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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.
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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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