnetom Skyra, Siemens, 
Erlangen, Germany ) and a dedicated surface coil (Bilateral Four Channel Phased 
Array Carotid Coil, Machnet BV, Roden, The Netherlands). All MRI scans were 
acquired according to a standardized protocol. First, a 3D-magnetization-prepared 
rapid gradient-echo (MP-RAGE) sequence was performed to identify the carotid 
bifurcations. Thereafter, four sequences in the axial plan were obtained: a T1-
weighted spin echo sequence, a T2-weighthed turbo spin echo sequence, a proton 
density (PD) weighted spin echo sequence and a contrast-enhanced (CE) T1-
weighted spin echo sequence. Furthermore, a 3D contrast-enhanced magnetic 
resonance angiography (MRA) was obtained after administration of gadoterate 
meglumine (Dotarem, GuerbeT, Roissy CdG Cedex, France). Scan parameters can 
be found in Table 1.

MRI data analysis
Vessel wall thickness: before performing the quantitative image analyses, the quality 
of the four axial MRI sequences (T1, T2, PD, and CE-T1) was evaluated by one 
reader (HH) who was blinded for group, scan date and demographic data. A scale 
ranging from 1 to 5 was used; a score of 1 was given when the arterial wall, lumen 
and outer boundaries where unidentifiable and a score of 5 when these structures 
were well defined25. In case of doubt, a second reader (SBF) was asked to score the 
images. Participants were included when three out of four different MRI weighted 
sequences had a score ≥3.
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Quantitative image analyses were performed by two independent readers (SBF and 
HH) using vessel wall analysis software (VesselMass, Leiden University Medical 
Center, Leiden, The Netherlands). Both readers were blinded for group, scan date 
and demographic data. The inner and outer contours of the vessel wall were manually 
delineated on the PD-weighted sequences. The first slice showing the internal and 
external carotid artery separately was used as reference. From here, two slice 
above and six slices below the reference were assessed (nine in total). The software 
automatically calculated the mean and maximal vessel wall thickness for the left and 
right carotid artery separately.

In 14 out of 80 arteries the presence of unsuppressed blood in the lumen complicated 
vessel wall delineation. In those cases the readers jointly evaluated the PD- and 
T1-weighted sequences and MRA images using RadiAnt Dicom Viewer (Medixant, 
Poznan, Poland). In six of them consensus was reached and in eight cases a third 
independent assessor (AJN) decided whether wall thickening was consistent with 
atherosclerosis. After this evaluation, the assessors independently redrew the 
vessel contours if necessary. The inter-observer and intra-observer agreement was 
calculated and the mean of both readers was used in the analysis. In order to assess 
the intra-observer agreement HH analyzed both carotid arteries of fifteen randomly 
selected participants twice.

Plaque composition: in all atherosclerotic plaques, defined as a maximal vessel wall 
thickness of ≥ 2 mm, the composition was evaluated by comparing all obtained MR 
contrast weightings in RadiAnt Dicom Viewer26. One reader (HH) first evaluated the 
images. In case of a possible IPH or LR/NC an independent second reader (KHZ or 
AJN) was asked to interpreted the images. The criteria for IPH, LR/NC and fibrous cap 
were based on previous research and can be found in Table 211,15,27. The intensity of 
IPH on T2- and PD-weighted sequences varies depending on the age of the bleeding.

Outcomes
The primary focus was on IPH and LR/NC. Furthermore, vessel wall thickness, plaque 
prevalence and the fibrous cap in those with a LR/NC was assessed. Based on a 
previous study of subclinical atherosclerosis in a middle-aged cohort, we expected 
to find carotid artery plaques in at least 50% of our study population28. Therefore, 
we expected that 10 PWH would have carotid artery plaques accessible for further 
analysis of plaque components if we included 20 PWH.
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Statistical analyses
Statistical analyses were performed using SPSS Software 23.0 (IBM Corporation, 
New York). Continuous variables were presented as mean ± SD or median values 
with the 25th and 75th percentile. For the comparison of continuous variables between 
PWH and controls, a paired t-test was used or the Wilcoxon signed rank test, 
which ever was appropriate. Categorical variables were presented as counts and 
percentages. McNemar’s test was used to compare the distribution of categorical 
data. Cohen’s kappa coefficient was computed to quantify inter- and intra-observer 
agreement for MRI vessels analyses. An alpha of 5% was defined as statistically 
significant in all tests.

Table 2. Signal intensity of plaque components on various MR images

T1 T2 PD CE-T1 CE-MRA

Intraplaque Hemorrhage (IPH) + +/0/- +/0/- - +

Lipid rich necrotic core (LR/NC) 0/+ 0/- 0/+ - 0/-

Intact thick fibrous cap* Smooth surface and clear juxtaluminal band between LRNC and 
lumen visible on CE-T1.

Intact thin fibrous cap* Smooth surface and juxtaluminal band not apparent on CE-T1.

Ruptured fibrous cap* Irregular surface and invisible juxtaluminal band on CE-T1.

Signal intensity relative to adjacent muscle: 0; isointense, +; hyperintense, -; hypointense
*adapted from Ota et al.15
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RESULTS

Baseline characteristics
A total of 48 potentially eligible PWH were invited, of which 25 were willing to 
participate. Five of them were excluded because of a cardiac pacemaker (n=1) or 
claustrophobia (n=4), resulting in 20 included PWH (all male sex, mean age 62 ± 
7). Seventeen (85%) had hemophilia A, the other 3 (15%) hemophilia B. Five (25%) 
PWH had severe, 3 (15%) moderate and 12 (60%) mild hemophilia. All PWH with 
severe disease were on prophylactic treatment. None of the PWH had a chronic 
hepatitis B or C infection. All scans in PWH were of adequate quality. Of the 23 
potentially eligible controls, three were excluded because of low MRI scan quality, 
resulting in 20 controls (male sex, mean age 62 ± 6). All included participants were 
Caucasian. Detailed characteristics of the included participants are listed in Table 3. 
As shown, the proportion of PWH using antihypertensive drugs was similar to that 
of controls, however more controls were using lipid-lowering drugs.

Vessel wall thickness and plaque components
The inter-observer and intra-observer agreement for mean and maximum vessel 
thickness where excellent; Cohen’s kappa was at least 0.87 in all analyses (for 
further details, see supplemental table 1). The overall mean and maximum vessel 
wall thickness was comparable between PWH and controls (median 1.07 mm [0.96-
1.21] vs. median 1.04 mm [0.97-1.15], p = 0.386) (Table 4). Atherosclerotic plaques 
were found in 14 participants; 8 (40%) PWH and 6 (30%) controls (p=0.741). Three 
PWH and one control had bilateral carotid plaques, resulting in a total of eleven 
plaques in PWH and seven plaques in controls. IPH was present in none of the 
atherosclerotic plaques. LR/NC was found in three PWH and in none of the controls 
(Figure 1). Two out of three PWH with a LR/NC had a thick fibrous cap, the other 
fibrous cap could not be reliably assessed due to an artifact.

PWH with atherosclerotic plaques (n=8) were older than PWH without plaques 
(n=12) (69[59-72] vs. 59[52-63], p =0.047) and more frequently active smokers 
(4[50%] vs. 1 [8%], p=0.035). Furthermore, PWH with plaques more frequently used 
antihypertensive drugs, although not significant (4[50%] vs. 2[17%], p=0.161). No 
differences were found in use of lipid-lowering drugs (2 [25%] vs. 1 [8%], p=0.537) 
and diabetes mellitus (2 (25%) vs. 1 (8%), p=0.537). Next, no differences were found 
in type and severity of hemophilia (hemophilia A:B, 6:2 vs. 11:1, p=0.537; severe 
hemophilia 2(25%) vs. 3(25%), p=1.00).
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Table 3. Baseline characteristics

PWH (n=20) Controls (n=20) P-value 

Median age (IQR)
CVD (%)
Diabetes mellitus (%)
Smoking status
  Current smoker (%)
  Former smoker (%)
Use of anti-hypertensive drugs (%)
Use of lipid lowering drugs (%)
Median BMI, kg/m2 (IQR)
  BMI ≥25 kg/m2(%)
Median systolic blood pressure, mmHg (IQR)
Median diastolic blood pressure, mmHg (IQR)
Total cholesterol, mmol/L (IQR)
LDL- cholesterol, mmol/L (IQR)
HDL –cholesterol, mmol/L (IQR)
HbA1c, mmol/mol (IQR)
Hba1c, % (IQR)

61 (55-70)
1
3 (15)

5 (25)
11 (55)
6 (30) 
3 (15)
26 (25-28)
15 (52)
148 (137-162)
90 (77-96)
5.1 (3.9-5.5)
3.5 (2.4-4)
1.2 (1.1-1.4)
39.5 (34.5-42)
5.8 (5.4-6)

62 (57-69)
1
3 (15)

4 (20)
8 (40)
5 (25)
6 (30)
27 (24-29)
14 (48)
149 (138-154)
85 (77-93)
4.8 (4.2-5.2)
3.2 (2.5-3.8)
1.4 (1.2-1.8)
34 (34-40.5)
5.3 (5.3-5.9)

-
-
-

1.000
0.375
-
0.375
0.881
1.000
0.695
0.968
0.896
0.627
0.058
0.248
0.239

Data is presented as numbers unless otherwise specified
Abbreviations: PWH, persons with hemophilia; SD, standard deviation; IQR, interquartile range; CVD, 
cardiovascular disease; BMI, body-mass index; LDL, low-density lipoprotein; HDL, low-density lipoprotein.

Table 4. Vessel wall thickness and plaque components

  PWH (n=20) Controls (n=20) P- value

Mean wall thickness (mm), median (IQR) 
Max wall thickness (mm), median (IQR)  

1.07 (0.96-1.21)
1.58 (1.36 -2.29)

1.04 (0.97-1.15)
1.52 (1.31 – 1.81)

0.502
0.188

Presence of carotid plaque, n persons (%)
Bilateral plaque
Max thickness plaques (mm), median (IQR)

8 (40)
3
2.76 (2.33-3.69)

6 (30)
1
3.0 (2.01-4.0)

0.774
-
0.625

Plaque components
Intraplaque hemorrhage
Lipid-rich/necrotic core

0
3

0
0

-
-

Abbreviations: PWH, persons with hemophilia; Max, maximum;  IQR, interquartile range.
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Figure 1. The carotid artery bifurcation of a person with hemophilia (A, B, C) and a control without 
bleeding disorder (D). (A) Severe stenosis (≥ 70%) of the right internal carotid artery (arrow). The 
plaque shows hypointense areas on contrast enhanced T1- weighted images (*), while these areas 
appear isointense on T1- and T2- weighted images and iso- to hyperintense on PD-weighted 
images. This points to the presence of a LR/NC in the plaque. The fibrous cap cannot be reliable 
assessed due to an artifact. (B) Small plaque (arrow) with a LR/NC (*) and a thick fibrous cap 
in the left external carotid artery. (C) Vessel wall thickening in right carotid artery bifurcation. A 
small plaque (arrow) with a LR/NC (*) and a thick fibrous cap in the external carotid artery can 
be seen. (D) A mixed atherosclerotic plaque in the right carotid artery bifurcation. The plaques 
shows a hypointense area (#) on all weightings, suggesting the presence of a calcified plaque. 
Abbreviations; LR/NC, lipid-rich necrotic core.

DISCUSSION

No data exists on the relation between hemophilia and atherosclerotic plaque 
composition. In this exploratory study we assessed high-risk plaque features in 
persons with hemophilia using multi-contrast MRI. We hypothesized that changes in 
plaque morphology lead to an increased risk of plaque rupture, which might explain 
the occurrence of CVD despite the supposed protection of hypocoagulability.
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We found a LR/NC in three older PWH with cardiovascular risk factors, while none 
of the controls had a LR/NC. This confirms that PWH are able to develop advanced 
atherosclerosis. However, none of the PWH or controls had a IPH and no ruptured 
fibrous cap was found.

During atherosclerotic progression increasing amounts of extra-cellular lipids, 
macrophages and necrotic debris accumulate in the intimal layer of the vessel 
wall and form a lipid-rich necrotic core. Enlargement of the LR/NC is thought to 
stimulate hypoxia-induced neovascularization due to expansion of the lesion and 
an increased consumption by inflammatory cells29. Neovessels in plaques are fragile 
and susceptible to leakage of circulating cells30. Therefore, neovascularization is 
supposed to be a risk factor for the occurrence of IPH. In turn, extravasation of red 
blood cells and inflammatory cells contribute to further enlargement of the LR/NC, 
thereby increasing the risk of rupture14.

Previously, a temporary hypocoagulable state because of anticoagulant treatment 
with vitamin K antagonists has been associated with an increased risk of IPH18-20. 
Therefore, one can speculate that in PWH, who have a lifelong hypocoagulable 
state, IPH occurs earlier and to a larger extent. However, we did not find any IPH 
in our study population. Even in the three PWH with a LR/NC, as sign of plaque 
progression, no IPH was found.

An explanation for these results might be that additional processes, such as plaque 
biomechanics, also contribute to IPH, while the influence of systemic coagulation is 
limited31. In this study we only assessed plaque thickness and morphology. Another 
possible explanation is that anticoagulation treatment with vitamin K antagonists has 
an effect on coagulation proteins expressed by the atherosclerotic plaque itself, such 
as VII produced by local vascular smooth muscle cells, while changes in systemic 
coagulation factors VIII and IX might not have such an effect32.

The fact that we found a LR/NC in PWH, but not in controls implicates that some 
PWH in our study had a more advanced stage of atherosclerosis. This might be 
related to hemophilia, but might also be explained by differences in risk factors 
between both groups. Although the groups were matched for the most important 
cardiovascular risk factors, statin use was lower in PWH and the lipid profile 
worse. Statin use has been associated with a lower presence of LR/NC, while 
hypercholesterolemia is associated with a higher presence of LR/NC25,33.
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Major determinants of the risk of plaque rupture are plaque burden and plaque 
composition. With respect to plaque burden, previous studies have shown that the 
degree of atherosclerosis is similar in PWH and the general population. Biere-Rafi 
et al. and Zwiers et al. found a comparable carotid artery IMT in relatively young 
PWH and controls of similar age9,10. Our study confirms these results in older PWH 
(mean age 62 ± 7 years vs. mean age 50 ± 13 years in the study of Biere-Rafi et 
al. and a median age of 52 years [interquartile range 43-64] in the study of Zwiers 
et al.). Furthermore, as in the mentioned studies, we found that atherosclerosis 
development in PWH is related to classical risk factors rather than hemophilia 
characteristics. PWH with carotid plaques were older and more frequently smokers 
than PWH without plaques, but the distribution of type and severity of hemophilia 
was similar.

This prospective study adhered to a standardized contrast-enhanced MRI protocol 
with dedicated hardware for carotid imaging to accurately detect plaques and the 
presence of IPH and LR/NC. Furthermore, this is the first study to investigate the 
association of hemophilia with plaque components. However, the following limitations 
should be considered when interpreting the results. First, statin use and lipid profile 
where different in both groups, which hampers the interpretation of data on LR/NC. 
Second, we included persons with mild as well as severe hemophilia. When hemophilia 
is related to plaque composition the strongest association would be expected in 
persons with severe hemophilia and proven atherosclerotic plaques. However, the 
inclusion of only PWH with severe disease would have been difficult due to the limited 
number of eligible participants in our center. Moreover, our results do not support any 
relationship between atherosclerosis development and severity of hemophilia.

Taking into account the small sample size of the study, we conclude that IPH or 
fibrous cap rupture is not an important feature of atherosclerotic plaques in PWH. 
Whether the increased prevalence of LR/NC is related to hemophilia needs further 
investigation. We have confirmed that, despite a permanent hypocoagulable state, 
PWH are able to develop advanced atherosclerosis of the carotid artery.

5
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SUPPLEMENTAL DATA

Supplemental Table 1. Inter- and intraobserver agreement in measurement of the vessel wall 
thickness of the carotid artery

Interobserver agreement ICC 95CI

Mean CCA (mm)
Mean CAB (mm)
Mean ICA (mm)
Max CCA (mm)
Max CAB (mm)
Max ICA (mm)

0.88
0.91
0.94
0.92
0.87
0.92

0.82-0.92
0.86-0.94
0.90-0.95
0.88-0.95
0.80-0.91
0.88-0.95

Intraobserver agreement

Mean CCA (mm)
Mean CAB (mm)
Mean ICA (mm)
Max CCA (mm)
Max CAB (mm)
Max ICA (mm)

0.95
0.96
0.91
0.95
0.93
0.94

0.90 -0.98
0.91-0.97
0.81-0.95
0.89-0.99
0.86-0.97
0.87-0.97

Data is presented as intraclass correlation coefficients with 95% confidence intervals. CCA, common carotid 
artery; CAB, carotid artery bifurcation; ICA, internal carotid artery
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ABSTRACT

Objectives: To compare CDU findings with axillary 18F-fluorodeoxyglucose (FDG) 
PET/CT findings and to compare the diagnostic performance of temporal and axillary 
artery CDU with temporal artery CDU alone.

Methods: Patients suspected of GCA were retrospectively included. Presence of 
a halo or occlusion was considered a positive CDU finding. FDG-PET/CT assessed 
axillary artery involvement was defined as axillary artery FDG-uptake higher than 
liver uptake. The reference was the clinical diagnosis after 6 months, which was 
based on symptomatology and additional diagnostic tests, with exception of CDU.

Results: Of the 113 included patients, GCA was diagnosed in 41. Twenty-eight/41 
GCA patients underwent a FDG-PET/CT. FDG-PET assessed extra-cranial GCA was 
present in 20/41 patients, of which 13 showed axillary involvement on FDG-PET/
CT. An axillary halo was found in 8 of these 13 patients. Six out of the 20 patients 
with FDG-PET assessed GCA showed no axillary involvement on CDU or FDG-PET/
CT. Five of them had single artery involvement on FDG-PET/CT (2 aorta; 3 vertebral 
artery). One patient had an axillary occlusion on CDU, consistent with FDG-PET/CT 
results. Overall, sensitivity and specificity of temporal artery CDU was 52% (95CI 
35-67) and 93% (95CI 84-97) respectively. Adding axillary artery results improved
sensitivity to 71% (95CI 55-84), while specificity did not change.

Conclusions: Presence of an axillary halo or occlusion on CDU is consistent with 
axillary artery FDG-PET/CT results, but a negative CDU does not rule out axillary 
involvement. Adding axillary artery assessment to temporal artery assessment may 
substantially increase the diagnostic performance of CDU.
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INTRODUCTION

Giant cell arteritis (GCA) is a systemic autoimmune disease characterized by 
inflammation of medium- and large-sized arteries. The best-known form of GCA 
involves the cranial arteries, but the aorta and its branches (extra-cranial arteries) can 
in many patients be affected as well1. Due to the heterogenic disease presentation 
and the importance of early treatment, fast diagnostic testing is strongly advised in 
order to confirm or exclude GCA2.

Temporal artery biopsy (TAB) has long been regarded as the gold standard for 
diagnosing GCA3. However, recent data showed that color duplex ultrasonography 
(CDU) of the temporal arteries has a higher sensitivity than TAB for the diagnosis 
of GCA4. Furthermore, CDU is patient-friendly and more cost-effective than TAB. 
Therefore, CDU is now recommended as first imaging modality in centers with high 
expertise in patients presenting with predominately cranial symptoms5.

CDU can potentially also be used for the assessment of extra-cranial artery 
inflammation1,6. However, the value of CDU in diagnosing extra-cranial GCA is 
unsure7. First, limited data is available on the relation between CDU and 18F-FDG 
PET/CT, which has been proven a sensitive and accurate tool for diagnosing extra-
cranial GCA8,9,10. Second, the added value of extra-cranial CDU to temporal artery 
CDU in an overall GCA suspected population is unclear because most studies 
predominantly included patients with cranial symptoms11,4,1.

In our hospital CDU examination of both, cranial and extra-cranial arteries has 
been part of the diagnostic work-up for patients with suspected GCA since 2013. 
Furthermore, FDG-PET/CT imaging has been performed in many patients suspected 
of GCA with extra-cranial involvement.

The overall aim of this retrospective study was to evaluate the performance of 
axillary artery CDU in GCA. We therefore compared axillary CDU findings with 
axillary 18F-FDG PET/CT findings, which we considered the reference standard 
for detecting extra-cranial involvement. Furthermore, we determined the added 
diagnostic value of temporal and axillary CDU for GCA, when compared to temporal 
artery CDU alone.
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MATERIAL AND METHODS

Study design
This retrospective descriptive study was conducted at the University Medical Center 
Groningen (UMCG). The ethics committee of the UMCG reviewed the study (METc 
2018/316) and concluded that the study does not fall under the scope of the Medical 
Research Involving Human Subjects Act and that written informed consent was not 
mandatory.

Patients
In our hospital CDU examination has been incorporated in the routine diagnostic 
work-flow of patients suspected of GCA. When CDU was introduced as diagnostic 
tool in 2010, the temporal arteries were the primary focus of examination. Since 
2013, the CDU examination has been expanded with routine assessment of the 
axillary arteries by trained technicians. The subclavian and carotid arteries are also 
evaluated when sufficient time is available. We searched in the database of our 
vascular laboratory for all CDU examinations performed between January 2013 and 
November 2017. Patients were included when both the temporal and the axillary 
arteries had been investigated. Only patients with a CDU examination of a new 
clinical GCA suspicion were included. Assessments in tertiary referral GCA patients 
or suspected GCA relapses were excluded (Figure 1).

Data on excluded patients with a new suspicion of GCA but without extra-cranial 
CDU (n=46) can be found in supplementary Table 1. TAB and FDG-PET/CT were 
performed to the same extent in included and excluded patients, indicating no 
differences in clinical suspicion. Furthermore, the proportion of patients with the 
reference diagnosis of GCA was comparable between groups.

Data collection
Data on presenting symptoms, medication use, physical examination findings, and 
laboratory findings were obtained from medical records. Additional diagnostic tests 
(TAB, MRI or FDG-PET/CT) were performed on the discretion of the responsible 
physicians. All the performed diagnostic tests were registered and reviewed, as 
described in detail below.
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Figure 1. Flowchart of inclusion

CDU assessment: All CDU examinations in our study had been routinely performed 
by two experienced, trained medical technicians. All CDU examinations were 
performed using the same color duplex ultrasound system (ACUSON S2000 
Ultrasound System, Siemens Healthineers, Erlangen, Germany) with a 18L6 High-
Density transducer operating at a B-mode frequency of 16 MHz for the temporal 
arteries and a B-mode frequency of 9 MHz for the extra-cranial arteries. Patients 
were examined in supine position. Presence of any occlusion, stenosis or halo was 
reported in the medical record and key images of every examination were saved. In 
this study, we registered the conclusion of the CDU report as dichotomous variable: 
halo sign or occlusion was present or not present. Presence of any abnormality, either 
unilateral or bilateral, was considered to be consistent with GCA.

6
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In our clinical practice, the clinician decides whether the CDU is positive or negative. 
However, for the current study we wanted to assess the accuracy of purely the CDU 
in the hands of the vascular technicians, unbiased by the clinical suspicion. Therefore, 
in this study, the biomedical engineer of our vascular laboratory decided whether the 
images were positive or negative in case of an inconclusive report.

In our hospital a halo was defined as a hypoechoic, homogenous circumferential 
vessel wall thickening with an intima-media thickness (IMT) ≥ than the predefined- 
cut-off value. Although our data collection started five years prior to publication 
of the OMERACT criteria, our definition of the CDU appearance of a halo is in line 
with this worldwide consensus12. Since 2013 the IMT cut-off value for a halo of the 
temporal artery has been 1.0 mm in prednisolone-naive patients and 0.7 mm in 
patients using prednisolone in our hospital. However, in ten treatment naïve patients 
a temporal hypoechoic, circumferential wall thickening between 0.7 and 1.0 mm 
was described by the sonographer. Taking into account the axial resolution of our 
ultrasound system (0.2 mm) and the recent suggestion to further lower temporal 
artery cut-offs, we decided to register this vessel wall thickening as a halo13.

For the extra-cranial arteries, a IMT cut-off value of 1.5 mm has been applied in our 
hospital. However, in the medical record of three patients an axial hypoechoic wall 
thickening was described between 1.0 and 1.2 mm without signs of atherosclerosis. 
Based on recent findings, we decided to include hypoechoic wall thickening ≥1.0 
mm as a halo as well14.

FDG-PET/CT scan assessment: All 18F-FDG PET/CT scans were performed using a 
Biograph mCT camera system (Siemens Medical Systems, Knoxville, TN). The image 
acquisition was performed according to a standardized protocol15. In short, whole-
body (from head to knees) or total-body (from head to toes) PET scans were acquired 
after at least four hours of fasting. A dose of 3 MBq/kg 18F-FDG was injected 60 
(±5) minutes prior to the start of the PET scan. A low-dose CT scan was acquired 
for attenuation correction and anatomic localization.

All FDG-PET/CT scans were assessed by two experienced nuclear medicine 
physicians (RS and AG), who were blinded for the CDU findings and the complete 
medical history. An overall expert opinion-based interpretation of the whole FDG-
PET/CT scan (i.e. gestalt) was made which was registered as dichotomous variable: 
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consistent with GCA or not consistent with GCA16.The assessors agreement was 
100 percent

In order to compare CDU findings with FDG-PET/CT findings, the qualitative 18F-
FDG uptake in the aorta and in 3 aortic branches (carotid, axillary and subclavian 
arteries) was also registered. Previous work of our group, in which FDG-PET/CT 
scans were compared between GCA patients and controls with atherosclerosis, 
showed that a vascular FDG-uptake higher than the liver FDG-uptake is highly 
specific for GCA, especially when the FDG pattern is diffuse16. Therefore, in this 
study, a diffuse vascular FDG-pattern with a FDG-uptake higher than the liver FDG-
uptake was considered positive for GCA16,17. In four cases the assessors disagreed on 
the quantitative FDG uptake (kappa: 0.93) and consensus was reached afterwards.

Temporal artery biopsy: In this study biopsy results were reported as positive or 
negative for GCA or inconclusive in order to assess the clinical diagnosis. All biopsy 
results were reported by an experienced pathologist. A positive biopsy was defined 
as a biopsy showing vasculitis characterized by a predominance of mononuclear cell 
infiltration or granulomatous inflammation, usually with multinucleated giant cells18.

Clinical diagnosis
Two clinical experts (DM and EB) independently assessed whether or not GCA 
was the final clinical diagnosis after at least six months in all included patients. 
They reviewed the complete history of the patients, including cranial and systemic 
symptoms, laboratory findings, findings at additional diagnostic tests (TAB, FDG-
PET/CT or MRI) and response to glucocorticoids, but not the CDU data. In five cases 
the assessors disagreed (kappa: 0.90). In three of them consensus was reached 
afterwards and in two of them an independent third expert (MS) made the final 
diagnosis. The final diagnosis was in 98% of the included patients in agreement 
with the diagnosis of the treating clinician.

Outcome measures
The primary outcome was (1) the comparison of axillary CDU with FDG-PET/
CT findings and (2) the diagnostic value of adding axillary artery assessment to 
temporal artery CDU. This was also investigated for the subclavian and carotid 
arteries (secondary outcomes). Furthermore, the influence of prednisolone on the 
diagnostic performance of CDU was investigated.
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Statistical analyses
Data is presented as numbers and percentages, mean and standard deviation, or 
median with the 25th and 75th percentile. Normality of data was visually tested with 
Q-Q and P-P plots. Differences between patients with and without FDG-PET-
proven extra-cranial GCA were tested with the Mann-Whitney U test or t-test, 
whichever was appropriate. In case of categorical variables the Chi-square or Fisher’s 
exact test was used. The sensitivity and specificity (with 95% confidence intervals) 
of CDU was calculated with the clinical diagnosis as reference standard. An alpha 
of 5% was defined as statistically significant in all tests. All data was analyzed with 
SPSS Software 23.0 (IBM Corporation, New York).

Figure 2. Flowchart of diagnosis
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RESULTS

Baseline characteristics of included patients
We included 113 patients; 41 (36%) of them had the clinical diagnosis of GCA (Figure 
2). Baseline characteristics of patients with and without the clinical diagnosis of GCA 
are demonstrated in Table 1. Among the 72 patients in whom the clinical diagnosis 
of GCA was rejected, 17 had PMR, 10 had visual symptoms due to atherosclerosis, 
8 had tension headache, 9 had other auto-immune disease (five RA, one sarcoidosis, 
one Sjogren’s syndrome, one granulomatosis with polyangiitis, one adults onset Still’s 
disease), five had an aneurysm, one had listeria aortitis, and seven had infection. 
The remaining 15 patients had other diagnoses: muscle complaints (3), gout (2), 
trigeminal neuralgia (3), ocular disease (1), jaw dysfunction syndrome (2), malignancy 
(2), fever of unknown origin (1) and idiopathic intracranial hypertension (1).

A total of 59 out of 113 (52%) patients underwent a FDG-PET/CT scan (Table 1). 
In the other 54 patients, the treating clinician had ordered a temporal biopsy (n=21) 
or a MRI scan (n=3) instead or no additional diagnostic test was performed (n=30). 
None of these thirty patients had the clinical diagnosis of GCA at 6 months.

Of the 41 GCA patients, twenty had FDG-PET positive findings for extra-cranial 
GCA (Figure 2). In the other 21 GCA patients, no FDG-PET/CT was performed 
(n= 13) or the FDG-PET was negative (n= 8). In line with the literature, patients with 
extra-cranial involvement were younger and classical cranial symptoms were less 
prevalent than in patients without extra-cranial involvement, although this was only 
significant for jaw claudication and temporal artery abnormalities (Table 1).

Axillary CDU compared to FDG-PET/CT in extra-cranial GCA
In the subgroup of patients with FDG-PET positive findings for extra-cranial GCA 
(n=20), the axillary artery was PET positive in 13/20 patients. An axillary artery halo 
was found in 8 of these 13 patients. (For further details see supplemental Table 2).

Of the remaining 5/13 patients, FDG-PET/CT showed axillary artery involvement, but 
axillary artery CDU was negative. One out of five was on prednisolone (see section 
below), the four other patients were treatment naïve.

Furthermore, 6/20 patients showed no axillary involvement on both FDG-PET/CT 
and CDU. Five of them had isolated extra-cranial artery involvement on FDG-PET/
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CT; two of the aorta and three of the vertebral artery. Finally, one patient had an 
axillary occlusion on CDU, consistent with low FDG-uptake on PET.

With respect to the GCA patients without a FDG-PET/CT scan (n=13), two showed 
an axillary halo. Of the GCA patients with a negative FDG-PET/CT scan (n=8) none 
had a positive extra-cranial CDU.

Table 1. Characteristics of study population and comparison between patients with and 
without FDG-PET positive findings for extra-cranial GCA

Patients 
without positive 
FDG-PET/CT 
findings for 
extra-cranial 
GCA (n=21)

Patients 
with positive 
FDG-PET/CT 
findings for 
extra-cranial 
GCA (n=20)

Patients 
without GCA 
(n= 72)

P-value

Age, mean (SD), years
Female, n (%)
Clinical characteristics, n (%)
Previous PMR diagnosis
New headache
Scalp tenderness
Jaw claudication
Visual symptoms
TA abnormalitiesa

Temperature ≥ 38°C
Nights sweats
Weight loss ≥ 2 kg
Laboratory findings
ESR (mm/h), median((IQR)b

ESR≥ 50 mm/hb

CRP (mg/L), median (IQR)c

CRP ≥ 25 mg/L
WBC (109/L), median (IQR)
TAB, n (%)
Positive
Negative
Inconclusive

73 (8)
15 (71)

6 (29)
14 (68)
8 (38)
12 (57)
9 (43)
15 (71)
4 (19)
5 (24)
8 (38)

49 (39-91)
10 (48)
52 (11-97)
11 (52)
10 (9-14)

12 (57)
5 (24)
3 (14)

66 (7)
7 (35)

3 (15)
10 (50)
6 (30)
5 (25)
5 (25)
6 (30)
2 (10)
9 (45)
9 (45)

92 (50-105)
15 (75)
49 (27-122)
16 (80)
10 (8-12)

5 (25)
3 (15)
-

68 (11)
47 (65)

10 (14)
33 (46)
18 (25)
11 (15)
18 (25)
18 (25)
9 (13)
6 (8)
14 (19)

34 (15-60)
25 (35)
11 (3-29)
21 (29)
9 (7-10)

-
20 (28)
1 (1)

0.079
0.019

0.454
0.279
0.585
0.037
0.228
0.008
0.663
0.089
0.654

0.041
0.031
0.348
0.062
0.390

-
-
-
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Table 1.  (continued)

Patients 
without positive 
FDG-PET/CT 
findings for 
extra-cranial 
GCA (n=21)

Patients 
with positive 
FDG-PET/CT 
findings for 
extra-cranial 
GCA (n=20)

Patients 
without GCA 
(n= 72)

P-value

Fulfillment 1990 ACR criteria, n (%)
PET/CT scan, n (%)
Positive
Negative
MRI scan, n (%)
Positive
Negative

17 (81)

-
8 (38)

2 (10)
-

11 (55)

20 (100)
-

-
-

3 (4)

1 (1)
30 (42)

-
4 (6)

0.074

-
-

-
-

P-value: patients without PET-proven extra-cranial GCA versus patients with PET-proven extra-cranial 
involvement.
GCA, giant cell arteritis; SD, standard deviation; PMR, poly myalgia rheumatic; TA, temporal artery; ESR, 
erythrocyte sedimentation rate; IQR, interquartile range; CRP, c-reactive protein; WBC, white blood count; 
TAB, temporal artery biopsy; ACR, American College of Rheumatology.
a. Tenderness, pain or decreased pulsations
b. 6 missing
c. 2 missing

Table 2. CDU abnormalities in patient with and without GCA

Patients with 
GCA (n=41)

Patients without
GCA (n =72)

Any abnormality

Solely in the temporal arteries
Solely in extra-cranial arteries
  Axillary artery
  Subclavian artery
  Carotid artery
Temporal and extra-cranial arteries

31 (76)

18 (44)
10 (24)
8
2
0
3 (7)

5 (7)

5 (7)
-

-

Data presented as number and percentages
CDU, color duplex ultrasonography; GCA, giant cell arteritis.

Added value of axillary CDU for overall diagnostic performance
For the second aim of this study, we focused on the whole included study population 
(n=113). CDU showed a halo sign in at least one temporal artery in 26 patients; 
21 with GCA and 5 without GCA (Table 2). In 87 patients no temporal halos were 
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found; 67 without GCA and 20 with GCA. This resulted in a sensitivity of 52% (95CI 
35 – 67) and a specificity of 93% (95CI 84-97) for the reference standard i.e. the 
clinical diagnosis of GCA.

Eight patients showed an abnormality in the axillary arteries only (i.e. no temporal 
artery abnormalities), all true positives (Table 2). Thus, CDU of the axillary arteries 
identified an extra eight patients who did have GCA, but would have been missed 
with temporal artery CDU only. Adding CDU results of axillary arteries improved 
sensitivity to 71% (95CI 55-84), while specificity did not change (93% [95CI 84-97]).

Subclavian and carotid CDU compared to FDG-PET/CT in extra-cranial GCA
CDU of the subclavian arteries was performed in 12 patients out of 20 PET-positive 
patients (60%). In four of them a halo was found. PET assessed subclavian artery 
involvement was demonstrated in two out of these four. In the remaining two 
patients, one had isolated aortic involvement on FDG-PET/CT (supplemental Table 
2). The added diagnostic value of subclavian artery CDU for the reference standard 
was not calculated due to missing values.

CDU of the carotid artery was performed in 17 patients out of 20 patients (85%). 
A carotid artery halo was found in six patients, while PET assessed carotid artery 
involvement was found in only four of them. The other way around, PET assessed 
carotid involvement was found in five patients, who did not have a halo on CDU. A halo 
at the carotid artery was never the only extra-cranial abnormality on CDU, so adding 
the results of the carotid arteries did not further improve the diagnostic performance.

Influence of prednisolone
In patients in whom prednisolone was started after presentation (n=17), CDU 
examination was performed within three days, with the exception of one patient(10 
days).

Twenty-three patients were using prednisolone at presentation. In ten of them 
prednisolone was continued during CDU, mostly in a lower dosage. The indication for 
prednisolone was a history of PMR (n=8), an unspecified autoimmune disease (n=1) 
and post-transplantation immunosuppression (n=1). The dosage varied between 
5 and 30 mg/day. In the other 13 patients prednisolone was discontinued prior to 
imaging. The time between the day of the last prednisolone dose and CDU was 
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ranged from 4 to 37 days. The indication was PMR in all 13 patients. The dosage 
varied between 5 and 30 mg/day.

Excluding all patients using prednisolone during CDU (n=27) did not change the 
diagnostic performance of temporal CDU (sensitivity 56% [95CI 35-76], specificity 
92% [95CI 82-97]) or the performance of temporal CDU extended with the axillary 
arteries (sensitivity 76% [95CI 55 – 91], specificity 92% [95CI 82-97]. For numbers, 
see supplemental Table 3.

Excluding all patients using prednisolone in the month before CDU (n=40) did also 
not change the diagnostic performance of temporal CDU (sensitivity 55 [95CI 32-
76], specificity 94 [84-99]) or the performance of temporal CDU extended with the 
axillary arteries (sensitivity 77% [95CI 55 – 92], specificity 94% [95CI 84-99]. For 
numbers, see supplemental Table 4.

DISCUSSION

CDU is recommended by the EULAR as first-choice diagnostic imaging modality in 
patients with predominant cranial symptoms5. However, the value of CDU in extra-
cranial GCA is not yet fully established. Therefore, in this retrospective study we 
explored the diagnostic value of extra-cranial CDU. We found that presence of a 
halo sign at the axillary artery corresponds with increased axillary 18F-FDG uptake, 
but FDG-PET/CT more frequently detects axillary involvement. Furthermore, we 
found that examination of the axillary arteries, in addition to the temporal arteries, 
increased the sensitivity of CDU for the clinical diagnosis of GCA, while the specificity 
remained high.

Our finding that the presence of a halo sign at the axillary artery corresponds with 
an increased axillary 18F-FDG uptake, is in agreement with the findings of Löffler et 
al. and Nielsen et al10,19. They compared extra-cranial CDU results with FDG-PET/
CT results in 30 patients with large vessel vasculitis and 20 controls. Interestingly, in 
our study as well as in the study of Löffler et al., no axillary CDU abnormalities were 
found in a few treatment naïve patients with PET proven axillary involvement (4/20 in 
our study and 4/30 in study of Löffler et al.). Nielsen et al. prospectively evaluated the 
accuracy of axillary artery CDU in 46 patients with FDG- PET/CT proven large vessel 
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involvement. They also found that most, but not all, PET positive axillary arteries 
were CDU positive (20/73 axillary arteries were PET-positive and CDU-negative).

In most recent literature a cut-off value of 1.0 mm was chosen for a halo of the 
axillary arteries14,19. Although the formal cut-off value for the extra-cranial arteries 
in our hospital was 1.5 mm, in clinical practice our sonographers registered extra-
cranial halos up to 1.0 mm. In the study of Nielsen et al., in which a halo was also 
defined according to visual CDU appearance, the mean IMT in PET-positive axillary 
arteries was 1.32 mm and in PET-negative axillary arteries 0.64 mm. Based on the 
receiver operating characteristic curve Nielsen et al. found that a cut-off of 1.0 mm 
had the highest accuracy for axillary artery involvement. Nevertheless, even with 
this cut-off value the sensitivity for axillary artery involvement was only 70% using 
FDG-PET/CT as reference.

A potential explanation for these negative CDU and positive PET results might 
be vessel wall inflammation, causing an increased 18F-FDG signal, without severe 
intima-media thickening or at least not large enough to cause a clear halo sign on 
CDU. FDG-PET/CT detects early inflammation, while CDU detects morphological 
changes which occur in a latter phase20.

In a previous study of Schmidt et al. CDU results of the temporal, axillary, subclavian 
and proximal brachial arteries in 176 GCA-patients are described1. As in our study, 
they found that a substantial part of the included extra-cranial GCA patients (20 
out of 53) had no temporal artery abnormalities on CDU. The authors therefore 
conclude that performing axillary artery CDU increases the diagnostic yield of CDU, 
although no formal sensitivity and specificity calculations could be performed due to 
the inclusion of only GCA-patients. Our study, in which all patients who underwent 
CDU were included irrespective of the final diagnosis, confirms this conclusion by 
showing that the sensitivity increases, while specificity remains high.

Contrary to our findings, Diamantopoulus et al. showed that adding axillary artery 
CDU to temporal artery CDU improved the sensitivity with only 2%, while this was 
19% in our study11. Furthermore, in the TABUL study of Luqmani et al. only 9 out 
of 381 (2.4%) suspected GCA patients had axillary involvement, indicating that 
the role of axillary CDU would be limited4. However, both studies predominately 
included patients with cranial symptoms. In our study all GCA suspected patients 
were included, irrespective of the symptoms (cranial or extra-cranial). Furthermore, 
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the characteristics and performed diagnostic tests between the excluded patients 
(n=46) and the included study population (n=113) were similar, indicating that the 
presence of a diagnostic suspicion bias is unlikely.

We found that only a few participants had single subclavian involvement, as was 
found by Schmidt et al1. However, in our study the subclavian artery was also 
infrequently investigated due to technical issues and time constraints. Therefore, 
no conclusions can be drawn on the added value of subclavian investigation. With 
respect to the carotid arteries, we found that a halo at the carotid arteries was never 
the only abnormality on CDU, supporting that examination of the carotids does not 
further improve the diagnostic yield of CDU21.

For the temporal arteries an IMT cut-off value of even 0.3-0.4 mm has recently 
been suggested, while in our study only temporal artery halos up to 0.7 mm were 
registered14. Halos smaller than 0.7 mm cannot be reliably visualized with ultrasound 
systems with lower frequency probes, including the one in our hospital, due to a 
limited resolution. The inability to detect small halos might have contributed to the 
relatively low sensitivity of CDU in our study. Schäfer et al. demonstrated that 100% 
sensitivity and high specificity can be reached using advanced CDU equipment and 
low IMT cut-off values14.

Besides cut-off value, two other factors should be mentioned that might have 
influenced the sensitivity of CDU in our study. First, differences in vessel involvement 
in the included population. Some patients in our study had only aortic or vertebral 
artery involvement on FDG-PET/CT. These patients were classified as having 
GCA. However, their CDU exam of the temporal and axillary arteries was negative, 
which contributed to a lower overall sensitivity of CDU. This underlines the limited 
usefulness of CDU in isolated aortic involvement and lowers CDU sensitivity5. Rather 
than excluding cases of isolated artery involvement afterwards, we aimed to reflect 
the clinical practice by including every patient suspected of GCA irrespective of the 
final diagnosis or vessels involved.

The second factor is awareness of the clinical suspicion. In our study CDU was 
performed by experienced vascular technicians who are unaware of the degree of 
clinical suspicion. This might have influenced the real-life interpretation of CDU and 
therefore also sensitivity of CDU.
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The high specificity of CDU in our study is in agreement with the high specificity 
reported in a recently published meta-analysis of eight studies, which showed a 
pooled specificity of 96% for the clinical diagnosis of cranial GCA7. Although the 
overall specificity was very high, none of the individual studies included in the meta-
analyses reached a 100% specificity. This means that in every study at least one 
false-positive halo was found, as was the case in our study. In literature various case 
reports have been published of patients with a halo sign and a diagnosis other than 
GCA22. Vessel wall swelling can also occur in other pathological conditions, such as 
amyloidosis, but the exact mechanisms need to be further investigated23.

Excluding all patients on prednisolone did not change the diagnostic performance 
of CDU in this study. This can be explained by the fact that most patients on 
prednisolone treatment in our study are patients with a history of PMR, treated 
with low dose prednisolone, who develop GCA symptoms during prednisolone 
tapering. The fact that GCA symptoms appear, may suggest clinically relevant 
vascular involvement. Furthermore, our clinicians are highly aware of the influence of 
prednisolone on CDU results. In almost all patients in whom prednisolone treatment 
was started for the first time, CDU examination was performed within three days. 
It has been shown that a halo sign can disappear in 1-2 weeks after prednisolone 
therapy24-26. Rather than excluding all patients on prednisolone, we performed sub-
analyses in order to evaluate the influence of prednisolone in our population.

This study has some limitations. First, the outcome of the FDG-PET/CT scan was 
known by the clinicians and was therefore used to diagnose GCA. In this study the 
clinical diagnosis after six months was also the reference standard. Consequently, 
the diagnostic performance of the FDG-PET/CT scan could not be independently 
determined. We therefore used the FDG-PET/CT scan only as gold standard for 
extra-cranial involvement. Nevertheless, a FDG-PET/CT scan was not available 
for every GCA patient. Therefore, the number of false-negative extra-cranial CDU 
exams might be higher than reported.

Second, we were not able to reliably reconstruct the a priori clinical suspicion 
because of the retrospective study design. The diagnostic performance of CDU 
might be different depending on the level of clinical suspicion. Further research 
is required to prospectively investigate the value of extended CDU in patients 
with a low, intermediate and high level of GCA suspicion. Third, since this was a 
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retrospective analysis, we could not study the inter-observer agreement between 
both sonographers.

We conclude that in patients with new onset GCA the presence of an axillary halo is 
consistent with axillary artery involvement on FDG-PET/CT. These findings suggest 
that in case of an axillary artery halo no 18F-FDG PET/CT scanning is required to 
diagnose extra-cranial GCA. However, our retrospective data shows that FDG-PET/
CT more frequently detects axillary involvement and a negative axillary CDU does 
not rule out extra-cranial GCA in the setting of our study. Besides, isolated aorta or 
vertebral artery involvement is a potential pitfall for CDU. Furthermore, we conclude 
that adding investigation of the axillary arteries to temporal artery CDU improves 
the diagnostic performance of CDU.
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SUPPLEMENTAL DATA

Supplemental Table 1. Comparison of included and excluded population

Patients included in study 
(n=113)

Excluded patients 
(n=46)

P-value

Age, mean (SD), years
Female, n (%)
TAB, n (%)
Positive
Negative
Inconclusive
PET/CT scan, n (%)
Positive
Negative
Reference diagnosis, n (%)
GCA
No GCA
CDU, n (%)
Abnormality temporal artery
CDU performed, n (%)
2013
2014
2015
2016
2017

68 (11)
69 (61)
49 (43)
17 (15)
28 (25)
4 (4)
59 (52)
21 (19)
38 (34)

41 (36)
72 (64)

26 (23)

5 (4)
28 (25)
17 (15)
29 (26)
34 (30)

68 (11)
28 (62)
23 (50)
14 (30)
7 (15)
2 (4)
19 (41)
7 (15)
12 (26)

20 (43)
26 (57)

15 (33)

7 (15)
16 (35)
13 (28)
5 (11)
5 (11)

-
-
0.446
0.045
0.212
-
0.212
0.921
-

0.472
-

0.210

0.040
0.201
0.073
0.054
0.014

The excluded patients consisted of patients with a new clinical suspicion for GCA but in whom axillary arteries 
were not investigated with CDU.
Data presented as number and percentages unless otherwise specified.
CDU, color duplex ultrasonography; GCA, giant cell arteritis; TAB, temporal artery biopsy.
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Supplemental Table 3. CDU abnormalities in patient without prednisolone during CDU

Patients with GCA (n=25) Patients without GCA (n=61)

Any abnormality

Solely in the temporal arteries
Solely in extra-cranial arteries
Temporal and extra-cranial arteries

19 (76)

10 (40)
5 (20)
4 (16)

5 (8)

5 (8)
-
-

Data presented as number and percentages
CDU, color duplex ultrasonography; GCA, giant cell arteritis.

Supplemental Table 4. CDU abnormalities in patient without prednisolone in the month before 
presentation

Patients with GCA (n=22) Patients without GCA (n =51)

Any abnormality

Solely in the temporal arteries
Solely in extra-cranial arteries
Temporal and extra-cranial arteries

17 (77)

10 (45)
5 (23)
2 (9)

3 (6)

3 (6)
-
-

Data presented as number and percentages
CDU, color duplex ultrasonography; GCA, giant cell arteritis.
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SUMMARY

The mortality from cardiovascular diseases has gradually declined in high-income 
countries during the last decades1-3. Advances in the clinical treatment of CVD and 
prevention of vascular damage have contributed to this decline. Treatment and 
control of hypertension have improved, smoking rates have declined, new treatments 
for diabetes mellitus have been implemented and statins are now widely used in 
primary and secondary prevention.

While the access and quality of cardiovascular health care continue to evolve, the 
Western world is confronted with new challenges in the 21st century. As a result 
of an increased overall life-expectancy, the prevalence of chronic diseases is rising. 
Various chronic conditions, although affecting different organs and systems, appear 
to be complicated by an increased risk for cardiovascular morbidity and mortality. 
Important examples are diabetes mellitus, chronic kidney disease, and inflammatory 
diseases, such as rheumatoid arthritis, giant cell arteritis, and HIV. Since treatment 
of these chronic diseases has improved, early detection and treatment of related 
CVD have become an increasingly relevant health concern.

Nowadays, the focus of care has broadened from the underlying disease to the 
patient’s overall health status, which gives new questions and challenges. An 
interesting example of this development is hemophilia. Age-related comorbidities, 
including CVD, have become more prevalent in hemophilia because of a dramatic 
increase in life expectancy. This has given new challenges in clinical practice because 
CVD in hemophilia is incompletely understood and the treatment is difficult because 
of a very precarious balance between benefit and harm of anticoagulant treatment.

Given the magnitude and clinical relevance of CVD in many chronic conditions, early 
identification and treatment of those persons most at risk have become increasingly 
important goals in clinical practice. In order to improve risk prediction and prevent 
CVD, it is necessary to first improve our understanding of pathways involved in 
vascular injury and accelerated atherosclerosis. Vascular injury, as a consequence of 
various known and unknown risk factors, precedes the occurrence of a clinical event 
and is a key step in its etiology. However, the mechanisms of vascular injury and the 
interaction with the hemostatic system are complex and still partially understood.
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Studying common processes in vascular pathology, such as inflammation or 
calcification, in various diseases and in an experimental as well as in a clinical context 
is an obvious step towards greater understanding. In recent years, advances in 
technology have led to a range of potentially useful methods to study vascular injury. 
In this thesis, various vascular injury related markers, obtained by new imaging and 
non-imaging techniques, in high-risk patients groups are investigated and discussed.

Overview of the main findings
In chapter 1 a general introduction to vascular injury and its clinical consequences 
was provided. The vascular markers presented in this thesis have been described.

In chapter 2 we focused on a new application of a relatively old imaging technique 
to visualize calcification, namely 18F-sodium fluoride positron emission tomography 
with computed tomography (18F-NaF PET/CT). 18F-NaF was primarily introduced as a 
tracer for bone imaging, but 18F-NaF binds to calcification nodules in atherosclerotic 
plaques as well4. An increased 18F-NaF uptake in atherosclerotic plaques is especially 
seen in areas of microcalcification. The presence of microcalcification indicates active 
calcium formation and has been associated with plaque vulnerability5,6.

We therefore investigated whether PET-assessed 18F-NaF uptake differs between 
culprit (n=17) and non-culprit (n=6) atherosclerotic plaques from patients who 
underwent carotid endarterectomy. Furthermore, as a secondary purpose, we 
compared the distribution of 18F-NaF uptake on microPET with the pattern of 
calcification on high-resolution microCT (n= 16 out the 23 included plaques).

We found a similar 18F-NaF uptake between culprit and non-culprit carotid plaques. 
18F-NaF activity was visible in plaque regions without any evidence of calcification 
on microCT scan, while additional histological staining confirmed the presence of 
calcification. In contrast, most CT assessed calcification showed only minimal 18F-
NaF uptake. So, microcalcification, as visualized with 18F-NaF PET, reflects a different 
stage of the calcification processes than established calcification on CT. 18F-NaF has 
the potential to identify carotid plaques with active calcification. However, given the 
comparable uptake between culprit and non-culprit plaques, the value of 18F-NaF in 
risk prediction is probably limited in patients with advanced atherosclerotic disease.

18F-NaF localizes hydroxyapatite, which is the most common form of calcium 
phosphate crystals in human bone and blood vessels. How circulating calcium and 
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phosphate ions ultimately become hydroxyapatite in the vascular wall is unclear. 
Vascular calcification is thought to be regulated by various promoting and inhibiting 
factors, acting on cellular and humoral level7. Accelerated ectopic calcification, which 
occurs in patients with chronic kidney disease (CKD) and diabetes mellitus (DM), might 
be the consequence of disturbances in the balance between inhibitors and promoters.

Recently, the T50 time was introduced as a novel marker of the balance between 
stimulating and inhibiting calcification factors present in serum8. In patients with 
advanced CKD and in renal transplant recipients a shorter T50 time is associated with 
an increased cardiovascular and all-cause mortality9,10.

In chapter 3 we explored for the first time whether increased susceptibility to 
calcification due to imbalances in the serum calcification – regulating system (i.e. a 
lower T50 time) could be an underlying mechanism of cardiovascular complications 
in patients with DM type 1. We included 216 type 1 DM (T1DM) patients who 
participated in a prospective cohort study. The mean age was 45 years (SD 12), 
mean HbA1c 7.6% (SD 1.0) and the estimated glomerular filtration rate 126 ml/
min/1.73 m2 (interquartile range 109-142). Twenty-four patients (11%) had a history 
of cardiovascular disease.

We confirmed that the T50 time was positively correlated with magnesium and 
25-hydroxyvitamin D, and negatively correlated with phosphate and parathyroid 
hormone . No relation was found between T50 time and kidney function or HbA1c. 
These results indicate that the T50 time not only reflects mineral stress in CKD but 
also in diabetes mellitus type 1 without evident CKD. During 15 years of follow-up, 
macrovascular complications occurred in 43 patients and 26 patients died. In contrast 
to our hypothesis, the serum T50 time was not associated with the development of 
the composite outcome of macrovascular complications and all-cause mortality.

One major consequence of vascular wall injury is a predisposition to thrombosis. Due 
to the absence or decrease in coagulation factor VIII or IX, patients with hemophilia 
(PWH) were supposed to be protected against acute CVD11. However, with the 
increasing life-expectancy, CVD have been reported in these patients as well12. This 
probably means that, although the tendency to form an arterial thrombus is clearly 
reduced, PWH can suffer from atherosclerosis. In order to better understand the 
relation between CVD and hypocoagulability, research focused on the prevalence of 
cardiovascular risk factors and the extent of atherosclerosis in hemophilia.
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In this context, we assessed the prevalence of atherosclerosis in the peripheral 
arteries in 65 PWH, by measuring the ankle-brachial index (ABI). A low ABI is very 
sensitive and specific for peripheral arterial obstructive disease. Chapter 4 presents 
the ABI results of this study. Surprisingly, a low ABI was infrequently found, but 
32% of the included population had a high ABI (≥ 1.3), which is usually related to an 
increased arterial stiffness due to medial arterial calcification. Diabetes and kidney 
failure, known risk factors for a high ABI, could not explain the high prevalence of 
high ABI in our study.

Given these results, we hypothesized that persons with hemophilia have an increased 
risk for a high ABI. Furthermore, we hypothesized that those with a high ABI would 
have a higher prevalence of hypertension. In PWH hypertension is more frequently 
found than in the general male population, but the etiology is unknown13. Because 
previous studies showed a positive association between ABI and hypertension, we 
thought that a high ABI could link hypertension and hemophilia14,15.

A high ABI is rare in the general population and has never been described in PWH 
before. Therefore, we aimed to confirm our findings in a study among unselected 
persons with hemophilia (n=32) and age-matched controls (n=32) without DM and 
CKD. We found an increased blood pressure in hemophilia (median 147 [IQR 136-
154] vs. 135 [IQR 128-142] mmHg, p=0.012 and median 85 [IQR 81-96] vs. 81 
[IQR 78-93] mm Hg, p=0.068). However, no difference in the prevalence of high 
ABI between persons with hemophilia and controls was found (16% in PWH and 
31% in controls, p=0.104). Furthermore, no differences were found in blood pressure 
between participants with a normal and a high ABI. Our hypothesis that PWH are 
prone to high ABI could not be supported. Besides, a high ABI was not associated 
with an increased blood pressure.

The extent of atherosclerosis, but also its composition is relevant for the risk of 
a future clinical event. The extent of atherosclerosis in hemophilia has been 
investigated in a few studies among relatively young PWH16,17. However, plaque 
morphology has never been studied in hemophilia. An increased plaque rupture 
due to high-risk morphological features could be an explanation for the occurrence 
of acute CVD in hemophilia despite the reduced thrombus formation. In chapter 5 
we evaluated MRI assessed plaque thickness and morphology of the carotid artery 
in an explorative study among 20 PWH ≥ 50 years and 20 age-matched controls. 
We confirmed that elderly PWH are able to develop advanced atherosclerosis of the 
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carotid artery. The overall vessel wall thickness was comparable between PHW and 
controls. No intraplaque hemorrhage or thin fibrous cap was found in either group. 
Surprisingly, we found a lipid-rich necrotic core in three PWH with cardiovascular 
risk factors, while none of the controls had a lipid-rich necrotic core. This might be 
related to hemophilia or to differences in lipid profile between groups.

With the extension of life expectancy and the rising number of elderly in the 
general population, the prevalence of giant cell arteritis (GCA) is likely to increase 
in the coming decades18. Early recognition and treatment of GCA are important 
to avoid serious vascular complications, such as arterial ischemia and aortic wall 
destruction. Because the clinical symptoms of GCA are often nonspecific, various 
imaging techniques may aid in the diagnostic process19. In current clinical practice 
18F-fluordeoxyglucose (18F -FDG) PET/CT is frequently used to detect inflammation 
of the extra-cranial vessels, while temporal artery color duplex ultrasonography 
(CDU) is the imaging modality of first choice in patients with predominantly cranial 
symptoms19. CDU can potentially also be used for the assessment of extra-cranial 
artery inflammation. Especially the axillary arteries are easily assessable for CDU.

Chapter 6 describes a retrospective study in which axillary artery CDU findings 
were compared with axillary artery 18F-FDG PET/CT findings. Furthermore, the 
additive value of axillary artery CDU to temporal artery CDU only was assessed. 
We included 113 patients with a clinical suspicion of GCA, 41 of them had the 
clinical reference diagnosis of GCA. We found that CDU-assessed abnormalities of 
the axillary arteries highly correspond with axillary artery involvement on 18F-FDG 
PET/CT. This suggests that in the case of CDU-assessed axillary abnormalities no 
18F-FDG PET/CT scanning is required to diagnose extra-cranial GCA. However, our 
data showed that 18F-FDG-PET/CT more frequently detects axillary involvement. 
So, a negative axillary CDU does not rule out extra-cranial GCA.

With respect to the additive value of axillary artery CDU; examination of the axillary 
arteries, in addition to the temporal arteries, increased the sensitivity of CDU for 
the clinical diagnosis of GCA (temporal artery CDU: 52% [95CI 35-67], temporal + 
axillary artery CDU: 71% [95CI 55-84]), while the specificity remained high (93% 
[95CI 84-97]). This underlines that conducting an extended CDU examination 
increases the diagnostic yield for GCA.



Summary and discussion | 135

GENERAL DISCUSSION

Controlling cardiovascular complications requires a better understanding of the 
processes involved in vascular wall injury. New insights into the pathophysiologic 
mechanisms of vascular disease can provide useful information to guide risk 
stratification and therapies. In recent years, the possibilities to study vascular 
pathology have evolved. In this thesis, we applied various new techniques in order 
to expand our knowledge of vascular injury related processes. In this chapter our 
main findings are discussed.

The chapter is structured as follows: in ‘vascular calcification’ I will discuss the 
results of 18F-NaF PET/CT imaging and the T50 serum test, in ‘atherosclerosis and 
hypocoagulability’ I will discuss the observations made in hemophilia and in ‘vascular 
inflammation’ our main findings in GCA. Finally, future perspectives are presented.

VASCULAR CALCIFICATION

Calcification as a marker of atherosclerosis
Calcification has long been used as a surrogate marker of atherosclerosis. Decades 
ago, pathological studies already showed that the extent of coronary artery 
calcification is related to the severity of atherosclerotic stenosis20,21. Over time, 
various studies using early X-ray based imaging techniques, such as angiography 
and fluoroscopy, confirmed the reliability of coronary artery calcium as a marker of 
atherosclerotic plaque burden22,23. In the 1990s new computed tomography (CT) 
techniques came available that allow for a quick and more reliable assessment of 
the total amount of coronary artery calcium24,25. Agatston and colleagues developed 
a so-called coronary artery calcification score (CACS), which is the product of the 
total volume of the calcification areas and a calcium density factor25. The CACS 
or Agatston score has become one of the most extensively studied imaging 
markers in cardiovascular medicine. The CACS appeared not only to be a marker of 
atherosclerotic burden, but also a marker of risk for myocardial infarction, cardiac 
mortality, and even all-cause mortality26. In patients with an intermediate risk based 
on the Framingham risk score, adding the CACS even improves the risk prediction 
for future CVD events27.
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Microcalcification is related to plaque instability
The ability of CT-assessed calcium to predict mortality suggests that vascular 
calcification is unfavorable. However, more recent studies evaluating the amount of 
atherosclerotic calcification by intravascular ultrasound (IVUS) challenged this view. 
IVUS allows for the detection of smaller calcium deposits than a clinical CT scan28. 
IVUS-studies demonstrated that culprit lesions that caused a myocardial infarction 
more frequently contain small, spotty calcium deposits than lesions of patients with 
stable coronary artery disease29,30. Besides, IVUS-assessed calcifications have been 
associated with accelerated atherosclerosis progression, while heavily calcified 
plaques are more resistant to changes in plaque volume31,32. At any given level of 
calcium coronary artery volume, the density of calcium even appears to be inversely 
correlated with cardiovascular risk33. Moreover, statin treatment, which is very 
successful in preventing CVD, has been associated with an increase in dense plaque 
calcium volume, suggesting that this stabilizes the plaque34,35. Taken together, these 
findings suggest that the impact of atherosclerotic calcification, in terms of plaque 
vulnerability and adverse events, depends on the size of the calcification particles. 
Small calcification particles seem to increase plaque vulnerability, while larger areas of 
calcification are related to plaque stability. Indeed, a histological study confirmed that, 
although the amount of coronary calcification is higher in patients who died from an 
acute myocardial infarction than in patients without cardiovascular history, the degree 
of calcification is less in plaques with unstable histological features than in plaques 
with stable features36. Similar results were later obtained in carotid artery plaques37,38.

Macro- and microcalcification
Calcification assessed on a clinical CT scan, which is related to plaque stability, is 
nowadays referred to as macrocalcification. The calcium deposits assessed with 
IVUS or other high-resolution in vivo imaging methods are called microcalcifications. 
However, no formal universal criteria exist for the size of a microcalcification. ‘Micro’ 
and ‘macro’ are relative terms. It has been suggested that calcium nodules < 50 µm in 
diameter should be called microcalcification and nodules ≥ 50 µm macrocalcification4. 
This was based on the hypothesis that microcalcifications are harmful when they 
cause high mechanical stress, in particular in the fibrous cap5. Due to a mismatch 
in tissue properties between the hard calcification and the soft surrounding fibrous 
tissue, high local stress concentrations at the interface between calcium and fibrous 
tissue might cause a sudden rupture of the fibrous cap39. Especially calcium particles 
5-50 µm are thought to be critical.
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On the other hand, it has also been found that microcalcification can increase 
local stress independent of their size40. Furthermore, it was hypothesized that the 
appearance of microcalcifications indicates a biologically active plaque41. Calcification 
might be a sign of inflammation and vice versa microcalcification might induce further 
inflammation, thereby increasing the risk of rupture. In such scenario, the location 
and size of microcalcification seemed to be less relevant. In fact, a meaningful 
classification of macro- and microcalcification is not (yet) possible because we don’t 
know how calcification influences plaques plaque stability. Besides, it likely that 
the link between calcification and plaque stability depends on various factors. Not 
only the size of the particles, but also location, other mechanical factors, plaque 
composition and surrounding tissue matter.

Imaging calcification in current clinical practice
In current clinical practice, CT scanning is the best-validated technique to detected 
vascular calcification. However, it is not able to detect small calcifications. The 
smallest detectable calcification deposit on clinical CT scans is approximately 500 
µm (0.5 mm) in size4. IVUS and intravascular optical coherence tomography do allow 
for the visualization of much smaller calcification particles, with an axial resolution of 
approximately 120 μm and 15 μm respectively39. However, both are invasive and optical 
coherence tomography is limited by a maximum tissue penetration depth of 1-2 mm5.

Recently,18F-NaF PET imaging has been introduced as a marker of microcalcification 
in atherosclerosis. ‘Micro’ in this case means smaller than clinical CT assessed 
calcification.18F-NaF binds to the surface of calcification nodules with high sensitivity 
and specificity4. On the surface of the hydroxyapatite matrix (Ca10(PO4)6OH2) 
18F is rapidly exchanged for OH, thereby forming fluorapatite (Ca10(PO4)6F2). 
Because small microcalcifications have a relatively large surface area compared to 
marcocalcification, the presence of microcalcifications causes an intense signal on 
PET images. In this thesis, we confirmed that 18F-NaF microPET scanning detects 
calcification in areas without any evidence of calcium on microCT. We showed 
that the pattern of calcification on microPET differs from that on microCT. So, 18F-
NaF PET reflects a different stage of the calcification processes than established 
calcification on CT. Our study was conducted in vitro, but Irkle et al. showed that in 
vivo the same principle is valid4. Clinical 18F-NaF PET visualizes calcification that was 
not resolved by clinical CT scanning. Therefore, 18F- NaF PET/CT scanning is useful 
to non-invasively study the vascular calcification process in humans.
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18F-NaF uptake to predict plaque vulnerability
In chapter 2/two we describe the in vitro microPET assessed 18F-NaF uptake between 
culprit- and non-culprit carotid plaques of high-risk patients, which appeared to be 
similar. In fact, all plaques included in our study were highly comparable in terms of 
vulnerability features. All plaques were calcified and showed many macrophages and 
intraplaque microvessels. Besides, in culprit as well as non-culprit plaques a clear 
intraplaque thrombus was found. These findings underline that atherosclerosis is a 
systemic disease42. In high-risk patients many plaques will be in an advanced state. 
However, prospective studies have shown that only a minority will cause an a clinical 
relevant event, even if they all have characteristics of vulnerability43. Therefore, in 
general it is very challenging to determine what a truly vulnerable plaque is. Based 
on 18F-NaF uptake alone this will be impossible. No specific 18F-NaF cut-off point for 
vulnerability can be defined given the comparable uptake in culprit and non-culprit 
plaques in our study. This will limit the ability of 18F-NaF to improve risk prediction in 
patients with a history of cardiovascular disease. However, more clarity will hopefully 
be provided by the results of a currently conducted clinical trial, which aims to assess 
whether or not 18F-NaF is useful in risk stratification in patients with a previous 
myocardial infarction (NCT02278211). The additional predictive value of 18F-NaF 
in the asymptomatic patient group needs further investigation.

Future application of 18F- NaF PET/CT imaging
Previous in vitro studies using microCT scans with different resolutions to investigate 
atherosclerotic calcification, showed that microcalcification particles that were 
believed to be a single particle, appeared to be a cluster of even smaller calcifications 
with improving imaging resolution40,44. Ultimately, microcalcifications are supposed 
to derive from extracellular vesicles, which are membranous structures released 
from VSMC and other cells that act as sites for hydroxyapatite crystal precipitation45. 
Calcified extracellular vesicles are thought to merge to larger calcification particles, 
which might in turn fuse to large calcium deposits40,46. Why this happens is unknown. 
We even don’t know whether progression to large calcification particles is a natural 
process. It has been supposed that plaque calcification occurs as a healing response 
to inflammation, but the exact relation between inflammation and calcification is still 
unsure47. The availability of 18F-NaF PET/CT to study microcalcification in patients 
offers new opportunities to study the calcification process in more detail and in 
many diseases. By prospectively investigating 18F-NaF uptake we can, for example, 
investigate how microcalcification evolves over time in asymptomatic persons. 
Furthermore, we can study the relation with inflammation by combing 18F-NaF with 
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tracers that bind to inflammatory cells. Next, the assumption that changes in 18F-NaF 
uptake occur more quickly than changes in CT assessed calcium, makes 18F-NaF an 
attractive marker to moderate effects of novel medication therapies.

A point of concern is the fact that 18F-NaF PET in combination with CT exposes 
patients to relatively high doses of ionizing radiation. Therefore, 18F-NaF PET in 
combination with MRI might be a good alternative when repeated scans are planned. 
The feasibility of PET/MRI for atherosclerosis needs to be further investigated. 
Furthermore, we should realize that the spatial resolution of the clinical PET/CT 
scan is still relatively low. Therefore, animal studies with 18F-NaF and histological 
studies are still needed. For example to study in detail in which components of the 
plaques 18F-NaF accumulates as it has been suggested that especially 18F-NaF in 
the fibrous cap increases the risk for rupture.

Measuring systemic calcification factors
Vascular calcification is the active deposition of calcium phosphate crystals in the 
extracellular space of the arterial wall. This process is cell-dependent but influenced by 
various calcification stimulating and inhibiting proteins acting on cellular and humoral 
level7. In normal conditions, inhibitory mechanisms prevent spontaneous mineralization 
of vessels and organs. One of these mechanisms is the binding of calcium and 
phosphate ions to serum proteins, in order to prevent ectopic precipitation48,49. The 
formed so-called primary calciprotein particles (CPPs) are rapidly cleared from the 
circulation. However, in serum from patients with kidney failure, secondary CPPs 
are found, which are derived from the initial formed primary CPPs. Secondary CPPs 
are insoluble in serum and contain crystalline calcium phosphate48. Secondary CPPs 
haven’t been found in the circulation of healthy persons. Therefore, secondary CPPs 
are thought to be only formed in pathologic conditions, i.e. less clearance or increased 
production of primary CPPs50. Secondary CPPs induce inflammatory reactions in 
macrophages and calcification by VSMCs in vitro51,52.

The T50 test, which measures in vitro the time to form secondary CPPs in serum that 
is supersaturated with calcium and phosphate, was associated with other indices 
of mineral metabolism in our study among patients with type 1 DM (chapter 3). We 
found that a shorter T50 time correlates with higher phosphate, higher PTH, and 
lower magnesium, and lower 25-hydroxyvitamin D levels, as also has been found in 
CKD8. Magnesium is a strong inhibitor of CPP maturation, while low vitamin D levels 
are associated with high phosphate levels53. Phosphate is a strong inducer of CPP 
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formation. No correlation was found between kidney function and the T50 time. In 
contrast, in most studies among patients with CKD the T50 time is inversely related 
to the eGFR, although no consensus exists on whether this relation is independent of 
disturbances in mineral parameters9,54-56. An explanation for the difference between 
our results and those among CKD might be that the kidney function in our population 
was relatively good.

In patients with CKD and in kidney transplant recipients theT50 time is inversely related 
to cardiovascular mortality and all-cause mortality9,10,55-58. Known determinants of 
the T50 time are excretory kidney function and parameters of mineral metabolism. 
However, in patients with an inflammatory disease, but no kidney dysfunction, an 
excess of CPP was found in the circulation as well59. Furthermore, in systemic lupus 
erythematosus (SLE) the T50 time has been related to disease activity, even after 
adjustment for kidney function, suggesting the existence of a link between the T50 
time and systemic inflammation60.

Type 1 DM (T1DM) is associated with increased vascular inflammation and 
calcification, especially of the coronary arteries61. However, we did not find a relation 
between the T50 time and glycemic control or macrovascular complications and 
mortality in patients with T1DM. A likely explanation is the fact that our population 
was small and the number of events low, which is a major limitation of this work. 
Another explanation might be that in adequately regulated T1DM patients systemic 
inflammation is relatively low when compared to patients with active SLE.

The effect of CPP on VSMCs in vitro has been investigated by several researchers51,52. 
However, the relation between CPP and vascular calcification in vivo needs further 
attention. Recently, Bundy et al. presented the first data on the relation between 
the T50 time and CACS in patients with CKD stage two to four62. Interestingly, they 
found that the T50 time could not predict the presence of CACS. However, among 
those with coronary artery calcification at baseline, the T50 time was associated 
with CACS severity and progression, also after adjustment for kidney function, 
proteinuria, and classical cardiovascular risk factors including history of CVD. So, 
the T50-time seems to be associated with the progression but not with the initiation 
of calcification. Exposure of the arterial wall towards circulating CPPs might only 
induce calcification in patients with already existing vascular damage. Or vice versa: 
with increasing calcification more secondary CPPs are formed because of a down 
regulation of inhibiting proteins.
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The exact role of CPP in calcification is unclear and many questions regarding the 
relation between CPP and vascular calcification remain. Future research is required 
regarding the relation between the T50 time and pre-clinical markers of vascular 
calcification, such as CACS and 18F-NaF uptake. Focus on non-CKD patients will be 
helpful to establish the determinants of the T50 time.

ATHEROSCLEROSIS AND HYPOCOAGULABILITY

Cardiovascular disease in hemophilia
Patients with hemophilia (PWH) were thought to be protected against acute CVD 
because of a reduced or absent tendency to form an arterial thrombus11. However, 
despite the previous assumptions, we know that acute CVD does occur in ageing 
PWH12. How the incidence of CVD relates to that of the general population is still 
unsure. Previous cohort studies reported a reduced incidence of CVD and a reduced 
mortality from coronary artery disease63-65. However, the interpretation of these 
results is hampered by the fact that most cohorts were small and the number of 
events low. Moreover, most studies included PWH with AIDS or hepatitis, which 
might have introduced competing risks. And of course, fatal bleeding is a major 
competing risk, especially several decades ago, when the prophylactic application 
of clotting factor was not standard of care66.

In 2012 the baseline characteristics have been reported of a large, ongoing 
prospective cohort study in the Netherlands and the UK, which represents the 
current living hemophilia population. The researchers found a lower cumulative 
incidence of myocardial infarction and stroke in PWH67. A similar prospective trial 
is currently being conducted in Italy68. In contrast with the Dutch-British cohort, only 
elderly PWH (> 60 years) are included. Again, the baseline results showed a lower 
prevalence of ischemic vascular disease, although not statically significant. In order 
to determine more reliable how CVD in hemophilia relates to that of age-matched 
controls, the long-term follow up of both mentioned studies will be helpful.

Atherosclerosis and cardiovascular risk factors in hemophilia
In chapter 4 we measured the ankle-brachial index (ABI) in a cross-sectional study 
among PWH. Measuring the ABI is an easy, cheap, and accurate method to assess 
the presence of peripheral arterial obstructive disease (POAD)69. The unexpected 
finding of a high prevalence of a high ABI (≥ 1.3), rather than a low ABI left us 
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with two issues. First, a high ABI points to medial arterial calcification (MAC) and 
frequently occurs in diabetes mellitus and chronic kidney disease70,71. In these 
populations, a high ABI (≥ 1.3) is even associated with cardiovascular morbidity72-75. 
However, high ABI has never been described in hemophilia before, and DM or 
CKD could not explain our findings. Second, a high ABI can mask the presence of 
obstructive atherosclerosis. Intimal and medial calcification frequently co-exist70. 
Thus, the primary outcome of this study, namely the presence of PAOD, could not 
be reliably assessed.

Instead of publishing our results, we considered these findings as hypothesis-
generating. We decided to confirm in a second study among unselected PWH. 
Although supported by theoretic arguments, this not necessarily means that the 
hypothesis is true. Moreover, it has been argued that many of the positive findings in 
research are actually false, which highlights the importance of confirmational studies76.

A high ABI is widely accepted as a proxy for MAC in diabetes mellitus and 
chronic kidney disease. However, the meaning of a high ABI in healthy people is 
controversial14,77,78. In a study among > 6000 persons without clinical CVD, an 
increased pulse pressure amplification (PPA) was found to contribute to a high ABI79. 
An increased PPA is a physiological phenomenon, not related with MAC and not 
associated with an increased cardiovascular risk80. This suggests that a high ABI 
not necessarily represents pathology. Only in certain high-risk populations a high 
ABI seemed likely to be the consequence of MAC. In this thesis, we hypothesized 
that patients with hemophilia could be such a high-risk population. However, our 
finding of a high ABI could not be reproduced. Therefore, in retrospect, it is unlikely 
that the initial finding of a high ABI in PWH reflects pathology. A high PPA or play 
of change are more likely explanations.

With respect to the development of obstructive atherosclerosis, we decided to 
measure toe-pressures in case of a high ABI in the second study. The arteries of 
the toe are less susceptible to calcification and therefore toe pressure is more reliable 
than ankle pressure in case of MAC81. A low toe pressure suggests an impaired 
circulation. Because feet were warmed up before measurement, this is likely to be 
caused by an upstream obstruction. In one out of five PWH with a high ABI, the 
toe pressure was low. Furthermore, three PWH with cardiovascular risk factors had 
a low ABI. This confirms that PWH are not protected against the development of 
peripheral atherosclerosis17.
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An increased prevalence of hypertension has been found in a large cross-sectional 
study among PWH from the UK and The Netherlands and a retrospective study 
from the USA13,82. Another, retrospective, study from the USA showed that both 
systolic and diastolic blood pressures are increased83. Our results now confirm that 
PWH have a higher blood pressure than controls. Even among those PWH with 
antihypertensive medication, 62% had still a high blood pressure, while this was 33% 
in controls. The etiology of hypertension is still unclear. Classical risk factors might not 
fully explain the increased prevalence, but only a limited number of studies address 
this point13,83. The previously mentioned prospective cohort trial might provide more 
clarity on the relation between hypertension and other risk factors in the future. 
Nevertheless, our findings highlight the importance of appropriate screening and 
treatment of hypertension in PWH irrespective of the cause. Hypertension increases 
the risk for CVD, heart failure, kidney disease and intracranial bleeding. Regular blood 
pressure measurement in the ageing PWH is therefore indicated.

Atherosclerosis composition
Atherosclerosis occurs in hemophilia, but the severity is unsure. With time a few 
studies have been published that show a comparable extent of atherosclerosis, 
assessed by measuring intima-media thickness or CACS, in PWH and age-matched 
controls16,17,84. However, a limitation of most studies is that relatively young PWH 
have been included. Besides, the composition of atherosclerosis has never been 
investigated in hemophilia, while high-risk morphological characteristics are 
related to cardiovascular events85,86. By evaluating vessel wall thickness and plaque 
composition in the carotid artery, we showed that elderly PWH are able to develop 
advanced stages of atherosclerosis.

Plaque rupture is thought to be the initiating event of a cardiovascular event87. 
It is likely that those PWH with advanced atherosclerosis are at risk of rupture. 
In PWH the formed thrombus might be relatively small or unstable, but in some 
cases the thrombus might still become large enough to cause clinical symptoms. 
Pathological studies demonstrated that at the moment of clinical presentation the 
thrombus age can already be several days88. It is possible that even in hemophilia, 
thrombus growth occurs over time because of complex interactions between 
coagulation proteins, platelets, and inflammatory components. The application 
of factor VIII or IX concentrates, prophylactic or to treat bleeding episodes, might 
contribute to the formation of a stable arterial thrombus. We know that venous 
thrombotic complications, which are normally very rare in hemophilia, also occur in 
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situations with multiple risk factors, such as major surgery and intensive clotting 
factor therapy89.

One might expect intraplaque hemorrhages (IPH) in plaques of PWH. IPH is a 
common feature of advanced atherosclerotic plaques, but can also be found in 
early lesions90. Given the lifelong hypocoagulable state of PWH, IPH might occur 
earlier and to a larger extent. The use of vitamin K antagonists (VKA), which induce 
a temporary hypocoagulable state, increases the risk for intraplaque hemorrhage 
(IPH)91,92. The longer the use of VKA, the higher the risk of IPH92.

The fact that we did not find any IPH in our explorative study, suggests that IPH is 
not an important feature of atherosclerosis in hemophilia. The possibility that we 
have missed an existing IPH is low. We used a standardized MRI protocol, which 
was implemented by researchers experienced in plaque imaging. Besides, Takaya 
et al. reported that 95% of the MRI-assessed IPH was still clearly visible after 18 
months, suggesting that IPH persists for a long time93. Degradation of IPH is a slow 
process or IPH reoccurs at the same location.

Different factors can potentially explain the difference in results between VKA-users 
and PWH. First, systemic coagulation is not involved in the development of IPH. The 
increased IPH in VKA-users might just reflect the advanced atherosclerotic state in 
these populations. Persons treated with VKA are usually older and more frequently 
have cardiovascular risk factors than persons without anticoagulant treatment90. On 
the other hand, in the study of Mujaj et al. use of VKA was still positively associated 
with IPH after adjustment for classical risk factors92. Second, vitamin K antagonists 
affect coagulation proteins that are present in the plaque itself, such as coagulation 
protein VII and X, while changes in systemic coagulation factors VIII or IX do not have 
such an effect. From coagulation proteins VII and X we know that they are involved in 
vascular remodeling, angiogenesis and inflammation94. Inhibiting these coagulation 
proteins might affect plaque composition95. Third, systemic coagulation is just one of 
the factors of influence. Another important factor is increased mechanical stress96. 
IPH has been associated with higher plaque wall stress in a 3D computational model-
based study97. Furthermore, the population-based Rotterdam study shows that pulse 
pressure is the strongest determinant of IPH, independent of cardiovascular risk 
factors and vessel wall thickness98. Increased pulse pressure, which reflects the 
distension and recoil of the arterial wall, might be a mechanical trigger for the rupture 
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of intraplaque vessels. We found an increased blood pressure in PWH, but not an 
increased pulse pressure (chapter 4).

The finding of a plaque LR/NC in PWH and not in controls might be caused by 
differences in lipid profile and statin use between both groups. Statin use is 
negatively and hypercholesterolemia positively associated with LR/NC99,100. The 
presence of a LR/NC can also be related to hemophilia. To further investigate the 
relation between hemophilia and LR/NC development a larger study will be needed. 
However, before planning a new study several considerations should be taken into 
account. First, the hemophilia community should be involved in the prioritization 
of research. Currently, various studies on CVD, prolonged coagulation factors and 
gene therapy are conducted. Hemophilia is rare and the number of potential eligible 
study participants therefore limited. Large-scale research should be devoted to the 
questions with the highest priority. Second, from a clinical perspective, further 
studies will not change the need for appropriate cardiovascular risk assessment. 
Now we have demonstrated that PWH can develop advanced atherosclerotic 
plaques, treatment of high-risk individuals should be considered. Third, a multicenter 
study will be required, because only older PWH should be included, which limits 
the number of potentially eligible subjects per treatment center. This is technically 
feasible when a standardized carotid coil and MRI protocol is used, in combination 
with the training of the involved MRI technologists101. However, it will be a logistically 
challenging project.

VASCULAR INFLAMMATION

18F-FDG PET/CT imaging in giant cell arteritis
Vascular inflammation can be visualized in vivo with 18F - fluordeoxyglucose (FDG) 
PET scanning. A combined 18F-FDG PET/CT is frequently used as a surrogate 
endpoint in clinical atherosclerosis studies, but it has no place in daily clinical care. 
In contrast, 18F-FDG PET/CT imaging is increasingly part of the diagnostic workup 
of suspected giant cell arteritis (GCA)19,102. 18F-FDG-PET/CT imaging allows for the 
visualization of the aorta and its branches, which are often affected in GCA103-105. 
Even in patients presenting with cranial symptoms, the classical picture of GCA, 
asymptomatic large vessel involvement can be found106. However, the incidence of 
large vessel involvement in GCA varies highly in literature because of differences in 
diagnostics methods and included patients107.
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In many studies, including ours, 18F-FDG PET/CT imaging is used as the gold standard 
for extra-cranial involvement. The diagnostic accuracy of 18F-FDG PET/CT for GCA 
varies in literature because of differences in study design and reference standards. 
No gold standard exists for diagnosing GCA. Therefore, the clinical diagnosis as 
well as the temporal artery biopsy results or the ACR criteria are used108. Besides, 
the methods to assess the PET/CT images varies from a visual interpretation to 
various quantitative measurements109. Until recently, no consensus existed on how 
18F-FDG PET/CT scans should be assessed in GCA102. However, in most larger 
studies, despite their differences, the diagnostic performance of PET/CT is good108. 
In larger studies using the ACR criteria as the reference standard, the sensitivity and 
specificity ranges from 80-90% and 89-98% respectively108. Recently, a prospective 
study showed a sensitivity of 71% and a specificity of 91% of 18F-FDG PET/CT for 
the clinical diagnosis of GCA110. The study included consecutive patients suspected 
of GCA, rather than only a selection of patients with confirmed GCA or suspected 
large vessel involvement, as in most studies. The study therefore highly reflects the 
daily clinical practice. On the other side, a newer generation 18F-FDG PET/CT scan 
was used than most clinics have currently available, which reduces generalizability.

Ultrasound imaging in giant cell arteritis
In recent years, color duplex ultrasonography (CDU) has become another emerging 
imaging tool in GCA. CDU of the temporal arteries has replaced temporal artery 
biopsy as the first-choice diagnostic tool in patients with cranial symptoms, provided 
that the sonographer is well experienced19. By demonstrating that the presence of 
an axillary artery halo on CDU highly corresponds with an increased axillary artery 
18F-FDG-uptake on PET/CT, we provided evidence for a potential role for CDU in 
suspected extra-cranial involvement as well. CDU is attractive because of the low 
costs, quick availability and patient friendliness.

Our study results suggest that in the case of an axillary artery halo on CDU, no 
further 18F-FDG scanning is necessary to diagnose GCA. However, we also found 
that 18F-FDG PET/CT more frequently detects axillary artery involvement than 
CDU, which is in line with other recent studies111-113. A possible explanation for the 
differences in CDU and PET results is that both imaging modalities reflect different 
aspects of vascular pathology. The CDU halo reflects circumferential vessel wall 
thickening, which is attributed to inflammation-related edema, while the increased 
18F-FDG-uptake on PET images reflects the presence of inflammatory cells114.
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The ‘halo sign’ is an indirect measure of the vascular wall thickness, based on the 
morphological appearance of the vessel wall with color duplex ultrasonography. A 
direct measure of the vascular wall thickness is the intima-media thickness (IMT). 
However, measurement of the IMT in small cranial arteries requires a high-resolution 
ultrasound probe. Although such probes are increasingly available in current clinical 
practice, data on the IMT cut-off value for the diagnosis of GCA is still limited115. 
In atherosclerosis, which is common in the GCA population, the IMT is increased 
as well. Besides, up until now the halo sign has been applied in most ultrasound 
studies. Therefore, the presence of a halo is still regarded as the primary ultrasound 
sign in GCA116.

The place of CDU in the diagnostic workup of GCA needs to be further determined. 
CDU as the first choice of imaging in all patients suspected of GCA, not only in those 
with cranial symptoms, has been suggested111. The combination of clinical suspicion 
and CDU results should then determine whether an additional diagnostic test, such 
as TAB or PET/CT imaging is needed. The clinical suspicion is crucial because every 
diagnostic test only reflects a part of the GCA spectrum. In suspected large –vessel 
involvement PET/CT imaging is probably the most appropriate additional test, while 
in case of predominantly cranial symptoms TAB or MRI might be used, depending 
on corticosteroid use and availability of the test. Recently, it was demonstrated that 
also modern, high-resolution 18F-FDG PET/CT scans are useful for diagnosing cranial 
GCA110,117. In our study, 18F-FDG PET/CT imaging frequently showed vertebral artery 
involvement. In some patients this was even the only abnormality, which supports the 
need for additional PET/CT scanning in case of a high clinical suspicion and a negative 
CDU. Whether CDU can be used to assess the vertebral artery is currently unsure118.

In order to prospectively evaluate the proposed diagnostic strategy, we first need to 
decide how the degree of clinical suspicion should be determined. Various tools for 
risk prediction have been suggested, but they need to be externally validated with 
the clinical diagnosis of GCA as the reference standard, rather than only temporal 
artery biopsy-proven GCA119,120. Furthermore, we need to decide which extra-cranial 
arteries should be included in the CDU exam. The axillary arteries and carotid arteries 
are both easily accessible, but the carotid arteries are susceptible for false-positive 
findings due to atherosclerosis111. In addition, our results suggest that examining the 
carotid arteries will not improve the diagnostic accuracy of CDU.
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A point of concern is that CDU is cannot investigate the thoracic part of the 
aorta. Aortic involvement is often found on 18F-FDG PET103. Patients with aortic 
involvement are at increased risk of aneurysm development, but the magnitude of 
the risk and the best monitoring strategy is yet unknown107,121. Currently, a long-term 
prospective trial is conducted in which GCA- patients with an increased aortic FDG-
uptake at presentation, undergo a CT-scan of the aorta annually in order to assess 
aortic diameter (NCT01588483).

In the future CDU high-frequency probes providing a high resolution, will be 
increasingly used in clinical practice. This might increase the sensitivity of CDU i.e. 
smaller halos might be detected. However, we should strive to maintain the high 
specificity of CDU. For the extra-cranial arteries, no clinical tools other than imaging 
exist to prove vascular wall inflammation.

FUTURE PERSPECTIVES

The development and application of vascular injury-related markers have driven our 
knowledge of vascular pathology forwards. Advances in the imaging of calcification 
have, for example, changed our view on the role of calcification. After many years 
of seeing intimal calcification as unfavorable, we now consider calcification to be 
protective. With new vascular markers discovered many more possibilities will arise 
to further unravel vascular processes, including calcification. In this thesis, we showed 
that 18F-NaF PET/CT and the serum T50-test are potentially useful for this purpose.

In the future, imaging and serum markers, existing and new to be developed, 
will continue to be a significant focus of research. Given the complex nature of 
vascular pathology and the various components involved, researchers should 
strive to integrate the information obtained through different approaches and 
techniques. Combining markers related with various different pathogenic pathways 
has the potential to further improve our understanding of vascular pathology. For 
instance, 18F-NaF PET/CT imaging and the serum T50-test. Or imaging assessed 
plaque composition and mechanical properties of the plaque. Or CDU assessed 
abnormalities and serum markers in GCA.

A combined approach will also be necessary to improve individual cardiovascular risk 
prediction. In the previous decades, much effort has been put into the development 
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of tools that allow for the identification of the high-risk plaque. Although this 
vulnerable plaque approach has been relevant in our attempt to study vascular 
pathology, in the 21st century we have to conclude that focus on plaque composition 
only will not improve clinical outcomes in high-risk patients43. In the previous years, 
we have learned from prospective trials that vulnerable plaques are common in 
high-risk patients, but that most of these vulnerable plaques will never lead to 
clinical symptoms. We now know that even plaque rupture occurs frequently, but 
will stay asymptomatic in the majority of the patients. So, the occurrence of a clinical 
event seemed not to be explained by plaque rupture only. Instead, the patient’s 
(coagulation) response to plaque seemed to be crucial122. The fact that even in 
hemophilia acute CVD occurs, highlights that local factors as well as systemic factors 
are involved in the development of clinical symptoms.

Integrated approaches that take into account plaque burden, disease activity and 
coagulation potential are most likely to improve risk prediction. However, much work 
remains to be done to identify the best integrated strategies. Therefore, we must 
continue to identify potential eligible markers, to relate them to clinical outcomes, 
and to evaluate them in different patient groups. Besides, we must continue to 
investigate whether these markers can be measured in the clinical practice and add 
to existing risk factors. Finally, to reach a significant clinical impact, we ultimately 
have to develop computational models that integrate relevant individual markers, 
rather than focusing on single risk factors.

CONCLUDING REMARKS

Due to the ageing of the population, the prevalence of chronic diseases is rising. 
Many chronic disease are accompanied by an increased risk for cardiovascular 
disease. Now the treatment of the underlying disease has improved, preventing 
cardiovascular complications becomes increasingly relevant. A first step towards 
improved clinical outcomes is a better understanding of vascular pathology. 
Imaging and serum markers of vascular injury are potentially useful in increasing 
our knowledge. In this thesis we demonstrated the feasibility of several markers to 
visualize structural vascular changes. For example, we showed that 18F-NaF PET/CT 
visualizes microcalcification in plaques, and that ultrasound can be used to detect 
inflammatory enlargement of the vessel wall in large vessel vasculitis. Furthermore, 
by studying vascular injury-related markers in persons with hemophilia, this thesis 
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contributes to an understanding of CVD in this population. Given the complexity 
of vascular pathology and the explorative character of our research, no broad 
conclusions can be made at present. Nevertheless, vascular injury-related markers 
will continue to be a significant focus of research. Further studies should focus on 
the relation between vascular markers and clinical outcomes. Eventually, we should 
strive to integrate the information provided by different markers in order to improve 
risk prediction.
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Dit hoofdstuk begint met een algemene uitleg over hart- en vaatziekten. Daarna 
volgt een samenvatting van de resultaten van dit proefschrift. 

HART- EN VAATZIEKTEN

Hart- en vaatziekten is een verzamelnaam voor verschillende aandoeningen van het 
hart en de slagaders. Een groot deel van de hart- en vaatziekten wordt veroorzaakt 
door atherosclerose. Atherosclerose heet in de volksmond ook wel ‘aderverkalking’. 
Atherosclerose is een complex proces waarbij er verdikkingen optreden van de 
vaatwand, zogenaamde plaques. De aanwezigheid van een plaque in een bloedvat 
kan ervoor zorgen dat er minder bloed door het vat stroomt. Er ontstaat dan een 
zuurstoftekort in de achterliggende weefsels. Dit kan optreden op verschillende 
plaatsen in het lichaam, zoals het hart of de benen. Er ontstaan dan geleidelijk 
klachten van pijn en vermoeidheid. We noemen dit ‘angina pectoris’ als het om de 
kransslagaders van het hart gaat. En etalagebenen als het om de slagaders van de 
benen gaat. Naast een zuurstoftekort, kan de aanwezigheid van een plaque in een 
bloedvat er ook voor zorgen dat er plotseling een stolsel (bloedpropje) in het bloedvat 
ontstaat. De bloedtoevoer kan dan acuut worden afgesloten. Zo’n acute afsluiting 
kan leiden tot bijvoorbeeld een hart- of herseninfarct.

Risicofactoren voor hart- en vaatziekten
Niet iedereen heeft dezelfde kans op een hart- of vaatziekte. Deze kans wordt onder 
andere bepaald door de aanwezigheid van risicofactoren. Bekende risicofactoren zijn 
diabetes mellitus (suikerziekte), overgewicht, roken, een hoog cholesterolgehalte 
en een hoge bloeddruk. Daarnaast zijn leeftijd en erfelijke aanleg belangrijke 
risicofactoren. Ook hebben mensen die al bekend zijn met een hart- of vaatziekte, 
een grotere kans om nóg een hart- of vaatziekte te krijgen. Aan de hand van 
risicofactoren kunnen mensen met een hoge kans op hart- en vaatziekten worden 
opgespoord. Bij hen kunnen beïnvloedbare risicofactoren dan intensief worden 
behandeld met leefstijladviezen en medicijnen. 

Hart- en vaatziekten in Westerse landen
In de afgelopen decennia is in rijke landen het aantal mensen dat aan een hart- of 
vaatziekte komt te overlijden, geleidelijk gedaald. Dit is te danken aan een verbeterde 
behandeling van hart- en vaatziekten, bijvoorbeeld snelle medische zorg bij een 
hart- of herseninfarct. Ook kunnen er medicijnen voorgeschreven worden die ervoor 
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zorgen dat er minder snel een stolsel in een bloedvat ontstaat (‘bloedverdunners’). 
Daarnaast is er veel meer aandacht gekomen voor het behandelen van risicofactoren 
voor hart- en vaatziekten. Zo wordt er bijvoorbeeld vaker gecontroleerd op een hoge 
bloeddruk. Ook is het aantal rokers afgenomen en zijn er nieuwe behandelingen 
beschikbaar voor diabetes mellitus. Bovendien worden cholesterolverlagende 
medicijnen volop voorgeschreven, zowel bij mensen met een hoog cholesterol als 
bij mensen die een hart-of vaatziekte hebben.

Hart- en vaatziekten: uitdagingen in de 21ste eeuw
In de 21ste eeuw staan we voor nieuwe uitdagingen als het gaat om hart- en 
vaatziekten. Doordat de gemiddelde levensverwachting stijgt, zullen er meer 
mensen leven met een chronische ziekte. Verschillende chronische aandoeningen 
blijken uiteindelijk gecompliceerd te worden door een verhoogd risico op hart- en 
vaatproblemen. Belangrijke voorbeelden zijn chronische nierziekten en inflammatoire 
ziekten (ontstekingsziekten), zoals reumatoïde artritis, reuscelarteritis (ontsteking 
van de vaatwand) en HIV. Nu we beter in staat zijn om deze chronische ziekten te 
behandelen, is het van belang dat we ook de gerelateerde hart- en vaatziekten vroeg 
opsporen en behandelen. 

Een interessant voorbeeld van deze ontwikkeling is te zien bij hemofilie. Hemofilie is 
een erfelijke bloedingsziekte die voorkomt bij mannen. Vroeger overleden personen 
met hemofilie vaak op jonge leeftijd als gevolg van een ernstige bloeding. Dankzij 
een verbeterde behandeling komt dat nu gelukkig nauwelijks nog voor. Personen 
met hemofilie hebben tegenwoordig een normale levensverwachting. Dit betekent 
dat ook de oudere mens met hemofilie te maken krijgt met ‘ouderdomsziekten’ zoals 
hart- en vaatziekten. Dit levert nieuwe medische uitdagingen op. We begrijpen 
bijvoorbeeld nog niet goed hoe hart- en vaatziekten bij hemofilie ontstaan. Ook is 
de behandeling van hart- en vaatziekten met bloedverdunners lastig bij hemofilie 
vanwege de verhoogde kans op de bloedingen. 

Voorspellen van hart- en vaatziekten
Het exact voorspellen van wie wel en wie geen hart-of vaatziekte krijgt, is moeilijk. 
Dat komt doordat we nog maar ten dele begrijpen hoe hart- en vaatziekten ontstaan. 
We weten dat de eerder genoemde risicofactoren belangrijke bijdragende factoren 
zijn, maar er zijn nog meer risicofactoren. Die zijn nog lang niet allemaal goed in 
kaart gebracht. 
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Om beter de kans in te schatten dat iemand een hart- en vaatziekte krijgt, zullen we 
in de eerste plaats meer moeten gaan begrijpen van het ontstaan van vaatschade. 
Vaatschade, meestal in de vorm van atherosclerose, gaat immers vooraf aan het 
optreden van ziektesymptomen. De mechanismen die een rol spelen bij het ontstaan 
van vaatschade zijn zeer complex gebleken. 

Dit proefschrift
In de afgelopen jaren zijn er verschillende nieuwe technieken beschikbaar gekomen 
die potentieel bruikbaar zijn bij het bestuderen van vaatschade. Door middel van 
beeldvormende technieken, zoals MRI, kan de vaatwand bijvoorbeeld nauwkeurig 
worden afgebeeld. In dit proefschrift zijn verschillende nieuwe technieken toegepast 
in hoog-risico patiënten met als doel het uiteindelijk beter begrijpen van vaatschade.   

DE BELANGRIJKSTE BEVINDINGEN

In hoofdstuk 2 van het proefschrift hebben we ons gericht op een nieuwe toepassing 
van een bekende beeldvormende techniek, namelijk PET/CT met natriumfluoride 
(18F-NaF). Bij PET (positron emissie tomografie) wordt een radioactieve stof gebruikt 
om bepaalde processen in weefsels of organen in beeld te brengen. De radioactieve 
stof is in dit geval: 18F-NaF (natriumfluoride). PET wordt bijna altijd gecombineerd 
met CT (computer tomografie).

18F-NaF kan calcificatie (verkalking) in beeld brengen. Calcificatie vindt plaats in 
botten. Daarom is 18F-NaF PET/CT geschikt om afwijkingen aan het skelet op 
te sporen. Recent is gebleken dat 18F-NaF PET/CT ook gebruikt kan worden om 
calcificatie in atherosclerotische plaques op te sporen. 18F-NaF bindt met name aan 
kleine calcificaties (microcalcificaties) in de plaque. Microcalcifcaties zijn geassocieerd 
met het scheuren van de plaque, wat kan leiden tot een infarct.

We hebben daarom onderzocht of microcalcificaties, gemeten met 18F-NaF PET, 
vaker voorkomen bij symptomatische carotis plaques dan bij asymptomatische 
carotis plaques. Symptomatische carotis plaques zijn plaques in de halsslagader 
die vermoedelijk de oorzaak zijn geweest van een herseninfarct (CVA of TIA). 
Asymptomatische carotis plaques zijn plaques in de halsslagader die (nog) niet 
tot symptomen hebben geleid. We hebben 23 plaques onderzocht van mensen 
die operatief een plaque in de halsslagader hebben laten verwijderen. Er waren 
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17 symptomatische en 6 asymptomatische plaques. We vonden geen verschil in 
microcalcificatie tussen de symptomatische en asymptomatische plaques. 18F-
NaF lijkt daarmee niet erg geschikt om de risico-inschatting op een CVA of TIA te 
verbeteren bij mensen die al uitgebreide atherosclerose hebben. Een interessante 
bevinding was dat 18F-NaF PET calcificatie liet zien in gebieden waar met CT 
geen calcificatie zichtbaar was. Met histologisch onderzoek (weefselonderzoek) 
konden we aanwezigheid van calcium in deze PET-positieve en CT-negatieve 
gebieden bevestigen. We concluderen daarmee dat met 18F-NaF PET een ander, 
vroeger stadium van calcificatie kan worden afgebeeld dan met CT. Dit biedt 
nieuwe mogelijkheden om het proces van calcificatie in meer detail te bestuderen 
in verschillende patiëntengroepen.

Calcificatie van de vaatwand is een complex proces. Hoe calcium- en fosfaationen 
uiteindelijk calciumfosfaatkristallen vormen in de vaatwand is onduidelijk. We denken 
dat er tal van calcificatie-remmende en calcificatie-stimulerende factoren betrokken 
zijn. De balans tussen de remmende en stimulerende factoren bepaalt vervolgens of 
er calcificatie plaatsvindt. In hoofdstuk 3 hebben we onderzocht of een disbalans 
van het calcificatie-regulerende systeem één van de mechanismen kan zijn van de 
toegenomen hart- en vaatziekten bij diabetes mellitus type 1.

We hebben daarvoor de T50-tijd gemeten in het bloedplasma van 216 patiënten 
met diabetes mellitus type 1. De T50-tijd is een bloedtest die weergeeft hoe lang 
het duurt voordat er calciumpartikels in het serum (bloedplasma) zijn gevormd, nadat 
calcium en fosfaat zijn toegevoegd. Hoe korter de T50-tijd, hoe hoger dus de neiging 
tot calcificatie. Uit eerder onderzoek bij mensen met een gevorderde chronische 
nierziekte is gebleken dat een korte T50-tijd samenhangt met een verhoogde kans 
op sterfte door hart- en vaatziekten. 

In ons onderzoek vonden we dat de T50-tijd samenhangt met magnesium, vitamine 
D, fosfaat en parathormoon. Van deze stoffen weten we dat ze rol spelen bij 
calcificatie. De T50-tijd lijkt dus, ook bij diabetes mellitus type 1, een maat te zijn 
voor de neiging tot calcificatie. Anders dan we dachten, was er geen relatie tussen 
de T50-tijd en de ontwikkeling van hart- en vaatziekten of sterfte. 

De aanwezigheid van een atherosclerotische plaque in de vaatwand, kan zorgen voor 
de vorming van een bloedstolsel in het bloedvat. Bij hemofilie, een bloedingsziekte, 
is het vermogen om een bloedstolsel te vormen verminderd. Hierdoor lijkt het 
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voordehand te liggen dat personen met hemofilie beschermt zijn tegen acute hart- 
en vaatziekten. Dit is echter niet het geval; ook bij de oudere mens met hemofilie 
komen hart- en vaatziekten voor. 

Om hart- en vaatziekten bij deze groep beter te begrijpen, hebben we de enkel-
arm-index (EAI) gemeten bij 65 mannen met hemofilie. De EAI is de verhouding 
tussen de bloeddruk in de armen en de bloeddruk in de benen. Een lage EAI past bij 
atherosclerose van de slagaders in de benen. De resultaten hiervan staan in hoofdstuk 
4 beschreven. Onverwacht vonden we nauwelijks een lage EAI, maar juist wel 
opvallend vaak een hoge EAI. Een hoge EAI kan passen bij een verhoogde vaatstijfheid, 
meestal veroorzaakt door calcificatie van de middelste laag van de vaatwand.  

Op basis van deze resultaten, dachten we dat personen met hemofilie een verhoogd 
risico hebben op een hoge EAI. Ook dachten we dat de hoge EAI samen zou kunnen 
hangen met hypertensie (hoge bloeddruk). Hypertensie komt vaker voor bij personen 
met hemofilie dan in de algemene bevolking, maar we weten niet waarom dat zo 
is. Omdat een hoge EAI niet eerder was onderzocht bij hemofilie, hebben we de 
EAI herhaald in een tweede onderzoek, waarbij zowel personen met hemofilie als 
vrijwilligers zonder een bloedingsziekte werden geïncludeerd (64 personen in totaal). 

Het tweede onderzoek bevestigde dat een verhoogde bloeddruk vaker voorkomt 
bij hemofilie. De enkel-arm-index was echter niet vaker verhoogd bij personen met 
hemofilie dan bij personen zonder hemofilie. Met andere woorden: er zijn geen 
aanwijzingen dat personen met hemofilie vaker een verhoogde vaatstijfheid van de 
beenslagaders hebben. Onze hypothese kon dus niet worden bevestigd. Daarnaast 
was er geen relatie tussen hypertensie en een hoge EAI.

In hoofdstuk 5 staan de resultaten van een MRI-studie waarbij we plaques in de 
halsslagaders van personen met hemofilie en van personen zonder bloedingsziekte 
nauwkeurig in kaart hebben gebracht. We dachten dat de aanwezigheid van plaques 
die makkelijk scheuren, zou kunnen verklaren waarom personen met hemofilie toch 
acute hart- en vaatziekten kunnen krijgen ondanks een verminderd vermogen tot 
het maken van een bloedstolsel. Op basis van vorige onderzoeken is bekend dat 
gescheurde plaques doorgaans dikker zijn dan niet-gescheurde plaques. Ook hebben 
ze vaker een lipidenkern, intraplaque bloedingen en een dunne fibreuze ‘cap’. Met een 
MRI-scan van de halsslagaders hebben we deze factoren bekeken bij 20 personen 
met hemofilie van 50 jaar of ouder en 20 gezonde vrijwilligers van dezelfde leeftijd. 
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De resultaten lieten zien dat ook personen met hemofilie gevorderde athero-
sclerotische plaques in de halsslagaders kunnen ontwikkelen. De dikte van de 
plaque was vergelijkbaar tussen personen met hemofilie en zonder hemofilie. 
Geen van de deelnemers had een intraplaque bloeding of een dunne fibreuze ‘cap’. 
Opvallend was dat een lipidenkern gevonden werd bij drie personen met hemofilie 
en cardiovasculaire risicofactoren, terwijl geen van de vrijwilligers een lipidenkern 
had. Dit verschil zou kunnen worden verklaard door hemofilie of door verschillen 
in het cholesterolgehalte. De geïncludeerde gezonde vrijwilligers gebruikten vaker 
een cholesterolverlagend medicijn, wat van invloed kan zijn op de ontwikkeling van 
een lipidenkern. 

In hoofdstuk 6 hebben we onderzocht in hoeverre echografie van de bloedvaten een 
betrouwbaar hulpmiddel is om de diagnose reuscelarteritis te stellen. Reuscelarteritis 
(GCA) is een ontstekingsziekte van de slagaders die voornamelijk bij vijftigplussers 
voorkomt. Door de ontsteking raakt het bloedvat beschadigd. Het kan gaan zwellen, 
waardoor er minder bloed doorheen kan stromen. Dit kan tot blindheid leiden 
als het om een bloedvat naar het oog gaat. Het is dus belangrijk dat GCA snel 
gediagnosticeerd en behandeld word.

Bij GCA zijn de bloedvaten naar het hoofd (de craniale vaten) meestal aangedaan. 
We noemen dit craniale GCA. Soms zijn juist de grote slagaders in het lichaam 
aangedaan, zoals de aorta en de axillaire vaten (de slagaders in de oksels). We 
noemen dit grote-vaten-GCA. Beide typen, craniale en grote-vaten-GCA, kunnen 
tegelijkertijd voorkomen. 

Er zijn verschillende beeldvormende technieken die kunnen helpen bij het stellen van 
de diagnose GCA. In de klinische praktijk wordt meestal een 18F –FDG PET/CT scan 
gemaakt om grote-vaten-GCA aan te tonen. Om betrokkenheid van de vaten van het 
hoofd (de craniale vaten) in beeld te brengen wordt juist vaker echografie gebruikt. 
Recent is gebleken dat echografie ook kan worden gebruikt om betrokkenheid van 
de grote vaten aan te tonen. Met name de axillaire slagaders (de slagaders in de 
oksels) zijn goed zichtbaar met echografie. Echografie heeft als voordeel dat het 
sneller beschikbaar is dan een 18F –FDG PET/CT scan. Ook duurt echografie korter 
dan een 18F –FDG PET/CT scan en is het goedkoper. In hoeverre echografie van de 
axillaire slagaders betrouwbaar is om de diagnose grote-vaten-GCA te stellen is 
nog weinig onderzocht. 
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In hoofdstuk 6 hebben we daarom de bevindingen van axillaire vaten echografie 
vergeleken met die van de 18F –FDG PET/CT scan. We hebben hiervoor 113 
patiënten geïncludeerd met een verdenking op GCA; 41 van de 113 patiënten 
hadden daadwerkelijk GCA. Alle 113 patiënten hadden zowel een echografie als 
een 18F –FDG PET/CT scan ondergaan. 

Uit het onderzoek bleek dat de resultaten van de axillaire vaten echografie grotendeels 
overeenkwamen met de resultaten van de 18F-FDG PET/CT. Dat suggereert dat er 
geen 18F-FDG PET/CT nodig is om de diagnose grote-vaten-GCA te stellen als er 
met echografie afwijkingen van de axillaire vaten worden gevonden. Echter, met 18F-
FDG PET/CT wordt vaker betrokkenheid van de axillaire vaten opgespoord dan met 
echografie. Dat betekent dat als er géén afwijkingen worden gevonden van de axillaire 
vaten met echografie, de diagnose grote-vaten-GCA niet betrouwbaar kan worden 
uitgesloten. Bij een hoge verdenking op GCA, zal er dan aanvullend onderzoek nodig 
zijn. Bijvoorbeeld het alsnog uitvoeren van een 18F-FDG PET/CT scan. 

CONCLUSIE

Dit proefschrift laat zien dat verschillende nieuwe technieken geschikt zijn om 
vaatschade te bestuderen. Zo kan met een 18F-NaF PET scan microcalcificatie in 
atherosclerotische plaques zichtbaar worden gemaakt, wat nieuwe mogelijkheden 
biedt om het calcificatieproces verder te onderzoeken. Ook laat dit proefschrift zien 
dat door middel van echografie afwijkingen aan de vaatwanden kunnen worden 
opgespoord bij patiënten met grote-vaten-GCA. Wel zal er in sommige gevallen een 
extra onderzoek nodig zijn, zoals een biopt of een 18F-FDG PET/CT scan. Hoe de 
verschillende diagnostische onderzoeken bij GCA het beste gecombineerd kunnen 
worden, moet daarom verder worden onderzocht in toekomstige studies. Tenslotte, 
toont dit proefschrift de resultaten van verschillende vaatmetingen bij personen 
met hemofilie. Hieruit blijkt dat vaatschade ook bij hemofilie voorkomt. Dat betekent 
dat er ook bij personen met hemofilie aandacht moet zijn voor cardiovasculaire 
risicofactoren, zoals een hoge bloeddruk of een hoog cholesterolgehalte.

Vaatschade is een complex proces. Met dank aan de inzet van patiënten en gezonde 
vrijwilligers, draagt dit proefschrift een steentje bij aan het oplossen van de puzzel 
rondom vaatschade. Toekomstige onderzoeken zijn nodig om de relatie tussen de 
verschillende markers van vaatschade en de klinische uitkomsten in kaart te brengen. 
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Graag wil ik een aantal mensen heel hartelijk danken voor hun hulp in de afgelopen jaren. 

De patiënten en gezonde vrijwilligers die deelnamen aan onze onderzoeken. Zonder 
jullie investering was dit boekje er niet geweest.  

Prof. dr. P.W. Kamphuisen, beste PW, jouw enthousiasme en positieve instelling 
hebben vanaf het begin een aanstekelijke werking op me gehad. Zelfs als de 
eindstreep wel eens ver weg leek; jij bleef optimistisch. Dank voor je rotsvaste 
vertrouwen in mij en de kansen die je me gaf. Ik waardeer het enorm dat je, ook op 
afstand, betrokken bent gebleven.  

Prof. dr. K. Meijer, beste Karina, wat ben ik blij dat jij mijn tweede promotor wilde zijn. 
Als ik zat te tobben over de haalbaarheid van een onderzoeksproject, hielp jij me om 
overzicht te creëren en focus te leggen op kleinere, sneller bereikbare doelen. Dat 
creëerde zoveel rust! Bedankt voor al je hulp, waarbij ik in het bijzonder je scherpe 
en constructieve commentaren op mijn manuscripten erg heb gewaardeerd. 

Dr. J.D. Lefrandt, beste Joop, het klikte meteen tussen ons. Ik weet nog goed 
hoe je me, toen ik net begon, op weg hielp met SPSS. Samen mét chocolate chip 
cookies achter de computer. Veel dank voor je begeleiding, humor en persoonlijke 
belangstelling. Je daagt me uit om groots te denken. 

Dr. D.J. Mulder, beste Udo, je kwam pas later in beeld als mijn copromotor, maar wat 
heb ik veel aan je hulp gehad. Dank voor de tijd die je nam om samen te brainstormen 
en het geduld waarmee je naar me luisterde. Je hielp me om het grotere geheel, van 
al de verschillende projecten, te blijven zien.  

De leden van de leescommissie, prof. dr. A.J. Smit, prof. dr. R.E.G. Schutgens en 
prof. dr. R.A.J.O. Dierckx dank ik voor het lezen en beoordelen van het proefschrift. 

Mijn opleiders in het Martini Ziekenhuis, dr. B.C. Kuenen en dr. K. Hoogenberg. Beste 
Bart en Klaas, wat fijn dat ik de ruimte kreeg om met verlof te gaan voor de laatste 
loodjes van het proefschrift. 
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Mijn kamergenootjes. Jullie hebben voor veel plezier gezorgd in alle jaren dat ik 
naar het UMCG ging. Stefanie, ik heb veel van je geleerd; zowel op onderzoeks- als 
op bruiloftsgebied. Door jouw ervaring begreep je als geen ander wat voor een 
logistieke uitdaging onderzoek soms kan zijn. Je motiverende woorden op momenten 
dat het even tegenzat hebben me goed gedaan. Dorienke, toen we samen op congres 
in Zeeland waren, kreeg ik het voor elkaar om onze kamer binnen een uur tot chaos 
te brengen. Je kon er gelukkig om lachen. Wat tof dat we later ook nog in Toronto en 
Berlijn zijn geweest! Ik denk met een glimlach terug aan het waterskiën. Alexander, 
het is werkelijk nooit saai met jou. Dat we na afloop van de ISTH bij jouw familie in 
Canada mochten logeren, was fantastisch. Kanoën, waterskiën, het bezoeken van 
de Niagara Falls; wat heb ik het naar m’n zin gehad. Hariëtte, dankzij jouw tips heb 
ik al op veel leuke plekken gegeten en geborreld in Groningen. Ook kon ik bij jouw 
altijd m’n verhaal kwijt. Anniek, ik vind het erg leuk dat we ook in het MZH collega’s 
zijn. Ik ken niemand die onverwacht zo droog en grappig uit de hoek kan komen. 
Ik heb goede herinneringen aan het EULAR-congres in Madrid, waar we samen 
met Amel en Isabella veel lol hebben gehad. Vooral om die prachtige tekeningen! 
Lisanne, wat ben jij behulpzaam. Dank voor je geduldige uitleg over Excel en METc-
protocollen. Byrthe, jouw gedrevenheid is inspirerend! Het was fijn om een tijdlang 
naast je zitten. Esther, je was al bijna klaar met het afronden van je proefschrift toen 
ik begon. Wat mooi dat ik van jouw ervaring gebruik heb mogen maken. Ook Saskia, 
Trynke, Melanie, Merel en Ellen wil ik bedanken voor de fijne sfeer op onze kamer. 

Mijn collega’s van ‘de stolling’. Hoewel mijn werkplek niet op jullie afdeling was, 
ben ik me steeds meer bij jullie thuis gaan voelen. Dr. A.B.U. Mäkelburg, beste 
Anja, we hebben heel wat vrijdagen samen ‘stollingsdienst’ gehad. Bedankt voor je 
laagdrempelige supervisie, waarbij ik altijd mijn eigen ideeën kon aandragen. Mijn 
mede-promovendi Hilde, Sophie, Jaime, Sarah, Margriet, Jasper en Soerajja. Wat 
heb ik veel geleerd van jullie input bij onze methodologie besprekingen. Dank voor 
de borrels, de goede sfeer en de leuke congressen. Jasper, jou wil ik in het bijzonder 
danken. Met je kritische vragen en statistische kennis heb je me meer dan eens weer 
op weg geholpen. Ik hoop dat we af en toe samen (Indiaas) blijven eten, ook nu er 
voor onze boekjes niets meer te schrijven valt. Femke en Marja, dank jullie wel voor 
de prettige samenwerking in de patiëntenzorg. Tevens een woord van dank voor de 
analisten en klinisch chemici van het stollingslaboratorium voor de leerzame KLOS-
besprekingen en de korte lijntjes bij klinische vraagstukken. Ook Karen, José, Karin, 
Jessica, Tineke, Ina en Else bedank ik voor hun belangstelling en hulp. 
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De medewerkers van het vaatlab. Anne, Annet en Arie, ik kon altijd een beroep op 
jullie doen voor het inplannen van (extra) vaatmetingen en het beantwoorden van 
mijn inhoudelijke vragen. Ook de medewerkers van de nucleaire geneeskunde en 
moleculaire beeldvorming en de pathologie wil ik bedanken voor hun praktische hulp. 
Daarnaast dank ik Sietske en Melanie voor hun inzet voor het ‘NaF JSM Pilot Project’. 

Mijn medeauteurs van de afdelingen radiologie, nucleaire geneeskunde en 
moleculaire beeldvorming, pathologie en reumatologie uit het UMCG, de afdeling 
interne geneeskunde en het diabetes centrum uit het Isala en de afdelingen 
radiologie en vasculaire geneeskunde uit het AUMC. Onze samenwerking heeft 
niet alleen mooie onderzoeken opgeleverd, maar mij persoonlijk ook de kans 
gegeven om te leren van andere vakgebieden. Mijn speciale dank gaat uit naar 
Jan-Hendrik Potze en prof. dr. A.J. Nederveen. Beste Jan-Hendrik, eerlijk waar, 
zonder jouw doorzettingsvermogen was de MRI-studie er niet gekomen! Beste 
Aart, de vanzelfsprekendheid waarmee je me welkom heette op jullie afdeling voor 
analyse van de MRI-beelden heb ik erg gewaardeerd. 

Mijn paranimfen Fiona en Jelle. Lieve Fiona, mijn vriendin en mijn schoonzus. Wat 
heb ik daar een geluk mee! Door jouw onderzoekservaring ben je mij ook nog eens 
echt tot steun geweest. Het was voor mij vanzelfsprekend dat jij mijn paranimf zou 
zijn. Lieve Jelle, mijn jongste broer, we delen eenzelfde gevoel voor humor en koken, 
al heb jij meer talent voor dat laatste dan ik. Een weekend samen is altijd veel te kort! 

Mijn lieve vriendinnen. Elsemarie, Marian, Kyra, Renée, Marijke, Miranca en 
Annemarie, ik ken jullie allemaal sinds onze studententijd of nog langer. Het plezier 
en de gezelligheid met jullie maakten dat ik juist níet aan het proefschrift dacht.

Mijn familie wil ik bedanken voor hun belangstelling die altijd is gebleven, ook al 
woon ik niet meer in de buurt. Een speciaal woord van dank voor ‘de zusjes van 
mijn vader’ die mij van jongs af aan hebben gestimuleerd om kansen te grijpen. Ook 
Regien en James, mijn oude buren die ik tot mijn familie reken, wil ik danken voor 
hun belangstelling en liefde. Lieve Regien, je volgt mijn ontwikkelingen al sinds ik 
1 jaar oud ben. 

Lieve Max en Johanna, jullie kaartjes, bloemen en praktische hulp heb ik erg 
gewaardeerd. Jullie hebben heel wat gesnoeid in onze tuin en wat fijn dat we vaak 
konden aanschuiven. 
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Anne, mijn lieve, oudste broer, wat ben ik trots op je. Van jouw telefoontjes, als we 
beiden onderweg zijn naar huis, word ik altijd blij. 

Mijn lieve ‘zusje’ Marleen. Hoewel we nichtjes zijn, besloten we al op jonge leeftijd 
om elkaar als zussen te beschouwen. En als een echte zus ben je er gewoon altijd 
voor mij! 

Lieve pap en mam, op jullie onvoorwaardelijke steun kan ik altijd rekenen. Ik ben 
ontzettend dankbaar dat jullie mijn ouders zijn.

Lieve Arnout, met je nuchtere kijk op het leven help je mij om te relativeren. Je weet 
me op de meest onverwachte momenten aan het lachen te maken. Ik prijs mezelf 
gelukkig dat we elkaar zijn tegen gekomen!



176 | Over de auteur
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haar vwo-diploma in 2007 aan het Nuborgh 
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de studie bewegingswetenschappen aan de 
Rijksuniversiteit Groningen. Na het behalen van 
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citrulline-antistoffen (anti-ccp) en de relatie met gewrichtsklachten bij patiënten 
met een inflammatoire darmziekte. De semiarts stage verrichtte ze bij de interne 
geneeskunde en de vasculaire geneeskunde. Na het afronden van de studie eind 
2014, startte ze met promotieonderzoek bij de vasculaire geneeskunde. Daarnaast 
was ze werkzaam als stollingsarts bij de afdeling hematologie.

Hilde is in mei 2019 gestart met de opleiding tot reumatoloog en in dat kader in 
vooropleiding in het Martini Ziekenhuis in Groningen. Ze is getrouwd met Arnout 
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